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ABSTRACT

RIDE MODEL AND SIMULATION OF A BACKHOE-LOADER

Goztas, Durmus Ali
M.S., Department of Mechanical Engineering
Supervisor : Prof. Dr. Mehmet Caliskan

Co-Supervisor : Prof. Dr. Eres Sdylemez

December 2010, 92 pages

The objective of this study is to present a dynamic model of a backhoe-loader
including cab dynamics in order to simulate the vibration levels transmitted to the
operator. For this purpose, analytical solutions of the cab and the machine are
developed by deriving the equations of motion of the system and the state space
forms of the solution are implemented in the commercially available simulation
software, MATLAB/Simulink. In addition to the analytical solution, a model is
developed using the physical modeling toolboxes of MATLAB/SimMechanics. Cab
model developed in SimMechanics is extended to simulate whole machine dynamics
by inserting machine body and tire parameters. Vibration data is acquired from the
machine for experimental validation of the models. Analytical and SimMechanics
solution are evaluated by comparing the seat acceleration results for the same inputs.
Furthermore, simulation results obtained from the models and the measurement

results are found to be in agreement in both time and frequency domain.

Keywords: Backhoe-loader, Ride Dynamics, Dynamic Simulation
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KAZICI-YUKLEYICI IS MAKINASININ SURUS DINAMIGININ
MODELLENMESI VE BENZETIMI

Goztas, Durmus Ali
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi : Prof. Dr. Mehmet Caliskan

Ortak Tez Yoneticisi : Prof. Dr. Eres Soylemez

Aralik 2010, 92 sayfa

Bu caligmanin amaci kabin dinamigini de igeren ve operatore iletilen titresim
seviyesinin elde edilebilecegi dinamik bir kazici-yiikleyici is makinast modelini
gelistirmektir. Bu sebeple, kabin ve kazici-ylikleyici igin hareket denklemleri
yazilarak analitik modeller olusturulmus ve olusturulan modeller uzay durumu
formuna getirilerek MATLAB/Simulink benzetim programinda ¢6ziim elde
edilmistir. Analitik modele ek olarak, MATLAB/SimMechanics benzetim
programinin i¢indeki fiziksel modelleme araglari kullanilarak da bir kabin modeli
olusturulmustur. SimMechanics kullanilarak elde edilen kabin modeline lastik ve sasi
parametreleri eklenerek, kazici-yiikleyicinin dinamik davranisini yansitacak bir
makina modeli gelistirilmistir. Elde edilen modellerin deneysel olarak dogrulanmasi
amactyla makina {izerinden Ol¢limler alinmistir. SimMechanics modelinden ve
analitik modelden, ayni girdi degerleri i¢in elde edilen koltuk ivme degerleri

kargilagtirmali olarak verilmigtir. Ayrica, modellerden elde edilen benzetim



sonuglarinin, 6l¢lim sonuglar1 ile zaman ve frekans ortaminda uyum iginde oldugu

gosterilmistir.

Anahtar kelimeler: Kazici-yiikleyici, Siiriis Dinamigi, Dinamik Benzetim
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CHAPTER 1

INTRODUCTION

1.1 General

Earth-moving machines are used for engineering projects such as roads, dams, open
pit excavation, quarries, trenching, recycling, landscaping and building sites [1].
Among various types of earth-moving machines, backhoe-loader (Figure 1.1) is one
of the most commonly used machines. There are two main systems in this machine:
loader and backhoe. While the loader system is used for lifting, transporting and
dumping the material; backhoe system is used for digging and excavating operations.
Loader remains in place when the machine is used as an excavator and vice versa. A
backhoe work cycle normally consists of excavating, elevating, swinging and
discharging of material. A loader work cycle normally includes filling, elevating,

transporting and discharging of material [2].

Backhoe-loader is propelled by an internal combustion engine. A transmission is
connected to the engine and two shafts from the transmission are connected to the
front and rear axles. The rear axle is attached rigidly to the vehicle body, and the
front axle is allowed to oscillate around the longitudinal axis of the machine, thus
allowing all wheels to maintain contact with the ground. A cab, which contains the
seat and the machine controls, is attached to the chassis from four points via rubber
mounts. Attachments are actuated by hydraulic cylinders. A hydraulic pump, which
is connected directly to the internal combustion engine, supplies the necessary oil
flow for these actuating cylinders. Directional control valves enable the operator to

control the direction and amount of the fluid flow into cylinders.
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Figure 1.1 - HMK 102B Energy Series Backhoe-Loader General View

In order to satisfy the safe and comfortable driving conditions, vibration isolation is
also needed for backhoe-loaders. Vibration isolation of the backhoe-loaders is
provided by the combined contributions of various isolators. Main elastic
components of the machine that reduce the vibration induced by the ground are
typically tires, cab mounts and the operator seat. Other components like axles,
chassis and attachments are generally assumed to be rigid and have no isolation

effect due to their high stiffness.

Since the backhoe-loaders have unsuspended axles, tires are the primary isolators for
the vibrations induced by the road surfaces. Cab mounts and seat suspension are the
other isolators between the operator and the road surface. Location of these parts on
the machine is shown schematically in Figure 1.2. Cab mounts are used to decrease
the vibrations transferred from chassis to the cab and similarly seat suspensions are
designed to reduce the vibration between the cab and the driver. Mounts are rubber
based components and provides stiffness and viscoelastic damping. They also serve
as structure borne noise isolators by preventing metal-to-metal contact. Seat

suspensions are usually pneumatic or mechanical type and have adjustable stiffness



and damping values according to the weight of the operator. In addition to cab
mounts and seat suspension, some backhoe-loaders are equipped with motion
stabilizer system (MSS) to decouple the mass and inertia of the loader mechanism.

Lifting cylinders of the loader mechanism are used as damping elements in the MSS.

Figure 1.2 — Location of the Seat and Cab Mounts on the Machine

There are several commercially available multibody simulation programs used for
comfort studies of the vehicles. MATLAB®, used in this work, is a powerful
simulation software with various toolboxes embedded inside. One of these toolboxes
is Simulink®, which is an environment for multidomain simulations and model based
designs for dynamic systems. By using Simulink, it is possible to design, simulate,

and analyze different time-varying systems including the physical systems such as



mechanical systems. After deriving the differential equations of the system, Simulink
interface gives opportunity to form the block diagram of the corresponding equations
by using basic mathematical blocks and to investigate the results by solving them.
Since, it is difficult to obtain the equations of multidomain systems when the number
of the components in the system and their complexity are high; it will be impractical

to use the Simulink in this way.

Simscape™ , which includes tools and libraries for modeling the physical systems,
increases the capabilities of Simulink. Standard mechanical, hydraulic, electrical and
thermal component blocks are embedded inside the Simscape libraries; but these

blocks use the simplest correlations for simulation.

Among these libraries, SimMechanics™ toolbox is the one used for modeling the
mechanical systems. It extends Simscape’s mechanical system modeling capabilities
by introducing blocks for standard components such as joints, rigid bodies, springs
and dampers. These blocks can be used to model dynamic mechanical systems,

instead of deriving and solving differential equations.

1.2 Motivation for the Study

Although, less attention has been paid to ride comfort issues, since the development
of backhoe-loaders, great effort has been made to increase durability, safety and
efficiency. Conventionally, backhoe-loaders have been thought as just earth moving
machinery working on harsh environments. So these machines’ performance in terms
of vehicle dynamics has been seen less important. However, increasing demand for
more comfortable machines as well as the high productivity has raised the need for

studies on driving dynamics.



Due to the less attention paid to the vehicle dynamics, considerations in the design
stage and the rough working conditions of the backhoe-loaders, vibration levels of
these machines are relatively high. Consequently, during the course of normal daily
operation, drivers of off-road vehicles may well be exposed to high levels of whole
body vibration (WBYV), causing discomfort and increased risk of lower-back pain [3].
Since, WBYV is considered one of the main reasons for the operators’ health
problems; legislations are developed to restrict the exposure levels. Legislation
concerning the exposure of the workers to the risks arising from physical agents

(vibration) is published by European Council, called Directive 2002/44/EC [4].

Besides the comfort considerations, developing dynamic models of the backhoe-
loaders is essential to design more durable and reliable machines. Designing such
machines needs a better understanding of loading conditions of the components in
their actual working environment. Since, obtaining dynamic forces by testing the
machinery in actual working sites is costly and time consuming; recently design
engineers get these forces from dynamic models for use in finite element analysis

(FEA) and fatigue analysis.

1.3 Objective

The objective of this study is to present a dynamic model of a backhoe-loader
including cab dynamics. As the result of this work, vibration levels transmitted from
chassis to the operator and the dynamic forces on the cab will be obtained. Moreover,
outcomes of this study will be used for the detailed analysis of backhoe-loader

dynamics.

In this study, dynamic models are developed in trial licensed versions of
MATLAB/SimMechanics®. A modeling methodology that is similar to the approach

used in vehicle dynamics analyses is developed for the backhoe-loaders dynamics.



14 Thesis Outline

The thesis is composed of six chapters. First chapter gives a brief introduction about
the backhoe-loaders and vibration isolation elements used on backhoe-loaders.
General properties of the used software in modeling are also explained. Moreover,

motivation for the study and the thesis objective are given in the first chapter.

The second chapter is denoted for the literature survey. In this chapter, multibody
system modeling studies conducted with SimMechanics software are described
besides the cab models of various vehicles like agricultural tractors. Furthermore,
material based and experimental based mount modeling techniques and seat models

developed are given in the second chapter.

The third chapter describes the development of analytical and SimMechanics
solutions. Parameter identification procedures for the stiffness and damping values of
the seat suspension, mount and tires are presented. Identification procedure of mass
and inertia properties of the rigid bodies are also explained. In addition, development
procedure of the analytical and SimMechanics solutions for the cab and the whole

machine is defined in the third chapter.

Experimental studies done to validate the models of are explained in the fourth
chapter. Instrumentation used in the measurements, measurement points and data
processing done on the acquired acceleration values are presented in the fourth

chapter.

Comparative evaluation of the analytical and SimMechanics cab solutions is given in
the fifth chapter. Velocity inputs obtained from the experimental studies are utilized
to simulate the analytical and SimMechanics solutions of the cab and results acquired

from the both models are demonstrated.



In the sixth chapter, results obtained from the measurements are compared with the
results obtained from the cab and backhoe-loader model to assess the physical test
and simulation results. Findings of this study with a brief summary are given.

Moreover, possible future work on this subject is discussed.



CHAPTER 2

LITERATURE SURVEY

Results of the literature survey are presented in this chapter. Firstly, some multibody
system models related to the topic of this study are given. Then, mount models found
in literature are discussed in detail. And then, studies about the seat modeling are

explained.

2.1 Multibody System Modeling

Multibody system modeling is a common method to make ride analysis in vehicle
dynamics. There are several multibody system models constructed for different ride
dynamic applications like passenger vehicles, transportation vehicles, railway
vehicles and agricultural tractors. However, specific models for backhoe-loader ride
dynamics for this purpose do not exist in literature. In this section, examples of the
multibody system models constructed are given and these models including cab

dynamics are explained.

Most frequent ride models used to investigate vertical vehicle dynamics are
explained theoretically in the study of Rehnberg [5]. Comparison of these ride
models is made to study the applicability of the axle suspensions to the wheel loader
which is earth moving machinery with the front end loader mechanism. Quarter car
model and the half car model are assessed in terms of their success in reflecting the
wheel loader dynamics. In another work, Van Boekel [6] presented a report in which

a comparison between three multibody packages (Simulink/SimMechanics,



MapleSim and Dymola) is made. As a part of this report, a half-car model structure is

constructed by using SimMechanics (Figure 2.1).
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Figure 2.1 — The Half-Car Model in SimMechanics [6]

De Temmerman et al. [7] proposed a linear, 6 degree of freedom (DOF)
mathematical model for the cab suspension of a self-propelled agricultural machine
(Figure 2.2). Equation of motion of the cab model is based on Lagrange’s equation.
Kinetic energy of the suspension and the virtual work performed by the suspension
on the cab body are calculated to obtain the equation of motion. Model is validated
by an experimental test rig for different vibration signals. Test rig is excited in the

frequency range between 0.7 Hz to 7 Hz during the wvalidation process.



Eigenfrequencies for each DOF and the frequency response function for the vertical
DOF are compared in the stated frequency range. As the second part of this study,
the model damping values are optimized using standard comfort parameters [8].
Appropriate damping values are determined by combining the comfort parameters
and power spectra interpretation. As a result of the work, it is concluded that
lowering the stiffness value would provide even better vibration attenuation
performance due to avoidance of the eigenfrequency of the suspension system being

positioned in the frequency range most excited with road profiles.

ks, Cy

Figure 2.2 — Schematic Illustration of the Model [7]

Spelta et al. [9] studied on the modeling and identification of vertical dynamics of an
agricultural machine with suspended cabin. In their work, a semi-physical model,

which describes the full vertical dynamics of the tractor, is proposed (Figure 2.3) and



SimMechanics multibody tool is used as the modeling environment. Developed
model is regarded as a generalization of the half-car model and three main
assumptions are done:

¢ Yaw and roll dynamics are neglected.

e Vertical excitations do not induce any significant yaw movement.

e (abin and vehicle pitch angles are comparatively small.
Parameters describing the model are identified in two stages. First, the car and the
cabin parameters are identified separately and then, via using the intermediate results
as initial conditions, final identification is completed. Model validation is done with

experimental study.

I L-1- : I".
e
/Y cabin
.'E M S EHL suspension

Figure 2.3 — Model diagram of the tractor [9]
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An analytical model of an agricultural tractor through the assembly of tire and cab
and seat suspension models, in order to predict the vibrations transmitted to the
driver’s seat is constructed by Ahmed and Goupillon [10]. Three suspended
structures, namely, the tractor chassis, the cab, and the seat/driver unit are assumed to
be rigid in the dynamic tractor model. Each suspension elements are defined by its

stiffness and damping characteristics in the model.

ElMadany [11] presented 9 DOF planar vibrational model of an articulated vehicle
with a suspended cab. In this work, the heave, fore-aft and pitch motions of a tractor-
semitrailer truck are considered and the evaluation of the statistical performance of
the linear and nonlinear passive cab suspension systems are emphasized. In addition,

an optimization procedure based on comfort/cab deflection trade-off is developed.

Evers et al. [12] developed a modular truck semi-trailer model in the multi-body
toolbox SimMechanics. In this study, SimMechanics is chosen as the multi-body
software since the model created is desired to combine control software. In addition,
easiness of creating sub-systems for different parts of the vehicle by using various
Simulink tools and storing them as modules in a component library is the other
reason for the preference of SimMechanics. Several modules including the cabin
module are created to develop the truck semi-trailer model. In the study, cabin is
modeled as a rigid body and it is fixed with two spring damper in the front and
dampers at the rear in lateral direction. In vertical direction suspension elements are
modeled as spring damper combinations. Designed 44 DOF model (Figure 2.4) is

validated by doing tests on a real truck.

Models explained in this section are mainly includes the cab models and
SimMechanics models. It will be concluded from the studies discussed that use of
vehicle dynamics concepts in the modeling stage and investigation of low frequency
response in the validation step is the common approach. Moreover, in almost all the

models discussed, a parameter identification procedure is followed by utilization of
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experimental results to estimate the system parameters. Experimental results mostly

validate the models in the studies.

Suspension Elements: Sprung joints: Revolute joints:
= 7l @ E - R
Spring-damper Bushing Translational 9 @,
Damper Rotational Roll stabilizer

Figure 2.4 — Schematic representation of the 44 DOF model [12]

2.2 Mount Modeling

Mount models used in multibody dynamic simulations are explained in this section.
Studies on bushings which have the similar characteristics due to their rubber based
nature are also described. Karlsson and Persson [13] developed and studied various
bushing models in MATLAB. Viscoelastic models (Figure 2.5) including Kelvin-
Voigt, Zener, and Generalized Maxwell, elastoplastic models and generalized
viscoplastic (viscoelastic elastoplastic) models (Figure 2.6) are investigated and a

parameter identification process is developed by using the results of the physical
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component tests. Bushing models are validated against physical test data and it is

seen that viscoelastic models (Kelvin-Voigt, Zener, and Generalized Maxwell)

represent the behaviour of the components very poorly because of their inability to

show amplitude dependence. Moreover, it is inferred that elastoplastic models are

enable to capture frequency dependence, but generalized viscoplastic (viscoelastic

elastoplastic) models resemble the rubber components in a satisfying manner.
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Figure 2.5 - Viscoelastic models [13]
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Ledesma et al. [14] presented a formulation in order to introduce nonlinear
viscoelastic bushing elements into multibody systems. Nonlinear viscoelastic
bushing forces between two elements are described as massless force elements by
this formulation. Proposed analytical model is implemented into the general purpose
multibody dynamics code ADAMS. Both for nonlinear viscoelastic model and
nonlinear elastic model validation are performed by comparing experimental data to
simulation results. Better dynamic load and displacement prediction capability of the
nonlinear viscoelastic model compared to the nonlinear elastic model is

demonstrated.

Sjoberg and Kari [15] modeled frequency dependence of a rubber isolator by a
fractional calculus element and amplitude dependence by a frictional component. In
their study, frequency dependence is obtained by a fractional Kelvin-Voigt model.
This model is realized by replacing the dashpot of the ordinary Kelvin-Voigt model
by a spring pot which gives the stress directly proportional to strain and to its time
derivative of fractional order. Amplitude dependence is modeled by inserting a
friction model into the fractional Kelvin-Voigt model. Friction model used is based
on a stick-slip component model of Coulomb type. However, it gives smoother
characteristics compared to the stick-slip model. The final proposed rubber
component model is composed of a spring-pot and the smooth friction model
coupled in parallel with an elastic stiffness (Figure 2.7). In the model, it is
approximated that amplitude dependence is independent of frequency and the
frequency dependence is independent of amplitude. By this approximation, force
components are thought to be uncoupled and parameters of each force components

are identified independently.
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Figure 2.7 — Rubber component model [15]

Simple engineering models for the dynamic stiffness of rubber bushings including
amplitude and frequency dependence are presented by Garcia [16]. A material model
composed of separable elastic, viscoelastic and friction rubber component model is
proposed in the study. Unlike other studies, formulas including the amplitude

dependence due to non-homogeneous strain states are included in this work.

Barber [17] explained different methodologies like whitebox and blackbox models
used for describing dynamics of nonlinear frequency dependent components and
introduced a blackbox technique called Empirical Dynamics Modeling. Systems
having only amplitude dependence or only frequency dependence and conventional
blackbox methods used to describe these systems are discussed. Inadequacy of the
conventional methods to represent the systems that have both amplitude and
frequency dependence is also revealed. In the study, features of the proposed
Empirical Dynamics Models, which overcome the deficiencies of the conventional
methods via use of neural networks, are explained and the capabilities of the

proposed model are demonstrated in case studies for shock absorbers and a rubber
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bushing. In case studies, benefits and limitations of the Empirical Dynamic Modeling

approach are introduced.

Yoo et al. [18] developed a practical automotive bushing component model to
improve the accuracy of the vehicle dynamic analysis. In their study, bushing
components of a vehicle suspension system are tested to obtain the nonlinear and
hysteretic properties of typical rubber bushing elements and based on the acquired
results, a new bushing model using artificial neural network algorithm is proposed.
MATLAB and Simulink are used to construct the empirical bushing module and an
interface module is developed to implement the bushing model with the dynamic
analysis programme ADAMS (Figure 2.8). Test rig used to capture the bushing
properties is simulated in ADAMS with the new bushing model for the validation.

%
Bushing Displacemant T
Bushing hdodel Input f——je Bushing_Model - |:'“l:}
Feedback Bushing Force ]'J
Input Bushing hdodel
AbAMSE

Figure 2.8 — Bushing model implementation using MATLAB and ADAMS [18]

Mount models described in this section are mainly developed by using two
techniques. First approach is constructing the model by mathematical investigation of
a rubber material model which requires defining the system equations and advanced

analytical calculations like fractional derivatives. However, these models are more
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adjustable since they are parametric. Second approach is using experimental data to
model the complete component. This method is based on forming a relationship
between the inputs and outputs using curve fitting technique. It is advantageous to

use this approach when the system model requires large number of parameters.

2.3 Seat Modeling

Seat dynamics plays an important role in the transmission of vibration to the operator
in earth moving machinery. In this section, studies on seat modeling in the literature
are presented. Gunston et al. [19] proposed and compared two alternative methods to
model the seat suspensions. A ‘lumped parameter model’ (Figure 2.9) is compared
with a global ‘Bouc-Wen model’ (Figure 2.10) in their study. In the lumped
parameter approach, non-linear dynamics of the seat suspension is described by
coefficients related to the specific component parts and then, solving the resulting
equations by numerical integration techniques. The cushion, the suspension linkage
and stiffness, the suspension damper and the end-stop buffers parameters are

identified by separate dynamic measurements in this approach.
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acting against buffer
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Fluid damping
Linkage friction Damper
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Figure 2.9 — Schematic of the lumped parameter model [19]
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In the ‘Bouc-Wen’ model the dynamic characteristics of the seat suspension are
represented using a Bouc-Wen formula. In this model, a global approach which is
based on the measured input motion at the seat base and the measured output motion
on the seat cushion is used. It is concluded in the study that the lumped parameter
model may be useful for the design of new seats or the modification of existing seats
and the Bouc-Wen model may be the best choice in situations where the seat is a part
of a more complex model of the vehicle. It is also seen from the results of the work
that both models provide quite good representation of the seat dynamics, but needs

further improvements for the extreme motions.
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Figure 2.10 — Schematic of the Bouc-Wen model [19]

Stein et al. [20] presented a dynamic seat model based on Zener’s structure for a
standard seat fitted into locomotives and showed the insufficiency of single DOF
suspension model. The dynamic properties of a vertical seat suspension with an

adjustable damper are described by the model in the study. Model is constructed with

19



a main spring, in parallel with a series combination of a viscous damper and an
auxiliary spring (Figure 2.11). Values for these parameters are identified by using the
transmissibility curves measured in the frequency range 0.5-8 Hz. Quadratic error
function between the frequency response function modulus obtained from the
simulation and the measured transmissibility is tried to be minimized. Model is
detailed by adding a cushion model to the wvertical suspension model and
identification is done with field measurements. Enlarged model is optimized in terms
of both seat vertical acceleration attenuation and seat vertical displacement.
Validation study showed that developed model and parameter identification
procedure allows finding a set of parameters of vertical seat suspension model with

good accuracy.
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Figure 2.11 — Seat model with adjustable damper and auxiliary spring [20]

Maciejewski et al. [21] proposed a mathematical model for the conventional passive
seat suspension. Spring force, damping force, forces from end-stop buffers, overall

friction force of suspension system and gravity force are taken into account in the
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model. Model parameters are identified by experimental analysis and vibro-isolation
properties of the seat suspension are improved by the modification of spring force
and damping force. A multi-criteria optimization is done for the improved model.
Minimization of absolute acceleration of the loaded seat to protect the driver’s health
and minimization of relative displacement of seat suspension to ensure the
controllability of the working machine are the opposite criteria in the study. As a
result of the optimization, vibro-isolating properties of the seat are increased
significantly especially at the natural frequency while maintaining the controllability

of the machine.

Stein and Mucka [22] used a simple linear cushioned seat and a seated human model
with a planar passenger car model. A half-car model with linear human body and
vehicle component models are used throughout the study. The combined planar
model developed in this work consists of a planar model of a vehicle with two

wheels, a single DOF seat model and a linear human body model.

Explained studies in this section shows that seat models developed by identifying
each seat component parameters separately and calculating each component force is
appropriate for the seat design or modifications. However, for the situations where a
seat is an input or output to another system, a description of the global dynamic
behaviour of the seat is sufficient. In addition, models explained here mostly assume
a rigid connection between the seat cushion and the mass on the seat body. It is also
deduced from the literature survey that linear models reflects the seat dynamics quiet

good.
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CHAPTER 3

DEVELOPMENT OF ANALYTICAL AND SIMMECHANICS SOLUTIONS

Backhoe-loader cab modeled in this study is assembled to the machine body from
four points with rubber mounts and includes the suspended seat and machine
controls. Cab structure in general terms and location of the mounts are shown in

Figure 3.1.

Figure 3.1 — Cab Structure and Mount Locations
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Although, the cab is three dimensional, it is modeled as a planar 3 DOF system in
this study. Bounce and pitch motions of the cab are considered as the two degrees of
freedom and roll motion of the cab is not modeled. The third degree of freedom is
taken as the vertical motion of the seat and operator. Schematic view of the

developed cab model is given in Figure 3.2.
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Figure 3.2 — Schematic View of the 2D Planar Cab Model

In addition to the cab model, an extended ride model for the whole machine is also
developed. In the extended model, tires and the machine body are also modeled and

degrees of freedom of the model are increased to five. One of the additional degrees
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of freedom comes from the pitch motion of the machine body and the other one

comes from the bounce motion of this part. Schematic representation of the extended

model is shown in Figure 3.3.
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Figure 3.3 — Schematic Representation of the Extended Model

Seat suspension, mounts and tires are the elastic parts and they are modeled with
linear spring and dashpot units. Spring resembles the stiffness and dashpot resembles
the damping of these parts. Since backhoe-loader has no suspension elements

between the chassis and axles, damping of the tires are considered in the extended
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model. Cab, seat and machine body are the parts that are defined as rigid bodies in
the models. Operator is also assumed to be a body that is rigidly connected to the

seat.

Seat suspension, mounts and tires are actually the elastic parts with non-linear
dynamic characteristics at the end points of the deflection limits. When the deflection
of these parts approaches to the non-linear region, it causes the operator to move
relative to the seat surface, which is a situation that is not modeled in this study.
Therefore, relative displacement of the seat suspension, mounts and tires are assumed
to be within the linear region of the deflection limits and these parts are modeled
with linear spring and dashpot units. Validity of this assumption is checked with the

simulation results obtained for the three measurement cases described in Chapter 3.

Front and rear mounts are placed symmetrically with respect to the longitudinal axis
of the machine. Therefore, front and rear mounts are modeled with single mounts and
placed on the intersection points of the longitudinal axis of the machine and the lines
that are connecting the front and rear mounts. Since there are two mounts in parallel
both in the front and at the rear in actual cab connection, mount stiffness and
damping coefficient values are multiplied by two in the model. Similarly, front and
rear tires are also placed symmetrically with respect to the longitudinal axis of the
machine. Therefore, placement of tires, stiffness and damping values are defined in
the same way with the mounts in the extended machine model. Center of gravities
(COQG) of the seat, cab and the machine body are also assumed to be on the

longitudinal axis of the machine.

First part of the chapter is dedicated to explain the procedure to estimate stiffness and
damping characteristics of the seat suspension, mounts and tires. Determination of
the mass and inertia properties of the rigid parts are explained in the second part. In
the third part, analytical solutions of the cab and whole machine are developed by

using the differential equations which describes the behaviour of the each system.
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Models constructed with physical blocks of the SimMechanics for the cab and the

whole machine is presented in the last section.

3.1 Identification of Stiffness and Damping Properties

3.1.1 Identification of Seat Suspension and Mount Properties

Force-displacement behaviour of the seat suspension and mounts obtained at a
certain velocity are used to determine the stiffness and damping coefficients of these
parts. Force-displacement graphs have two important characteristics that provide
information about the dynamics of the part. First one is the backbone curve which is
directly related to the stiffness and the second one is the hysteresis around the
backbone curve which is directly related to the damping of the component. By using
this information, parameters of the seat suspension and mounts are identified in this
study. Slope of the backbone curve is used to identify the stiffness values and the

width of the hysteresis is employed to identify the damping coefficients.

An auxiliary model is developed in SimMechanics for the identification process of
the damping and stiffness values. This model is used for identification of both mount
and seat suspension parameters and the model structure is presented in Figure 3.4. In
the model, physical modeling blocks of the SimMechanics and SimScape Foundation

library are used.

A dummy mass is connected to the ground with two translational joints to create a
single DOF mass-spring-damper system. “Translational Damper” and “Translational
Spring” blocks from the Simscape Foundation library, a one dimensional modeling
environment, are used to represent the stiffness and damping properties. Connection
between these one-dimensional elements and the 3D SimMechanics elements is

obtained by a “Prismatic Translational Interface” block. This block feeds force from
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the spring and damper through one of the prismatic joint to the mass and feeds the
relative motion of the mass with respect to the ground to the spring and damper side.
The second prismatic joint is used to give the velocity input that is specified in the
test data supplied by the manufacturer. Velocity input given to the auxiliary model
for the identification of mount parameters is demonstrated in Figure 3.5. In this
velocity profile, starting portion of the loading, transition from loading to unloading

and the final part of the unloading are defined with ramp functions.

Displacement and reaction force from the translational joint that is connected to the
spring and damper is measured and force vs. displacement graph is plotted.

Hysteresis curve supplied by the manufacturer and obtained from the model is

compared for the mount in Figure 3.6.
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Figure 3.4 — Auxiliary Model Used to Identify Stiffness and Damping Values
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Figure 3.5 — Velocity Input Used for the Identification of Mount Parameters
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Figure 3.6 — Force vs. Displacement Graph of the Mount
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In addition to the results obtained from the auxiliary SimMechanics model,
equivalent damping coefficient is also investigated by using the area of the hysteresis
loop which denotes the energy loss in one loading and unloading cycle. To do this, it
is assumed that the force-displacement curve supplied by the manufacturer is
obtained for a steady-state harmonic loading which is defined in equation (3.1), and

the corresponding response is given in equation (3.2).

Foar (1) = (F1Cq W+ K, )X (3.1)

x = Xe ™ (3.2)

Then, the equation (3.3) is gives the energy dissipated per cycle which is the area of

the hysteresis loop.
AW = zwe,, X (3.3)

The area of the hysteresis loop of the mount, AW , calculated by numeric integration
and the equivalent damping coefficient value, C,,, identified by using the auxiliary

model are put into equation (3.3). Then, the corresponding harmonic excitation

frequency, W, is approximated as 0.02 Hz, which will be assumed to be almost static.

3.1.2 Identification of Tire Properties

Load-deflection experiments are conducted for both front and rear tires to obtain the
tire stiffness values. In these tests, actual machine is used and tire pressures are
adjusted to their nominal values. Load on the front axle is increased by lifting the
machine a point just above the stabilizers and it is increased for the rear axle by

lifting the machine from the front bucket. Front and rear lifting points are shown as
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Hf and H;, respectively in Figure 3.7. Throughout these tests, the lifting force is
measured with a load cell and tire deflection is measured with a wire potentiometric
position transducer simultaneously. Locations of the load cell and the position
transducer are illustrated in Figure 3.8. Load distribution of the front and rear axles
are calculated by using equations (3.4) and (3.5), respectively. Calculated load values
for the axles are divided by two to obtain the single tire load variation and plotted
with respect to measured tire deflection. Stiffness values of the front and rear tires
are determined from the slope of the linear regression lines fitted to the load-

deflection curves displayed in Figure 3.9 and Figure 3.10.
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Figure 3.7 — Schematic Representation of Load-Deflection Experiments
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Figure 3.8 — Location of the Load Cell and Position Transducer

Lg+W(L —r
Ff — rq L( 1 ) (34)
1
L. p+Wr
F, = tP (3.5)
Ll

Load cell used in the measurements is a compression type load cell with a 0.1 kg
resolution and 35000 kg maximum rated force. This load cell is insensitive to

excentrical loads.
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Figure 3.9 — Load-Deflection Curve for the Front Tire
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Drop test is employed to identify the damping coefficients of the front and rear tires.
These tests are also repeated with actual machine and nominal tire pressures. As the
first step, static loads both on the front and rear axles are estimated. Front axle static
load is calculated according to the equation (3.6) when the rear axle is raised on the
stabilizer support point shown with S in Figure 3.11. The rear axle static load is
calculated according to the equation (3.7) when the front axle is raised on the front
bucket support point shown with Sy, in Figure 3.11. Calculated static load values for
the axles are divided by two to obtain the single tire static load values assuming even

distribution of the load between two wheels.
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Figure 3.11 - Schematic Representation of the Drop Tests
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In the performance of the drop test for the front tire, the front axle of the machine is
lifted by a support in such a way that the front tires are just in contact with the
ground. Then the front axle is set free by removing the support suddenly and allowed
to deform statically under the static tire load. Similar operation is repeated to perform
the rear tire drop test. However, in this case the rear axle is lifted on a support and

allowed to deform statically under the tire load.

Throughout the drop tests, a wire potentiometric position transducer is mounted on
the axles to measure tire displacement response. Location of the position transducer
and the support used to lift the front axle are demonstrated in Figure 3.12. Position
transducer readings for both front and rear tires are illustrated in Figure 3.13. Using
the amplitudes of successive periods of the response, x; and x, are employed in the

logarithmic decrement equation, the damping ratios of front and rear tire, £, are

found according to

PEAT T (3.8)

X NI-¢7)

Then, damping coefficients of the front tire, ¢, and rear tire, cy, are estimated by

using the damping ratios, tire stiffness values and static tire loads.
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Figure 3.12 - Location of the Position Transducer and Support

Drop Test Tire Displacement Response
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Figure 3.13 — Drop Tests - Tire Displacement Responses
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3.2 Identification of Inertial Properties

Inertial parameters that are required to be identified are the mass values, COG
positions and the inertia tensor of the cab structure. Mass values are measured easily
but it is difficult to acquire the inertia tensor and to locate the center of gravities with
measurements. However, use of a 3D computer-aided drawing software gives
opportunity to the user to estimate mass and inertia related properties with respect to
a selected coordinate system. For this reason, 3D drawings of the rigid parts are

generated in Pro/ENGINEER® which is a commercial CAD program.

Another reason for the 3D drawings is the SimMechanics’ capability of importing
3D body geometries for the visualization of the model. This property of the
SimMechanics is a useful tool to represent each body with a 3D geometry and to see
whether the initial positions of the bodies with respect to each other are appropriate
or not in the simulation environment. However, in order to obtain an accurate model,
orientations of the COG coordinate systems in SimMechanics and Pro/ENGINEER
should coincide with each other. Moreover, inertia tensor of each part should be

defined with respect to the coordinate system located at the COG in SimMechanics.

In order to obtain the mass and inertia properties of a part in Pro/ENGINEER®,
densities of all the components composing that part should be specified. However, it
is a very time consuming process to draw all the parts and specify all the densities for
complicated assemblies. Therefore, simplified drawings of the cab, seat and operator
are used to identify the mass and inertia properties. Operator model is drawn
according to the ISO 3164 [23] standard which gives the dimensions of the
orthogonal approximation of a large, seated, male operator. In this section, the
procedure for obtaining the mass and inertia properties of the simplified cab structure

1s described as an example. The same procedure is followed for the other rigid bodies

First, location of the COG of the simplified cab structure is found according to the

default coordinate system that is generated at an arbitrary position by
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Pro/ENGINEER". Secondly, a new coordinate system is set to the located COG
position. Then, a line that is parallel to the longitudinal axis of the cab is drawn on
the rear mount —chassis connection point. X axis of the coordinate system located at
the COG is aligned with this line. Another line that is perpendicular to the first one is
drawn and Z axis of the coordinate system is aligned with this second line while
keeping the position of the coordinate system fixed. Thus, the position and

orientation of the COG coordinate system are adjusted as shown in Figure 3.14.

Density of the structure is found by dividing the measured mass value to the volume
calculated by Pro/ENGINEER. This means that the mass of the whole cab is
distributed to the simplified structure homogeneously. Calculated density is entered
as a material property and the inertia tensor with respect to the COG coordinate

system is obtained from Pro/ENGINEER.

W Mass Properties

Analysis ! Feature |

LS5 [ COGFRCSYS) |
[ Use Default

Density [0.00001838 v

Acouracy [0.00001 000 v

YOLUME = 3 2660823+07
SURFACE AREA = 21736701e+07
DENSITY = 1.8330000e-05

MASS = B.1330254e+02

|

CEMTER OF GRAVITY with respect to COG coordinate frame:
A Y 2  0.0000000e+00 0.0000000e+00 2.2421928e-03 -5

IMERT & with respect to COG coordinate frame:
INERT & TENSOR:
I [y [xz 4.7290110e+08 5.5190734e+06 -1.0603747e+07

Iy [y lpz 5.5190734e+06 4.2135282e+08 2 64478622+06
lzw |z lzz -1.0603747e+07 26447862e+06 5.5746394e+03

hd Il | >Y- ﬂ

| Quick v||

S N D N T R

Figure 3.14 — Mass Properties of the Cab Structure
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3.3  Development of Analytical Solutions

3.3.1 Cab Model

An approximate analytical solution is developed to describe cab’s dynamic
behaviour on the basis of the 3 DOF planar model shown in Figure 3.2. Bounce of
the cab, pitch of the cab and vertical motion of the seat are represented with three
independent coordinates. Vertical and angular displacement of the cab with respect

to the longitudinal axis of the cab are defined as y, and 6,, respectively. Vertical
displacement of the seat and operator is defined as Y, . Positive directions for y, and
y, are taken as the upward direction whereas the counter clockwise direction for 6,

is taken as positive.

Vertical displacements of the mount-chassis connection points are the inputs to the

model. Front mount vertical displacement is named as , and rear mount vertical

displacement is named as ¢, .

Differential equations describing the system behaviour are derived from the
equilibrium conditions of the free body diagrams of the cab and seat. Free body
diagrams of the cab and the seat are shown in Figure 3.15 and Figure 3.16,
respectively. The cab is assumed to be moved from the first position to the second
position. In addition, in order to linearize the model, rotation of the cab is assumed to
be small that it satisfies the equation siné, = 6,. Then, owing to the linearity
assumption vertical displacements of the points A, B, and C can be written as

follows:

d,=y,-b6 (3.9)

d, =y, +(L-Db)g, (3.10)
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dc =y, —(b-a)g, (3.11)

Fk_mf ch.f

@ POS 1

Figure 3.15 — Free Body Diagram of the Cab

5 CSs

Figure 3.16 — Free Body Diagram of the Seat
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Forces developed in the mounts and seat suspension are also demonstrated in the free

body diagrams. It is assumed that d,>q,, d;>q, and y,>d., then directions of

the forces are drawn accordingly. Spring and dashpot forces are calculated with the

following equations:

Fert =Ko (v, —D6, =1, ) (3.12)
Foo = Coe (¥, —b6, 4, ) (3.13)
For =Ko (v, +(L=b)8, —q,) (3.14)
Fo =Co (7, +(L=b)8, -, ) (3.15)
F.=k.(y,-y,+(b-2a)g,) (3.16)
F.=c.(y, -y, +(b-a)) (3.17)

Force and moment balance equations for the cab are given as:

m.y, +Fes +Fo *Fenr T For = Fie = Fs =0 (3.18)

kmr cs

Icél + (kar + chr )(L - b)+ (st + ch )(b - a)_ (kaf + chf )) =0 (319)
Force balance equation for the seat and operator is expressed as:
my,+F,+F =0 (3.20)

Equations (3.18), (3.19) and (3.20) are the simplest representation of the differential

equations that define the mathematical model. These equations are converted into the
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following form by inserting equations (3.12), (3.13), (3.14), (3.15), (3.16) and (3.17)

into these equations.

o kmf +kmr + ks _bkmf +(L_b)kmr —ks(b—a) ks
i . 0+ v

mC mC mC
Cpot +Cpp +C ). —bc, +(L-b)c,, —c,(b-a)). c. ).
- Yi— ‘91 Y2
mC mC mC

k C
+[ i ]qf +(k““ qu +(ﬂ]qf +(C"“ jqr (3.21)
mC mC mC mC

. k. (L-—b)-k b-k (b—a) k., (L-b)’ +k, b*+k (b—a)’
9[ (L=b) ke }y[ (Lo )

c c

c

k,(b— b- Ky D k -b
_( L a)]yz_[cs(l a)]yf[| j“f*( u )]qr

_(Cmr(L_b)_Cmfb_Cs(b_a)jy _[Cmr(l‘_b)2 +Cmfb2 —i_cs(b_a)2 ]6

(2
Y, = (£]y1 _(kS(b — a)jel + (C_s]yl _(CS (b — a)JQ _( ks ]yz
mS mS mS mS mS
. (C_SJyZ (3.23)
mS

Equations (3.21), (3.22) and (3.23) can be written in the form:
M)+ [Clix} + [KJix} = [F Ra) (3.24)

where {x}:[yl 6, yz]Ta {Q}:[Qf q- Oy qr]T
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(Cmf +Cr + Cs) (_ bcmf +(L- b)cmr —Cs (b - a)) (_ Cs)
[C]: (Cmr(L_b)_Cmfb_Cs(b_a)) (Cmr(l-_b)2 —'—Cmfb2 +Cs(b_a)2) (Cs(b_a))
(_ Cs) (Cs (b - a)) (Cs)

(kmf +kmr +ks) (_ bkmf +(L_b)kmr _ks (b_a)) (_ ks)
[K]=] (ke (L=B) =Ky =Ko (b =) (i (L=D) +koyb? +k,(0-2)*) (k.(b-2)
(_ ks ) (ks (b - a)) (ks )

“State-Space” block is utilized for the analytical solution as shown in Figure 3.17.
This block makes implementation of the system to the Simulink easier. However, for

the use of “State-Space” block, system should be expressed in the following form:

{x}=[Alix}+[BJu
{y}=[c}x}+[Dlu} (3.25)

where {X} is the state vector, {u} is the input vector, and {y} is the output vector. For

the solution, equation (3.24) is converted into the state space form by using the state
Vector{x}= [yl y, 6, 0, v, yz]T and input vector {u}= [qf d; dq, qr]T.
[C] is taken as 6x6 identity matrix and [D] is taken as 6x4 zero matrix. [A] is

written in the form [Al,,o =[[T]s[U]ixs]- Then, [T], [U] and [B] is given as:
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kmr(L_b)_kmfb_ks(b_a)

m

C

0

Cmr(L_b)_Cmfb_cs(b_a)

_[—

0

bk, +(L-b)k,, —k.(b—a)
m

C

0

Ky (L=b) +k,b?+k (b—a)

)

)

)

1

0 0 0
bc,, +(L-Db)c,, —c,(b—a) k- C,
mC mC mC
1 0 0
cmr(L—b)2+cmfb2+cs(b—a)2J _[ks(b—a)J _[cs<b_a)
IC Ic Ic
0 0 1
_ Cs(b_a) _ & _ Cs
mS mS mS
0 0 0 0
kmf Crt kmr Cor
mC mC mC mc
0 0 0 0
D) (Cub ) (K (L=b)) (cp(L=D)
C IC IC IC
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Figure 3.17 — Implementation of Analytical Solution of the Cab to Simulink

3.3.2 Extended Machine Model

Analytical solution developed for the cab is extended for the whole machine on the
basis of the 5 DOF planar model shown in Figure 3.3. In addition to the independent
coordinates defined in the cab model, two independent coordinates are presented for
the vertical and pitch motion of the machine body. Vertical displacement of the

machine body is defined as Y., and angular displacement of the machine body with
respect to the longitudinal axis of the machine is defined as 6,. Positive direction for
y, is taken as the upward direction whereas the counter clockwise direction for 8, is

taken as positive.

Inputs to the extended machine model are vertical displacements of the front and rear

tires. Vertical displacements of the front and rear tires are named as g, and Q,,

respectively.
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Differential equations describing the machine dynamic behaviour are derived from
the equilibrium conditions of the free body diagrams of the cab, seat and machine
body. Free body diagrams of the cab and the seat are shown in Figure 3.15, Figure
3.16 and Figure 3.18, respectively. Rotation of the machine is also assumed to be

small that it satisfies the equation sind, =¢,. Then, owing to this assumption

vertical displacements of the points D, E, F and G can be written as follows:

dp =y, —(g-d)b, (3.26)
d. =y, +(e-g)e, (3.27)

de =y, — g6, (3.28)
dg =y, +(L, — 9)b, (3.29)

4 POS 1

my, [,

Figure 3.18 - Free Body Diagram of the Machine Body
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Forces developed in the mounts, seat suspension and tires are also demonstrated in

the free body diagrams. It is assumed that d->gq,, d;>q,, d,>d,, dg>d. and

y,>d., then directions of the forces are drawn accordingly. Spring and dashpot

force generated in the seat suspension are given in equations (3.16) and (3.17), and
remains same for the extended model. However, tire and mount forces for the

extended model are calculated with the following equations:

Fent = Ku (i =06, =y, +(g - d)6;) (3.30)
Flo=co (¥, —b6, -y, +(g—-d)d,) (3.31)
Fen = Ko (¥, +(L=)6, -y, — (e~ 9)6}) (332)
Fro=co (¥, + (L=0)6, -y, - (e - 9)6,) (3.33)
For = kg (Y, —06; -0y ) (3.34)

Fo =Cq (Vs — 96, 0y ) (3.35)

Fo, =k, (y; +(L, -9)6,-q,) (3.36)

Foo =C, (¥, +(L, - 9)4, - d, ) (3.37)

Force balance equation of the seat and operator is given in equation (3.20), force and

moment balance equations of the cab for the extended model are expressed as:

m, YI + I:kvmf + F(;mf + I:k'mr + I:c'mr - st - ch =0 (338)
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1.6, +(Foy +Fo L=0)+(F + F. )b—a)—(Fuy +Fo =0 (3.39)

kmr
Force and moment balance equations for the machine body are given as:

mb y3 + I:k'[f + Fctf + I:k'[r + I:ctr - I:kvmf - I:c'mf - I:k'mr - I:c'mr =0 (340)

IbéS - (Fktf + Fctf )g + (Fkvmf + F(;mf Xg - d)_ (Fk'mr + F(;mr Xe - g)
+(Fktr +Fctr)(|-1 _g):O (341)

Equations (3.20), (3.38), (3.39), (3.40), and (3.41) are the simplest representation of
the differential equations that define the mathematical model of the whole machine
ride dynamics. These equations are converted into the following form by inserting
equations (3.16), (3.17), (3.30), (3.31), (3.32), (3.33), (3.34), (3.35), (3.36), and
(3.37) into these equations.

.y ktf ktr kmf kmr th Ctr Cmf Cmr . ktf th .
= + +|— Qs +| —
y3 [ ) y3 ) y3 ) qtf . qtf

n ktf g _ktr(Ll - g)+kmf (g _d)_kmr(e_ g)]93 +(_kmfb+kmr(|—_b)]91
mb mb
thg_ctr(Ll _g)+cmf (g_d)_cmr(e_g)] o (_Cmfb-i_cmr(l-_b)j .
+ 0, + 0,
mb mb
K. +k C.c+C
+ mf mr ]yl +[ mf mr jyl +(ktr thr +[Ctr thr (342)
mb mb mb mb
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3

:(ktf g _ktr(Ll

Iy

- kmf -d _kmr - ktr Ll_
9)+Ky (g —d) -k, (e g)Jy3+[( g)thr

I,

+ —Ctr (LI g)thr

P

thg_ctr(Ll_g)+cmf(g_d)_cmr(e_g)J. (

+ Ys

Ib

n _ktfgz_ktr(Ll_g) kmf(g d) _kmr(e g)
Ib

n _thgz_c ( ) _Cmf(g d) _Cmr(e g)
Ib

pol

+[kmfb(g_d)+kmr(e_g)(|-_b)j9 ( kmf(g d)—i_kmr(e g)

I,

+[Cmfb(g_d)+cmr(e_g)(L_b)J0‘ (_Cmf(g d)+cmr(e g)j

I,

.. kmf + I(mr Cmf + Cmr
Y, = y; +
mc mc

[ K —kmr(L—b)+ks(b—a)j9

m

C

j . (_ kmf - kmr
Y; +
m,

+(_kmf (g _d)+kmr(e_g)j03

_ks “Crt = Cpr =C5 ).
yl + yl
m,

m

C

—k, (L-b)’ -k, b? —k (b —a)

[ mf(<‘:1—d)+cmr(e—g)]. (cmfb
+ - 0, +

—c._.b?

—Cye(L—b)’

Cmr(L_b)+Cs(b_a)jé

m

c

(3.44)

k. (L-b)-k, b
]01+( ( |) ij3

mf _Cs(b_a)zlé +(

C,(L—b)-c.b).
(L-b)—cy ]y3

c

kmfb(g d)+kmr(e g)(L b)J +[_

[cmfb(g d)+c, (e—g)(L—- b)) +[—kmr(L—b)+kmfb+ks<b—a>]y

b— —c.(b—
—(| a)Jyﬁ[—CS(I a)jyz
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Equations (3.23), (3.42), (3.43), (3.44) and (3.45) can be written in the form:
(M Jix}+ [C ki + [KHix} = [F Ka) (3.46)

where {x}: [y3 o v 0 Y, ]T ) {CI}= [qtf Qg O C.]tr]T . The damping
matrix, [C], is written the form [C];,s =[[N];.,[O];,;] and the stiffness matrix, [K],

is written the form [K]5X5 :[[P]m[Q]m]. Then, [M], [N], [O], [P], [Q], and [F]

are give as:
m 0O O 0 O
o I, 0 0 0
M]=f0o 0 m 0 o0
0 0 0 I, 0
0 0 0 0 m
~(=C¢ —Cy —Cpy —Cpr) ~ (649 —Co(L, =) +C (g —d) —C, (- 9))
—(cg—C(L—g)+C(g—d)—c (e—9) —(-¢;9* ¢, (L, —9)’ —c(g—d)’ —c, (e—9)°)
[N]= = (Cat +Coy) —(—Cy (g —d)+C, (€—9))
~(Cpe(L—b)-cyb) —(Cob(g —d)+¢,, (e - g)(L b))
0 0
I ~(Coy +Cy) —(~Cpyb + €y (L= D)) 0o
—(Cy(g—d)+c, (e—0)  —(c,b(g—d)+c, (e—g)L-b) 0
[0]= —(=Cp = Cpr —C,) — (b= (L=b)+c (b-a) -,
—(Cyb-c, (L-b)+c(b-a)) —(-¢, (L—b) —c,b*>—c,(b-a)’) —(-c,(b-a)
—-C, —(-c,(b—-a)) C,
_(_ktf_ktr_kmf_kmr) _(ktfg_ktr(l-]_g)+kmf(g_d)_kmr(e_g))
— (ke @ —ky (L= @) +ky (g—d) =k (€= Q) —(—ky9> —k, (L, —9)’ —K, (g —d)* —k, (e~ 0)")
[P]= = (K +Kpp) — (~kyy (@ —d)+k, (e- Q)
— Ky (L=b)—kyb) — (kyyb(g —d) +k,, (e - g)(L b))
0 0

49



| ~ (K +Kpy) — Ky bk, (L=b)) o |
(ks (g-d)+k,, (e-9)) — (ks b(g—d)+k,, (e—g)(L-b)) 0
[Q]= — (Kt =K —K,) — (Kb =k (L=b) +k, (b—a)) -k,
— (K b=k, (L=b)+k,(b—a)) —(-k,, (L—-b)" =k, b*> -k (b—-a)*) —(-k,(b—a))
—k, —(—k,(b—a)) k,
I ktf th ktr Ctr i
_krfg —C4Q ktr(Ll_g) ¢ (L —9)
[F]=| o 0 0 0
0 0 0 0
0 0 0 0

Similar to the cab model, “State-Space” block is utilized for the analytical solution of
the extended machine model as shown in Figure 3.19. For the use of “State-Space”

block, system is expressed in the following form:

{x) = [Alfx}+[Bu}
{y}=[clix}+[D}u} (3.47)

where {x} is the state vector, {u} is the input vector, and {y} is the output vector. For

the solution, equation (3.46) is converted into the state space form by using the state
vector {X} = [y3 y, 0, 93 Yy, ¥, 6, 6, vy, yz]T and 1input vector
{u}= [qtf Gy Oy qt,]T . [C] is taken as 10x10 identity matrix and [D] is taken as

10x4 zero matrix. [A] is written in the form [A]IOX10 = [[R]10X3 [S]mx3 [T ]10X4]. Then,
[R], [S]. [T] and [B] are given as:
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[r]=
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Figure 3.19 - Implementation of Analytical Solution of Machine Model to Simulink

3.4  Development of SimMechanics Solutions

3.4.1 Cab Model

SimMechanics uses an internally defined fixed coordinate system called “World”.
This coordinate system is located at the (0,0,0) position and +X axis points right, +Y

axis points up as default.

“Body” blocks from the SimMechanics library are used to model the rigid bodies like
cab, seat and operator. Connection points to the ground or other rigid bodies are
defined by body coordinate systems in each “Body” blocks. Positions and

orientations of these coordinate systems will be defined according to the world
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coordinate system or another body coordinate system in SimMechanics. In the
developed model, orientations of all the body coordinate systems are the same as
with the world coordinate system and their positions are measured from the 3D
drawings of the rigid parts created in ProEngineer. While measuring the positions, X
axis is taken as the longitudinal axis of the machine and Y axis taken as the vertical
axis of the machine. Definition of the positions of the body coordinate systems for
the cab is given in Figure 3.20 as an example. In addition, mass and inertia properties

of the rigid parts are specified for the “Body” blocks.

5] Block Parameters: cab E|
Eody

Represents a user-defined rigid body, Body defined by mass m, inertia tensor I, and coordinate origins and axes For
center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets Body initial position and
orientation, unless Body andfor connected Joints are actuated separately. This dialog also provides optional settings For
customized body geometry and colar,

Mass properties

MMass: ri_cab ka i

Inertia; |I_cab kg*m™2 W

Position Orientation Wisualization

Show P!th Name Origin Position Units Tranfl.?ted from Components in

Port | Side Yector [® ¥ 2] Origin of Axes of
Top il ct [-610,479 676,3300] |mm  w |CS1 w251 bt
Bottom w0 C34 [000] mm  » Adjoining w |Adjoining w
Top wv|oss  |[-226.170 14.0030]  jmm w |CS1 v 051 ARE
Tap w|Cs5  [-228.170 1400301 |mm s |CS1 v |51 v
Bottom w51 [ooo] mm % Adjoining “ |Adjoining R G

[o]4 l [ Cancel ] [ Help ] apply

Figure 3.20 — Definition of the Positions of the Body Coordinate Systems of the Cab

Fixed points of a model are represented by “Ground” blocks in SimMechanics and
positions of these blocks are specified with respect to “World” coordinate system.

Two “Ground” blocks are used in the model. One of them is located at (0,0,0)
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position and used to define the chassis point that is connected to the front mount. The
other one is located to the (1250.66,10.523,0) position and used to define the chassis

point that is connected to the rear mount.

“Ground” blocks representing chassis points are connected to the cab with “Custom
Joint” blocks which are user-defined joints with multiple degrees of freedom.
“Custom Joint” at the front mount is defined with 3 DOF namely linear translation in
the Y axis, linear translation in the X axis and angular rotation with respect to the Z
axis. However, “Custom Joint” at the rear mount is defined with 2 DOF which are
linear translation in the Y axis and angular rotation with respect to the Z axis. An
extra degree of freedom given to the front mount location is necessary to allow the
pitch motion of the cab. The seat is connected to the cab with a “Prismatic Joint”
block which represents the translational DOF of the seat in the vertical direction.
“Weld” block is used to connect the seat and operator. This block has no degrees of
freedom. Therefore, it is assumed that seat and operator are rigidly connected with

each other throughout the simulation.

Seat suspension and mounts are modeled by generating the elastic and damping
forces caused by these elements and supplying them to the joint blocks. For the
mount model, displacement and velocity of the mount connection points on the cab
side are measured and they are subtracted from the displacement and velocity of the
mount connection points of the chassis which are the inputs to the system. In this
way, relative displacement and velocity between the cab and the chassis are
achieved. In order to obtain the forces developed in the mounts, relative
displacement and velocity between the cab and chassis are multiplied with the mount
stiffness and damping coefficient values via “Gain” blocks. Then, acquired forces are
summed and supplied to the joint between the cab and the chassis in the vertical
direction by means of “Joint Actuator” block. A similar subsystem is constructed for
the seat suspension. In this case, relative displacement and velocity between the seat
and the cab are measured and these values are multiplied with the seat suspension

stiffness and damping coefficient values.
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Visualization of the system is obtained by importing external graphics files to the
SimMechanics. Three-dimensional drawings of the rigid parts are exported into
Stereolithographic (STL) file format because it is the only format that is supported by
the SimMechanics’ custom body visualization option. This option gives the
opportunity to realize actual geometries of the parts on the visualization screen.
While exporting the STL files, coordinate systems located at the COG in
ProEngineer is selected and these graphic files are attached to the COG coordinate
systems defined in SimMechanics. In this way, accurate model visualization is
acquired. Visualization of the model in SimMechanics that shows the body
geometries, location of center of gravities and body coordinate systems are illustrated
in Figure 3.21 and the developed SimMechanics solution is demonstrated in Figure

3.22.

Figure 3.21 - Visualization of the Cab Model in SimMechanics
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3.4.2 Extended Machine Model

Extended machine model in SimMechanics is obtained by inserting machine body

and tire parameters to the cab model. Machine body seen in Figure 3.3 is not

modeled with a single “Body Block™ in SimMechanics. Parts that are assembled to
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the machine like engine, transmission, axles, backhoe and loader mechanisms are
assumed to be rigidly connected to the chassis. These parts are defined with separate
body blocks in a subsystem and they are connected to the chassis with “Weld” blocks
(Figure 3.23). Defining parts in this way allows calculating the inertia and mass
properties of the each part separately by the help of a CAD program like
ProEngineer. Calculation of the mass and inertia properties of the parts are done by

applying the same procedure explained in Section 3.2.
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Figure 3.23 — Machine Body Subsystem

For the extended model, “Ground” blocks, which represent the stationary points

throughout the simulation, are defined at the connection points of the front and rear
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tires with the road surface. “Ground” blocks are defined with respect to the absolute
reference frame. Front and rear axles positions are determined with respect to these
blocks and the body coordinate systems of the chassis are determined with respect to
the axles. “Body” blocks that describe the components assembled to the chassis are
rigidly connected to the proper body coordinate system of the chassis defined in
SimMechanics. However, the cab is connected to the chassis with “Custom Joint”
blocks which represent the mounts. Visualization of the extended model is provided
by importing the external graphic files to the “Body” blocks composing the machine
body. Importing procedure described for the cab model in Section 3.4.1 is followed
in order to obtain accurate model visualization. Visualization of the extended

machine model in SimMechanics is demonstrated in Figure 3.24.

Figure 3.24 — Visualization of the Machine Model in SimMechanics
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Similar to the mounts, tires are also defined with the “Custom Joint” blocks
positioned between the “Ground” blocks and the axles. These blocks allow angular
and vertical motion of the machine body relative to the road surface. Model

developed for the whole machine is illustrated in Figure 3.25.
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CHAPTER 4

EXPERIMENTAL PROCEDURE FOR THE VALIDATION

For the experimental validation of the cab model and extended machine model,
acceleration measurements are taken on a backhoe loader. Measurements are

conducted for three different cases, namely,

e Bump test with a 10 km/h forward speed
e Rough road test with 10 km/h forward speed
e Rough road test with 15 km/h forward speed

In the selection of test conditions, the rigidity constraint between the seat and
operator is taken into consideration. Test conditions that are not violating the rigid
connection assumption between the seat and operator are selected for the validation
of the models. In other words, the operator and the seat are required to behave like a

single mass in the experiments.

Seat suspension is adjusted to the weight value that is used to identify the seat
suspension stiffness and damping before starting the tests. The operator is required to
sit in a position that he does not in contact with any part of the cab except the
steering wheel during the measurements. The speed of the machine is adjusted with
hand throttle and the braking pedal is not used unless it is necessary. Measured

parameters to use in the validation process are as follows:
e Vertical acceleration of the front mount connection point of the chassis

e Vertical acceleration of the rear mount connection point of the chassis

e Vertical acceleration of the operator seat
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Among these values, accelerations of the front and rear mount connection points are
used as the input for the simulation of the cab models and the acceleration value

measured from the seat is used for the validation of the models.

In this chapter, firstly, instrumentation used in the measurements is described. Then,
measurement points are illustrated. Finally, preliminary data processing performed

on the measured sets of data values is explained.

4.1 Instrumentation

LMS SCADAS Mobile data acquisition system is used for the measurements in this
study (Figure 4.1). It is a compact data acquisition system with 72 channels. 8 of
these channels are dedicated for piezoelectric type sensors. Maximum sampling rate
per channel value is 204.8 kHz. Using such a compact data acquisition system is
advantageous for gathering simultaneous data and limiting the possible time shifts

for synchronization of the data obtained from different measurement points.

Acceleration values are measured with Crossbow LP series capacitive type triaxial
accelerometers (Figure 4.2). Acceleration of the mount connection points of the
chassis are measured with +4g range accelerometers and acceleration of the seat is
measured with a +10g range one. Although, the signal-to-noise ratio of the
piezoelectric accelerometers is better, capacitive type accelerometers are preferred
due to their ability to measure the frequency range down to 0 Hz or DC. Using
capacitive type accelerometers allows to measure low frequency vibrations

accurately which is an important issue in comfort analysis.
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Figure 4.1 — LMS SCADAS Mobile Data Acquisition System

Figure 4.2 — Crossbow LP Series Triaxial Accelerometer
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A special disc is used for the measurement of seat acceleration. It is manufactured
according to the dimensions given in BS EN 1032 [24]. The accelerometer is
screwed on the sheet plate seen on Figure 4.3 and this plate is mounted to the bottom

of the disc with bolts. Moreover, a cable groove is machined on it.

Figure 4.3 — Disc Used for Seat Measurements

4.2 Measurement Points

In the measurements, acceleration values of the front and rear mount connection
points of the chassis are measured from one side of the cab. These values are
measured to obtain the velocity inputs that are required for the simulation of the cab
models. Locations of the accelerometers mounted on the front and rear mount

connection points of the chassis are given in Figure 4.4 and Figure 4.5, respectively.
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Figure 4.4 — Location of the Accelerometer Used on the Front Mount Connection

Figure 4.5 - Location of the Accelerometer Used on the Rear Mount Connection
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Acceleration of the seat is measured on top of the seat cushion by using the disc
described in instrumentation section. Disc is placed on the surface of the seat such
that the transducer is located midway between the ischial tuberosities of the seated

person [24]. Measurement point for the seat acceleration is shown in Figure 4.6.

In order to connect the accelerometers to the data acquisition system 9 pin connectors
are used. Outputs for each measurement direction of the accelerometers, which are
transmitted from a single cable, are separated by use of these connectors and
recorded into the different channels of the data acquisition system. Installation of the

data acquisition system is illustrated in Figure 4.7.

Figure 4.6 —-Measurement Point for the Seat Acceleration
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Figure 4.7 — Installation of the Data Acquisition System

4.3 Preliminary Data Processing

Velocities of the front and rear mount connection points of the chassis are used as the
inputs for the cab models. Velocity values are obtained from the acceleration values
measured from these points by integration. Therefore, it is required to process the
data to overcome the problems caused by the integration and obtain usable input-
output pairs for the simulation. One needs to make sure the signal-to-noise ratio in
the data acquisition system to be sufficiently high for reliable results through

integration. Signal-to-noise ratio is estimated around 52 dB in the measurements.

As the first step of the data processing, the acceleration values collected with 100 Hz

sampling rate are filtered through a low-pass filter. A digital filtration is performed to
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decompose the data from high frequency content which is generally not considered

in ride comfort studies.

Due to the nature of the capacitive type accelerometers used in the measurements,
DC offset is observed in the data. Since this offset causes formation of a linear trend
after the integration, it is necessary to remove the offset from the acceleration values
of the mount connection points. In addition, offset removal process is applied for the
seat acceleration values in order to compare the simulation and measurement results
accurately. In this way, initial conditions of the inputs and output are assigned to

ZCro.
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CHAPTER 5

COMPARATIVE EVALUTION OF THE CAB MODELS

Comparative evaluation of the analytical and SimMechanics solutions developed for
the cab are made by employing the velocity input values obtained for the three
different measurement cases. Velocity inputs obtained by integration of the
acceleration values of the mount connection points of the chassis are given to the
model for each validation case and the corresponding acceleration time histories

measured from the seat and obtained from the SimMechanics solution are compared.

Moreover, comparison of the results is done in the frequency domain. In order to
make a frequency domain comparison power spectral densities (PSD) of the vertical
acceleration values measured from the seat and obtained from the simulations are
used. PSD estimations are calculated with 4096 block size, %50 overlap and
Hanning window. Frequency domain investigations are done up to 20 Hz with a

frequency resolution of 0.2 Hz.

Simulations are done with the ode4 (Runge-Kutta) fixed-step solver. Simulation time

is defined according to the each validation case test duration.

The first measurement case is driving through a bump with a 10 km/h forward speed.
Before starting the test, engine rotational speed is adjusted with the hand throttle.
Machine is started to travel from a certain distance to reach the desired speed before
passing over the bump and continued to travel until it slows down after the bump.
Velocity inputs, comparison of the acceleration time histories and PSD of the seat
accelerations for the first case are shown in Figure 5.1, Figure 5.2, and Figure 5.3,

respectively.
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Velocity Inputs vs. Time for the Bump Test (10km/h)
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PSD vs. Frequency for the Bump Test (10km/h)
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Figure 5.3 — Comparison of Analytical and SimMechanics Solution — (PSD of Seat

Acceleration for the First Case)

The second measurement case is the rough road test with 10 km/h forward speed.
Measurements are done on a gravel road which generates random excitation on the
cab. Velocity inputs, comparison of the acceleration time histories and PSD of the
seat accelerations for the second case are presented in Figure 5.4, Figure 5.5, and

Figure 5.6, respectively.

The last measurement case is the rough road test with 15km/h forward speed. The
same road which is used in the second case is also utilized in this case. However,
machine speed is increased from 10km/h to 15km/h to generate different random
excitation. In addition, machine is not followed the same path on the road. Therefore,
the second and third measurement cases are totally different. Velocity inputs,
comparison of the acceleration time histories and PSD of the seat accelerations for

the third case are illustrated in Figure 5.7, Figure 5.8, and Figure 5.9, respectively.
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Velocity Inputs vs. Time for the Rough Road Test (10km/h)
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PSD vs. Frequency for the Rough Road Test (10km/h)
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Seat Acceleration vs. Time for the Rough Road Test (15km/h)
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Time history and PSD comparisons of the seat accelerations reveals that the both
analytical and SimMechanic solutions give similar results for the same inputs. Small
deviations on the results may be due to fact that cab is assumed to make small
oscillations in the analytical solution. However, this assumption is not valid for the

SimMechanics solution.

In addition, comparison of the model results show that developed SimMechanics
solution, which uses the physical modeling blocks instead of deriving system
equations, will be employed for the simulation of dynamic behaviour of the cab and

seat.
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CHAPTER 6

RESULTS, DISCUSSION AND CONCLUSIONS

6.1 Comparison of the Measurement and Simulation Results

6.1.1 Comparison for the Cab Model

Physical test results are compared with the simulation results obtained from the cab
model. Velocity inputs demonstrated for each measurement case in chapter five are
used to simulate the model with the same solver settings. Therefore, inputs are not
shown here. Only the acceleration time histories and PSD of the seat acceleration

values for the simulations and measurements are given.

PSD estimations are calculated with 1024 block size, %50 overlap and Hanning
window. Frequency domain investigations are done up to 20 Hz with a frequency

resolution of 0.2 Hz.

Comparison of the measurement and simulation results for the first measurement
case is shown in Figure 6.1 and Figure 6.2. For the second case, results are illustrated
in Figure 6.3 and Figure 6.4, and they are presented in Figure 6.5 and Figure 6.6 for
the third case.
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Seat Acceleration vs. Time for the Bump Test (10km/h)
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Seat Acceleration vs. Time for the Rough Road Test (10km/h)
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Undamped natural frequencies of the system are calculated as to correspond to
approximately 1.0 Hz, 4.5 Hz and 21.7 Hz. The PSD graphs display the peak
frequencies approximately at 1.6 Hz and 2.4 Hz. As the system is expected to follow
the input, these frequencies can be regarded as excitation frequencies associated with
the input. For better explanation of the phenomenon fast Fourier transform (FFT) of

the velocity inputs for the third measurement case is illustrated as an example in

Figure 6.7.
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Figure 6.7 — FFT of the Velocity Inputs for the Third Case

6.1.2 Comparison for the Extended Machine Model

Measurement results are compared with the simulation results obtained from the

extended machine model for the first measurement case involving drive through a
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bump with a 10 km/h forward speed. Position inputs obtained from the bump profile
are supplied to the extended machine model for simulation. Position input for the
front tire is calculated by dividing the distance of the bump to the machine speed.
Since the rear tires start to pass over the bump after a certain time, the input given to
the rear tire is acquired by applying a specified delay to the front tire input signal.
Amount of delay is estimated by dividing the wheelbase to the machine speed.

Position inputs for the front and rear tires are shown in Figure 6.8.
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Figure 6.8 — Position Input for the Front and Rear Tires

Acceleration time histories measured from the seat and obtained from the model are
compared in Figure 6.9 and comparison of the PSD estimations are illustrated in

Figure 6.10.

81



8
10"

Measurement
Simulation

Time (s)

PSD vs. Frequency for the Bump Test (10km/h)

Measurement

Seat Acceleration vs. Time for the Bump Test (10km/h)
Simulation

Model — (Seat Acceleration Time Histories for the Bump Test)

(/1) uone1}EY (zn/ (( /) asd

Figure 6.9 - Comparison of Measurement and Simulation for the Extended Machine

Frequency (Hz)
Figure 6.10 - Comparison of Measurement and Simulation for the Extended Machine
Model — (PSD of Seat Acceleration for the Bump Test)
82



6.2 Discussion

Peak frequencies of the PSD estimations for seat accelerations obtained from the
extended machine model and cab model for the bump test are demonstrated in detail
in Figure 6.11 and Figure 6.12, respectively. It is observed from these PSD graphs
that peak frequencies of the simulation and measurement for the cab model exactly
match with each other. On the other hand, peak frequencies in the extended machine
model are underestimated in simulations. It is anticipated that the possible errors in
the identification of the machine body and tire parameters are the main reason for the

discrepancy in the peak frequencies of the extended machine model.
PSD estimation of the tire input and the simulated frequency response function

(FRF) between front tire input and seat acceleration are illustrated in Figure 6.13 and

Figure 6.14, respectively.
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PSD vs. Frequency for the Bump Test (10km/h)
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Simulated FRF Between Front Tire Input and Seat Acceleration
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Figure 6.14 — Simulated FRF Between Front Tire Input and Seat Acceleration

It is observed from these PSD and FRF estimations, the fundamental excitation

frequency of the bump input lies below resonant frequencies of the extended

machine model. However, peak frequencies of the PSD estimations of the measured

seat acceleration shown in Figure 6.11 are almost same with the resonant frequencies

demonstrated in the simulated FRF function. Presence of the resonant frequencies in

the PSD graph is interpreted that the free vibration behaviour of the machine after

passing over the bump dominates the frequency content of the response of the seat

and operator.

The resonant frequency calculated at 1.1 Hz does not exactly match with the peak

frequency displayed at 1.5 Hz in the PSD estimation. This difference is also

explained with the uncertainties in the identification procedure of the machine body

and tire parameters which are used in the calculation of simulated FRF.



6.3 Summary and Conclusions

In this study, a dynamic model including the cab dynamics is developed to perform
the simulation of the ride dynamics of a backhoe-loader. It is aimed to simulate
vibration levels transmitted from chassis to the operator accurately and obtain the
dynamic forces on the cab and on the machine from the models. Moreover, it is
intended to implement a modeling methodology which is similar to the approach
used in vehicle dynamics analyses and for use in further ride simulation studies of a

backhoe-loader.

Dynamics of the cab is simulated with a planar 3 DOF model and dynamics of the
whole machine is simulated with a planar 5 DOF model which is the adaptation of
the half-car model used in vehicle ride comfort analyses. Analytical solutions of both
systems are described by deriving the system equations and converting them into the
state space form. State space solution is implemented into the Simulink environment

for the simulation of the analytical solutions.

In addition to the analytical solutions, the cab model and the extended machine
model are also constructed by using the physical simulation toolboxes inside

SimMechanics.

Linear spring-dashpot units are used to realize the seat suspension, mounts and tires
in the models. A methodology is proposed for the identification of the stiffness and
damping values of these components in this study. For this purpose, force-
displacement behaviour of the seat suspension and mounts obtained from the supplier
at a certain velocity are used. Force-deflection tests and drop tests are performed in
order to identify the tire parameters. Mass and inertia properties of the rigid parts are
also identified by the help of the CAD program ProEngineer and inserted into the cab

models.
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Validation of the presented models is done by the acceleration measurements
performed on the physical machine. Experimental validation process is performed for
three cases with different road profiles and machine speeds for the cab model. The

procedure is repeated with the bump test for the extended machine model.

Results obtained from the analytical and SimMechanics solution of the cab and
results obtained from measurements and simulation of both models are compared
separately. Vibration velocities obtained from the acceleration measurements of the
front and rear mount connection points of the chassis are given as inputs to the cab
models whereas position data obtained from the bump profile are given as inputs to
the extended machine model. Acceleration time histories obtained from the seat

surface and PSD estimation of these acceleration values are used for the comparison.

In conclusion, comparison of the analytical and SimMechanics solution of the cab
show that SimMechanics solution constructed with physical blocks can be used to
simulate the ride dynamics instead of deriving the system equations with less effort
for the complicated models. In addition, consistency of the measurement and
simulation results both in time and frequency domain reveals that the developed
linear models can be used for the analyses of ride dynamics of cab and backhoe-
loader. Furthermore, it is demonstrated that the free vibration behaviour of the
machine after passing over the bump dominates the frequency content of the

response of the seat and operator.

6.4 Future Work

For the extension of the present work in future, the following studies can be

suggested:
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Non-linear component models can be developed for the elastic parts like mounts and

seat suspension which are modeled with linear spring-dashpot systems in this study.

Roll model can be added to the developed planar model to simulate the angular
motion of the cab relative to the longitudinal axis of the machine for a further study

on the cab dynamics.
Parameter identification procedures of the stiffness and damping values can be
improved by performing measurements in various conditions for better

understanding of the frequency and amplitude dependency of these parameters.

Moreover, identification procedure for the inertial parameters can also be refined and

improved by employing more detailed drawings or by direct inertia measurements.
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