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ABSTRACT

RIDE DYNAMICS OF HIGH MOBILITY WHEELED/TRACKED OFF-ROAD VEHICLES:
COMPUTER SIMULATION WITH FIELD VALIDATION

Anil Dhir, Ph.D.
Concordia University, 1993

This thesis deals with the ride dynamic aspects of high mobility
wheeled/tracked off-road vehicles through comprehensive computer modeling
of the vehicle-terrain dynamical system and field vallidation of the
computer model predictions. A multi-purpose ride dynamic simulation model
(RIDSIM) is developed and proposed as an effective and precise tool to
study and improve the ride comfort and safety, and thus the performance
of wheeled/tracked off-road vehicles.

The development of RIDSIM is primarily based on the modeling
strategies adopted for the ride model formulation of a typical high-speed
multi-wheeled tracked vehicle ( an armoured personnel carrier: M113 APC),
which was selected as a candidate vehicle for this study. Consequently,
this study has largely focused on the analytical and experimental ride
investigations of the candidate vehicle. An extensive field testing of
the candidate vehicle was carried out. Field test data were recorded for
a variety of test conditions (i.e. vehicle configurations, field courses,
vehicle speeds), and conditioned/reduced for ride quality assessment and
computer model validation.

The candidate vehicle ride model 1is conceived based on three
formalism of varying complexities: MODEL I, MODEL II, and MODEL III.
These are time-domain simulation models developed assuming an in-plane
representation of the vehicle negotiating an arbitrary rigid terrain

profile at constant forward speed. These models incorporate nonlinear
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suspension characteristics, a continuous radial spring and an equivalent
damper model of the wheel/track-terrain interaction, and dynamic track
loads computed considering kinematic constraining effects of the track
belt loop. Effective computational algorithms are developed to establish
wheel-terrain and track-terrain contact patches, and wheel-track
connectivity. The equations of motion are written with respect to the
vehicle’'s zero-force reference in order to simulate the vehicle-terrain
contact loss. Computational procedures are devised to establish the zero-
force and static equilibrium configurations of the vehicle.

The ride response predictions of the candidate vehicle are evaluated
using all three models, and directly compared against field measurements
in order to assess the relative performance of these models. The ride
predictions obtained using MODEL I show generally good agreement with
field measurements. However, the agreement between measured and predicted
ride response is considerably improved through refinements of the ride
dynamic model (MODEL II and MODEL II11). The wheel and track sub-models
proposed in this study are also compared with those reported in the
literature, and shown to yield relatively accurate ride predictions while
requiring less computational time.

A parametric sensitivity analysis is carried out using MODEL III to
study the influence of suspension design parameters on the ride dynamics
of the candidate vehicle. In addition, the ride performance potentials of
an alternate hydrogas suspension system exclusively developed for
application with the candidate vehicle are investigated. The hydrogas
suspension system is found to reduce the ride acceleration levels,
howeve~, at the expense of relatively high displacement magnitude

especially due to the vehicle pitch.
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Chapter 1

INTRODUCTION, LITERATURE SURVEY, AND OBJECTIVES

1.1 GENERAL INTRODUCTION

Computer simulation has become an important and essential component
of research and development 1in almost all fields of science and
engineering. It is a convenient and economical tool to effectively study
the problem of interest, and provide guidelines for the solution without
resorting to the expensive and time-consuming process of repeated
testing. Computer simulation involves mathematical modellling of a given
physical system based on certain assumptions and then solving the
governing equations on a digital computer. Modelling is a creative and
intuitive process which usually involves a modular or building-block
approach to build a mathematical analogy of the actual system. Since it
is 1impossible to model the world, one must recognize, isolate and
idealize principal components of the system in view of the specific
objectives of study. The model, thus evolved, provides a simplified yet
credible mathematical formulation of the system.

Computer simulation in the field of ground vehicle system dynamics is
no exception. As vehicles have become more sophisticated and hence
expensive, vehicle dynamicists and designers are turning more to computer
simulation techniques in an effort to study the vehicle dynamic
behaviour, to obtain optimal design parameters, and to predict and
quantify the effects of proposed changes in the vehicle parameters.
Computer simulations can, however, only be beneficial if the analytical
model reflects accurately the dynamic behaviour of the vehicle.

Appropriate field and/or laboratory testing of the physical system to



validate the computer simulation model, thus becomes absolutely essential

in order to establish confidence in the predicted results.

A number of general-purpose simulation softwares for dynamic analysis
of mechanical systems are commercially available. These softwares
including IMP, DADS, ADAMS, DRAM, etc., are self-formulating programs
developed based on the theory of multi-body dynamics, and are largely
suited for kinematic and dynamic analysis of machine mechanisms, and
spacecraft structures [1]. Application of these softwares for the study
of vehicle system dynamics has, however, been limited primarily in view
of follewing factors [1]:

@ Modelling strategies employed in these programs generate a large
number of differential equations for the multibody system. Thus, full
vehicle dynamics may include hundreds of differential equations and
may take an hour or more of main frame CPU time for a single second
of vehicle simulation.

m Because of the complexity of the vehicle model generated, little
physical insight can be gained into the effects of varilous
components.

m The task of preparing input-data is tedious, and becomes quite
demanding if the user wishes to introduce modifications in the design
parameters. These softwares assume that the user is well versed in
simulation techniques and many other specialized fields and syntax.

s Formulation for vehicle-terrain can be very tedious since these
softwares model mechanical systems as spatial mechanisms with
constraint equations for each jcint.

Consequently, general-purpose softwares are very costly and

inconvenient option for performing preliminary design surveys, routine



and repeated simulation runs, and for conducting parametric studies. It
is usually recommended that these softwares should only be used for
critical event simulation to validate the results and findings of other
more flexible and specialized programs. Because of these factors, the
majority of previous studies in the area of vehicle dynamics have
developed and employed their own simulation models without resorting to
general-purpose softwares.

The field of ground vehicle system dynamics incorporates three major
areas of study [2]:

» Ride: study of the terrain-induced vibration environment and Iits
effects on passenger and goods.

» Handling: study of the vehicle response to driver's command and
external disturbances (e.g. aerodynamic forces).

» Performance: study of vehicle's ability to accelerate/decelerate, to
develop drawbar pull, and to overcome obstacles.

Although ultimate objectives of the above-mentioned studies may be
different, a common first step usually linvolves developing an analytlcal
model of vehicle-terrain dynamical system with basic components
illustrated in Figure 1.]. Over the years, a number of analytical model
of varying complexities have been developed to represent each of the
subsystems of the basic vehicle-terrain system illustrated in Flgure 1.1.
The normal selection process consists of choosing the appropriate
subsystem model through tradeoff between analytical complexity (cost) and
simulation realism.

The scope of the current research program is limited to the area of
ride dynamic study of ground vehicle systems, and the general objectives

are:
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(a) to develop a comprehensive time-domain ride dynamic simulation model
for wheeled/tracked vehicles primarily employed for high speed off-

road operations,

(b) to carry out field testing of a typical wheeled/tracked vehicle for a

variety of test conditions, and
(c) to validate and refine the ride simulation model.

The computer simulation model, thus evolved, would be an effective
and precise tool to understand and improve the off-road vehicle ride

dynamic behaviour.

1.2 STATE OF THE ART AND LITERATURE SURVEY

In this section, a general summary of off-road vehicle types and
their ride dynamic behaviour 1is presented. Computer ride simulation
models developed over the last two decades are briefly reviewed. A
summary of various ride vibration standards and tolerance criterla for

ground vehicles is presented.

1.2.1 Off-Road Vehicles and Ride Dynamics

Off-road vehicles are categorized into two types according to their
running gear: wheeled or tracked vehicles. Figure 1.2 shows examples of a
few wheeled and tracked off-road vehicles employed for different
applications. The design of off-road vehicles varies dramatically with
the type of use: agricultural, earthmoving or military. Wheeled vehicles,
which are generally fitted with pneumatic tires, are usually designed for
both on- and off-road use, whereas tracked vehicles are generally
unsuitable for road use. Off-road vehicles, whether wheeled or tracked,
are either low speed non-suspended vehicles (e.g. agricultural tractors,
bulldozers, earthmovers) designed to produce high tractive efforts or

suspended vehicles {e.g. tanks, cross country utility vehicles) capable
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of far higher speeds [3].

The problems associated with ride dynamic behaviour of off-road
vehicles are essentially similar to those for road vehicles. The
objectives for ensuring ride comfort and safety are the same,
namely, (a) to provide an acceptable ride environment for the vehicle
operator and crew members, (b) to enable the operator to retain suitable
control of the vehicle and its ancillary devices, and (c) to ensure the
welfare of vehicle components and cargo. The mobility perfcrmance of
off-road vehicles is often limited by the ability of the driver to
withstand transmitted acceleration levels and maintain control. Over the
years, a number of methods for quantifying ride vibration levels and
their effects on vehicle operators have bheen established based on
subjective and objective human response [4]. A detailed review of these

methods is provided later in this chapter.

Non-Suspended Off-Road Vehicles

The majority of ride dynamic studies for non-suspended vehicles have
considered wheeled vehicles only, especially agricultural tractors. The
ride dynamic behaviour of non-suspended tracked vehicles have recelved
little attention since they are relatively small In number, and because
they operate at very low speeds [3]. Non-suspended wheeled vehicles, such
as agricultural tractors are equipped with large and significantly soft
tires which offer very low damping, thus the ride vibration of such
vehicles is characterized by lightly damped resonant behaviour. The ride
vibration environment of these vehicles is of low frequency and large
magnitude in nature, where the vehicle wvibrations, mainly transmitted
from irregular terrains, are directly transmitted to the driver's seat

through unsprung chassis and the cab [5]. Terrain-induced ride vibration



of wheeled off-road vehicles predominate in the frequency range
0.5 - 5.0 Hz , and r.m.s. acceleration levels are typically upto 0.2 g in
the vertical and 0.15 g in the lateral and longitudinal directions with
peaks of upto 2 g [3].

Over the years, various studies have established the adverse effects
of low frequency and high amplitude ride vibration. Prolonged exposure to
excessive low frequency vibration have been found to cause the operator
bodily discomfort, physiological damage, and inefficient performance [6].
Two forms of degenerative health effects have been associated with
prolonged exposure: stomach sickness and spinal disorders [7]. The
inefficlient performance of the vehicle operator has been attributed to
several factors such as slow reaction time, impaired tracking ability,
difficulty in maintaining constant foot pressure, and deterioration of
visual acuity ([5].

In view of poor ride quality, ride dynamics of non-suspended wheeled
off-road vehicles has gained considerable attention. Various approaches
to improve ride quality have been investigated, namely: suitable tires,
primary suspensions, and secondary (cab and seat) suspensions [8]. The
pneumatic tires for these vehicles are primarily selected to provide
maximum traction, and ride improvement based on tires alone is considered
infeasible due to the need for considerably soft, thus larger tires. The
option of primary suspension, however, requires complex alterations in
the vehicle design. Subsequently, suitable seat suspension and cab mounts
for non-suspended wheeled off-road vehicles have been considered as the
most favourable options [5]. Although, the seat suspension 1is the
simplest option, the requirement for softer seat suspensicn leads to

excessive relative motion between the driver and vehicle controls.



Alternatively, cab suspensions or mounts are considered as effective ride

vibration isolators for non-suspended wheeled vehicles [9].

Suspended Off-Road Vehicles

Vehicles in this category are designed for relatively higher
operational speeds (upto 50 km/h) across rough terrains [(10]. Therefore,
these vehicles are equipped with primary suspension systems in order to
meet demands of ride comfort and safety, and vehicle control. Similar to
non-suspended vehicles, these vehicles fall into two general categories
depending on whether ground contact is with wheels or tracks. Wheeled
vehicles are usually for general purpose cross-country or military
applications, whereas tracked vehicles are almost exclusively for
military applications. Like non-suspended vehicles, ride vibration levels
experienced by the operators of suspended vehicles, whether wheeled or
tracked, have been long recognized as unacceptably high [10].

The suspension system development for oft-road wheeled vehicles has
primarily followed the knowledge and experience galned on road vehicles
[3]. Literature specifically dealing with suspension dynamics of off-road
wheeled vehicles is scarce. The recent trend is towards the use of
advanced suspension concepts such as active and semi-active suspension
systems [11,12]. An exhaustive amount of literature dealing with active
and semi-active suspension systems mainly for road vehicles is avallable
[13,14]. For off-road operations, the basic suspension design
considerations are low natural frequency and long wheel travel so as to
achieve vibration isoclation and to maintain good wheel-ground contact.
Semi-active and active suspension designs were shown to offer technlcal
advantages for off-road applications but the associated cost penalty has

so far limited their adoption. Conventional suspension systems for these



vehicles are of greater variety and more complicated than those for
tracked vehicles.

High mobility tracked vehicles, such as armoured personnel carriers,
military battle tanks, are designed for mobility over a wide range of
terrains. The performance requirements for military tracked vehicles have
been increasing faster than the capabilities in the associated technology
{15]. Upgrading power-to-weighi ratio and mobility of advanced military
vehicles have lead to considerable increase in the magnitude of ride
vibrations [16]. In view of rough off-road terrains, a continual demand
for increased power-to-weight ratio and higher speeds, research and
development efforts have been mounted to develop an effective running
gear for such vehicles. Tracked vehicles are generally fitted with
passive suspension systems utilizing torsion bars and shock absorbers to
attenuate the terrain-induced shocks and vibrations. Torsion bars
idealize coil spring systems, and have the advantage that they can be
mounted externally to the vehicle body (hull) but their bulk 1limits
spring size and hence available travel [17]. In view of improving
suspension performance of tracked vehicles, feasibility analysis involv-
ing fluidically-controlled suspension systems offering variable damping
and springing characteristics have been long conducted by the U.S. Army
[18,19]). The present trend is towards the use of hydrogas suspensions
since these tend to be lighter and more compact. They can be mounted
externally to the hull, incorporating integral damping arrangements and
often easlier implementation of static height correction or active control
[20]. A study conducted by the British Army revealed that a tracked
vehicle fitted with hydrogas suspension units exhibited higher limiting

speeds with acceptable vibration levels [21].
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Many of the requirements and suspension features of tracked vehicles
are similar to those for wheeled vehicles. In fact, the mathematical
model of tracked vehicle ride dynamics is developed similar to wheeled
vehicles, however, considering certain modifications unique to the track.
The enveloping characteristics of the track, wheel catching effects of
the track on rebound movement, etc. contribute considerably to the ride

dynamic behaviour of the tracked vehicle.

1.2.2 Review of Previous Studies

Ride dynamic simulation of off-road vehicles in the presence of
highly irregular terrain surface is a time-consuming and difflcult
procedure due to the need for high resolution vehicle-terrain dynamical
models [22]. In general, a good ride simulation model for an off-road
vehicle must consider large deflections, nonlinearities due to suspension
kinematics, spring and damping effects, wheel/tire enveloping
characteristics, an appropriate model for wheel-track connectivity and
track-terrain interaction. These considerations in the analytical
modeling lead to complex formulations and high computing costs. However,
these models are most effective for predicting ride dynamics when
implemented with the above considerations using efficient computational
algorithms. Previous studies have primarily employed time-domain
mathematical models of varying complexities to study the rilde dynamic
behaviour of off-road vehicles. Various mathematical formulations have
been proposed to model dynamic wheel-track-terrain linteractions for
off-road vehicles. A brief literature survey of previous investigatlons
is presented in chronological order.

Eppinger et al. [23] developed and analyzed an in-plane model of a

11



six-wheeled tracked vehicie to demonstrate the influence of dynamic track
loads on the ride response. The vehicle was modeled as a two-
degrees-of -freedom (bounce and pitch motions of hull) dynamic system
incorporating nonlinear suspension characteristics and wheel lift-off.
The track was modeled as a massless elastic band capable of transmitting
only tensile forces considered linearly proportional to change in the
total track length. The terrain was assumed to be a non-deformable
continuous profile, and was described through horizontal and vertical
coordinates of successive polints, where intermediate points were
determined based on linear interpolation. The analytical model was
validated against the laboratory measured response of a one-tenth scale
model of a tank traversing a trapezoidal-shaped bump with and without the
track. The experimental and analytical studies revealed that the addition
of track alters and increases the hull dynamic response considerably.

In 1972, Lessem and Murphy [24] conducted an experimental
investigation to study the influence of track on the ride dynamic
response of high speed tracked vehicles. For this purpose, four military
tracked vehicles, namely, M29, M113, M114, and M4 vehicles, were towed
with and without the track over an assortment of half-round rigid
obstacles and ditches, and ride acceleration data was gathered. Based on
this study, it was concluded that dynamic effects of track are strongly
influenced by the vehicle speed (i.e. inclusion of track improves the
ride quality at low speed, however deteriorates it at higher speeds), and
the ride simulation model must incorporate track contribution.
Consequently, an in-plane ride model was developed for M60A1 tank
traversing non-deformable terrain profile at constant speed. The ride

model included the degrees-of-freedom associated with bounce and pitch
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motions of hull, and bounce motion of each road wheel and axle assembly.
The torsion bar suspension configuration was modeled as a parallel
combination of vertical spring and damper. The road wheels were modeled
as radially segmented discrete springs, where each segmented spring ls
assumed to deflect independently of its neighbour as it enters the wheel-
terrain contact zone. Thus, the total contact force was given as sum of
segment forces. Dynamic track tensioning effects were modeled as local
tensioning effects, while neglecting the overall track tension. Track
tension was modeled by hypothetical linear springs intercennecting road
wheels, which effectively generate a vertical force whenever there is a
relative displacement between wheels. The terrain profile was modeled
similar to ref. [23]. This ride model configuration was adopted by Murphy
et al. [25), and further extended in the development of a Vehicle Ride
Dynamic Module (VEHDYN) for general use in support of the Army Mobility
Code (AMC-~74). This was developed based on an Army Mobility Model (AMM)
and used for comprehensive evaluation of cross-country vehicle mobility
[26]. VEHDYN's primary purpose was to predict the ride- and shock-
limiting vehicle speeds for typical high speed wheeled or tracked off-
road vehicles. The ride simulation model used in VEHDYN was formulated
considering four basic suspension configurations: rigld or unsprung,
independent, walking beam, and bogie suspensions, such that wide range of
off-road vehicles can be conveniently modeled.

Wheeler [27] developed a computer code for an in-plane ride dynamic
simulation of XM! tank subjected to non-deformable terrains. The ride
model considered pitch and bounce degrees-of-freedom associated with
vehicle sprung mass and an additional degree-of-freedom for each road

wheel. Overall track tension was considered to account for track dynamic
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effects, and the input at the wheel-terraln interface was restricted to
be only vertical. The terrain profile was modeled similar to previous
studies. The forces acting on a road wheel were assumed to be vertical
only, and included road arm force, contact force due to wheel deflection,
and force due to the track restricting the downward motion of the wheel.
The horizontal forces incorporated in the model were only due to track
tension in the inclined front and rear track segments, but were assumed
to be algebraically balanced. Computer program employed MIMIC simulation
language for solving differential equations of motion, which allowed for
variations in the vehicle parameters. The predicted response time
histories were compared against field measurements with some apparent
success. Although program was developed for tank dynamics, it has been
applied to a 3/4-ton truck and the combat tracked vehicle signature
duplicator, CTVSD.

Smith (28] studied the ride dynamics of a farm tractor via a three-
dimensional thirteen-degrees-of-freedom mathematical model having five-
degrees-of-freedom (lateral, bounce, and three rotational) for the
tractor chassis; roll-degree-of-freedom for front axle assembly; six-
degrees-of -freedom (three translational and three rotational) for the
cab; and a pitch-degree-of-freedom for the driver's seat. The tire-
terrain interaction was modeled based on the radially segmented discrete
springs as proposed by Lessem and Murphy [24] and tire vertical viscous
damping. Lateral tire forces were modeled by parallel combination of a
linear spring and damper. Cab mount forces and seat suspension forces
were modeled based on the experimentally measured force-deflection and
force-velocity relations. The ride model was extensively used to study

the effect of a wide variety of design changes on the ride.
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Hoogterp [(29] developed a ride simulation model incorporating
vertical and pitch motions of the sprung mass as well as the vertical
motion of each road wheel. The vehicle suspension and road wheels were
modeled as linear vertical springs and dampers. The ride model also
allowed for a pair of wheels to be joined in tandem arrangement, and the
inclusion of a fifth wheel type traller hitch with full pltch freedom.
Although the proposed ride model was suitable to simulate wheeled
vehicles only, it was «ciiployed to simulate tracked vehicles while
ignoring track dynamics altogether. Computer simulations of two military
tracked vehicles crossing over various rough terrain were valldated
against field tests in terms of driver’'s comfort limiting veloclty as a
function of terrain roughness. Results indicated the obvlious that comfort
limiting velocity decreases for rougher terrains.

Captain et al. [30] presented a comparative study with an aim to
demonstrate the influence of analytical tire model on the ride
predictions of a wheeled vehicle subjected to rough, rigid terrain
undulations. Four basic tire models suitable for ride dynamic simualation
were adopted and formulated, namely, point contact, rigid tread band,
fixed foot-print and adaptive foot-print. The tire models were compared
through a ride simulation of a 5 ton, 6x6 cargo truck, which is a three-
axle military truck having an independent suspension in the front and
bogie suspension in the rear. The truck was modeled as a six-degrees-of-
freedom dynamical system having pitch and bounce motions associated with
vehicle sprung body, bounce motion of front wheel and axle assembly, and
bounce (for wheel pair) and pitch motions for rear bogle assembly
configuration. This study concluded that the polint contact and rigid

tread band model consistently over-estimate the transmitted vertical tire
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forces, particularly in the frequency range 1-100 Hz, while the fixed
foot-print under-estimates them. Adaptive foot-print tire model showed a
relatively closer agreement with the field-measured tire force spectra.

Garnich and Grimm [31]} proposed an in-plane ride simulation model for
a M-60 battle tank crossing discrete half-round obstacle of specified
radius at constant forward speed. The vehicle was modeled as an eight-
degrees-of -freedom dynamical system, incorporating the vertical and pitch
motions of hull, and rotational motion for all six road arm and wheel
assemblies. The torsion bar suspension configuration was modeled as a
constant rate torsional spring, while the inclined shock absorber mounted
at the first and the last road wheels were replaced by equivalent viscous
torsional dampers in parallel with torsional spring. The road wheels were
represented by discrete radial springs and dampers and overloading
springs were used to model bump stops. Track dynamics was represented by
four different track tension effects : (i) Global Track Tension - an
uniform overall track tension caused by stretching of the track belt,
(11) Drive Sprocket Induced Tension - estimated from an average applied
torque as the vehicle passes over a half-round obstacle, (iii) Track
Bridging Effect - caused by the track creating a flexible bridge spanning
terrain discontinuities, and (iv) Tension due to Track Compensating
Linkage - 1nduced by a compensating link between idler and adjacent road
wheel, so that as road wheel moves up, idler moves forward to take up
slack in the track. The global track tension was found to cause
substantial changes in vehicle dynamic response to large discrete
obstacles which created high track tension magnitude and significant road
wheel-terrain separation.

Crolla et al. [32] investigated the ride dynamics of three different
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non-suspended wheeled vehicles employed for agricultural use, namely,
tractor and plough, tractor and traller, and farm transport truck. The
purpose of these investigations was two-fold: (i) to study the effect of
cultivation implements and trailers on the ride dynamics of agricultural
tractor, and (ii) to study whether an industrial dump truck adopted for
agricultural transport would offer any advantages over a typical tractor-
trailer vehicle in terms of ride comfort. Authors developed three in-
plane ride models: four-degrees-of-freedcm model for the tractor and 3
furrow plough, six-degrees-of-freedom model for "he tractor and traller
considering compliant hitch, and three-degrees-of-freedom model for the
truck. Results indicated that tractors are grossly affected by the
addition of implements and trailers. Unlike the trailer, the addition of
plough was shown to dampen the tractor pitching significantly, thus
reducing vertical ride vibration. The farm transport truck was shown to
provide comfortable ride in comparison with a tractor and trailer,
especially for laden configurations. The results were partially verified
based on field measurements. This study demonstrated that simple ride
models in conjunction with an appropriate tire-terrain representation can
be very useful in understanding the ride behaviour of non-suspended
wheeled off-road vehicles.

Craighead and Brown [33] proposed ride dynamic models for a 25 ton
articulated dump truck, and a Vickers Mk 3b/3 battle tank. The dump truck
was modeled as a six-degrees-of-freedom dynamical system (bounce and
pitch motions associated truck sprung body, bounce motions of front and
rear axle assemblies, and roll motions of tractor and traller units).
Vehicle suspension units were modeled considering nonlinearities

associated with spring and damping effects, whereas tire units were
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modeled as parallel combination of vertical springs and dampers.
Articulation between tractor and traller units was considered as a
constant torque coupling rolling motions of both units. The military tank
was inltially modeled considering fifteen-degrees-of-freedom (bounce,
pitch and roll motions of hull, vertical motions of twelve independent
trailing arm-road wheel assemblies). However, it was found that roll
contributes significantly less to ride discomfort. Thus, the ride model
was reduced to an in-plane representation removing roll and six road
wheels degrees-of-freedom, and the computing time was considerably
reduced. Track contribution was realized as a phenomenon restricting the
downward motion of road wheels, and nonlinearities associated with
torsion-bar suspension system were incorporated in the ride model.
Simulation runs were made to predict ride dynamic response for the
vehicles traversing discrete triangular bumps and an arbitrary terrain
profile at constant speeds.

McCullough and Haug [34] extended the concept of super-element
representation of recurring subsystems in mechanical systems to model a
typical high mobility tracked vehicle. The running gear subsystems,
including the track, drive sprocket, ldler, road wheels and road arms,
were defined as super-elements. The model incorporated the track tension,
track-wheel-ground forces, track connectivity and bridging, and primary
suspension forces. In particular, the track tension was obtained based on
the catenary equation approximating the relationship between track
tension and the length of track hanging between drive sprocket and idler.
The track belt stretching was also accounted for in conjunction with a
simple relaxation of ideal catenary equation. The super-element modeling

strategies were used in conjunction with the multi-body computer code
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DADS for the purpose of simulation and shown to be much faster than the
conventional multi-body approach. Based on an in-plane ride simulation of
a military armoured personnel carrier crossing an 8-in semicircular
obstacle, it was shown that the inclusion of track bridging in the track
model contributes to an improved ride quality.

Krupka [35] formulated a comprehensive three-dimensional mathematical
model of a military battle tank. The tank was treated as three distinct
bodies, each having six-degrees-of-freedom: the hull, the turret, and the
main gun. The equations of motion were derived using Lagranglan
formulation. All three rigid bodies were connected by a set of kinematlc
constraints, which provide the physical interface of the system. The mailn
emphasis of proposed model was to study the dynamics associated with gun
such as gun bending effects, etc. This study, however, did not report any
simulation results.

Bennett et al. [36] proposed an in-plane tracked vehicle ride model
having three-degrees-of-freedom (pitch, bounce and longitudinal) for the
hull, and bounce degree-of-freedom for each road wheel. The suspension
compliances were modeled as main spring element (torsion bar), bump and
rebound stops, and road wheel stiffness. Friction damping and damping due
to shock absorbers (if applicable) were introduced at all road wheel
stations. The mass of the track portion resting on drive sprocketf. and
idler was added to the sprung mass. The track was considered as a light
string with an exponential elastic characteristics measured from an
initial fitted track tension. The predicted response time histories of a
battle military tank crossing discrete obstacles were valldated against
the measured results obtained from field testing of an actual vehicle,

and one-eighth scale model.
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Craighead et al. [37] conducted fleld tests for the purpose of
validating the ride simulation models for a DJB D25 dump truck and a
Vickers Main Battle Tank. Detalls of the mathematical models are reported
in ref. [33]). Both vehicles were driven over an assortment of triangular
rigid obstacles, and vehicle speed and ride acceleration data was
gathered. For specified test conditions, simulations were performed based
on the point-contact representation of the wheel/track-terrain inter-
action. But, it was found necessary to use more sophisticated wheel/
track models to achieve closer correlation between computer predictions
and field measurements. Consequently adaptive foot-print model [24] was
employed to represent the wheel/track-terrain interaction, and
corresponding simulation results showed a relatively better agreement
with fileld measurements. Ride comfort of both vehicles was assessed in
terms of a vibration dose value (VDV) computed from both predicted and
measured bounce ride acceleration traces. The predicted vibration dose
values were found to be within 25% of the measured value.

In 1986, Creighton [38] reported an improved version of the AMC-74
Vehicle Ride Dynamic Module, VEHDYN [25]. The revised ride prediction
module, referred to as VEHDYN II, is currently used for general use in
support of the NATO Reference Mobility Model (NRMM), where NRMM was, in
fact, a new name given to the Army Mobility Model (AMM) in 1978 following
its acceptance as a standard reference by a NATO working group composed
of representatives from the United States, Canada, France, Germany, the
United Kingdom, and the Netherland [38]. NRMM is a comprehensive computer
code mainiy used for evaluating the cross~country mobility performance of
military vehicles [39,40]. Like VEHDYN, VEHDYN Il predicts the gross

motions of a tracked or wheeled vehicle traversing an arbitrary non-
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deformable terrain at a constant forward speed, and computes an average
absorbed power (ride performance criterion) and peak vertical accelera-
tion value at the driver’'s location or any other specifled location in
the vehicle (shock performance criterion). Basic vehicle-terrain
simulation model is the same as in VEHDYN, however, the analytical models
for sub-systems, such as suspension spring and dampling characteristics,
and dynamic wheel-track-terrain interaction were modified in view of
model improvement. In particular, the dynamic wheel/track-terraln
interaction characterizing the net foot-print at the wheel-terrain
interface was modeled using the concept of a continuous ring of radial
spring instead of discrete radially segmented group of springs. The
dynamic track tensioning effects were further enhanced by incorporating
track feeler-terrain interaction, which employed a hypothetical linear
spring placed perpendicular to the feeler at the location of maximum
displacement due to interaction with terrain profile. In addition, the
height of the vehicle and horizontal force effects were lncorporated.
Afonso [41] investigated the ride dynamics of a typical high mobility
tracked vehicle subjected to deterministic and random terrain
excitations. Two in-plane ride models of a five-wheeled tracked vehicle
were developed in view of primary suspension modeling strategies: first
model with idealized parallel combination of springs and dampers whille
ignoring the kinematics associated with conventional torsion bar/trailing
arm suspension; and second model with kinematic considerations. Both
models were represenied as seven-degrees-of-freedom dynamical system
(bounce and pitch motions of vehicle sprung mass, and bounce motion of
each road wheel). The nonlinearities due to damping characteristics of

the shock absorbers, Coulomb friction and bump stops were considered. The

21



road wheel was assumed to have point contact with ground, whose
equivalent vertical stiffness was computed based on in-series wheel and
track pad springs. The contribution of track dynamics to the vehicle ride
response was modeled using linear vertical springs as proposed by Lessem
and Murphy [24]. Main highlight of this study was the development of a
linearized frequency-domain ride model in addition to a non-linear time-
domain model. An energy-based linearization technique [42] was employed
in the frequency-domain analysis. This study revealed that the inclusion
of track, and the trailing arm suspension model with kinematic
considerations contribute to an improved ride quality.

A time-domain simulation model for predicting ride quality of wheeled
and tracked off-road vehicles was recently proposed by Galway [43]. A
ride model was formulated assuming rigid deterministic terrain profile
and constant vehicle speed. The vehicle was modeled as a three-degrees-
of -freedom dynamical system {(bounce, pitch, and roll motions of vehicle
sprung body) equipped with nonlinear models of independent and trailing
arm/torsion bar suspension configurations. The trajectories of road wheel
centres were computed prior to the simulation, where filtering effects of
road wheel traversing deterministic terrain profile were considered.
Track tensioning effects were modeled based on the éssumption of an
inelastic track belt, while ignoring track belt extensibility. A pseudo-
catenary approximation of the track segment hanging between drive
sprocket and idler was used in the computation of track tension. The ride
model was validated against field measurements of an armoured personnel
carrier traversing a concrete sinusoidal course at 8 km/h, and also
compared with results predicted by VEHDYN II [38]. Ride quality

predictions showed relatively close agreement with field-measured ride
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data (less than 27% difference), while VEHDYN Il results overpredicted
ride severity by as much as 112%.

As observed from previous studies, the terrain surfaces are usually
considered rigid or non-deformable for ride dynamic study of bff—road
vehicles since deformable surfaces tend to reduce the ride severity. The
mobility performance of an off-road vehicle over a rigid terraln is
primarily dictated by the driver’s ability to withstand the transmitted
vibration and shock. However, terramechanics involving wheel/track-
terrain interactions such as sinkage and ground compaction has also drawn
considerable attention in the past. Most studies focussed only on the
mobility/tractive performance of high-speed tracked vehicles. Vodyanik
[44] developed a set of force equations describing the soll-track
interactions. Kogure [45]) focussed on the external motion resistance of a
tracked vehicle due to sinkage/compaction of wunderlying soil. More
recently, Wong [46] proposed a computer model for predicting the ground
pressure distribution and tractive performance of {.-acked vehicles over

snow and sand.

1.2.3 Ride Assessment Criteria

Ride quality is concerned with the driver's sensation or feel in the
dominant terrain-induced vibration environment of a vehicle, and Iis
generally difficult to determine. Considerable research has, however,
been conducted by a number of investigators to establish ride assessment
criteria for the preservation of driver’s comfort, health and safety, and
performance. These criteria take into account four parameters, namely,
intensity of vibration, frequency of vibration, exposure time, and axls
of application to the body. These criteria have been proposed for

exposure to whole body vibration through subjective ride assessment,
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shake table tests, ride simulator experiments and ride measurements in
vehicles [47]. In general, these methods attempt to correlate the
response of test objects in qualitative terms, such as uncomfortable and
extremely uncomfortable 1in terms of vibrational parameters such as
displacement, velocity, acceleration, and jerk over the frequency range
of Interest. The assessment of human response to vibration is complex in
that the results are influenced by th: variations in individual
sensitivity, and the diversity of test methods and sensation levels used
by different investigators [48]. Over the years, numerous ride comfort
criteria have been proposed, however, a generally acceptable criterion is
yet to be established. Some of the proposed ride criteria are summarized
as follows.

Earlier investigations on human body response to vibration were
primarily carried out using subject-shake table experiments with vertical
sinusoidal vibrations [49]. In 1947, Dieckmann [50] proposed a constant
“K" related to comfort zones and fatigue time limits for passenger car
vibrations. The Dieckmann's constant, K, is based on levels of constant
acceleration upto 5 Hz, constant velocity from 5-50 Hz, and constant
displacement above this frequency. The Dieckmann’s criterion is

summarized by the following formulae:

df? ; 0=fs5Hz
K = Sdf 1 5 s f s 50 Hz (1.1)

200d ; 50 s f = 200 Hz

1A

where d is the peak displacement amplitude in millimeters, and f is the

frequency in Hz. The comfort zones are defined as:

24



0.1-1 ¢ imperceptible to slightly uncomfortable
1-10 : slightly disagreeable to disagreeable with a
fatigue time of 1 hour

10-100 : very disagreeable to exceedingly disagreeable with a
fatigue time of 1 minute

Goldmann [51) averaged vibration data from seven sources in 1948, and
established three comfort levels for automotive passenger: perceptible,
unpleasant, and intolerable, as a function of frequency and peak
acceleration response in the vertical mode. The vibration data used by
Goldmann were obtained from a variety of experiments where the subjective
and physical environments varied greatly.

In 1948, Janeway [52] recommended exposure limits to passenger car

vertical vibration, which are expressed as:

176 df® ; for f = 1-6 Hz
J =4 df® . for f = 6-20 Hz (1.2)
20 df ; for f = 20-60 Hz

where d is the peak displacement amplitude in inches. This criterion
differs from Dieckmann’s in that the range 1-6 Hz is constant jerk; from
6~20 Hz is constant acceleration; and from 20-60 Hz is constant velocity.

A comparison of the Dieckmann, Goldmann, and Janeway ride criteria
revealed that the human is most sensitive to vertical vibration below
20 Hz [49]. Although reasonable similarity in the proposed comfort
criteria has been shown with respect to input frequency, the subjective
response data provides an insufficient and inconsistent criteria in view
of vibration intenszity. The validity of these subjective tests |is
questioned due to a multitude of inconsistencies, namely semantlc

problems, age and moods of subjects at the time of experiments, etc.
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Since these criteria have been established based on sinusoidal vibrations
at a constant frequency, their application to assess the vehicle's random
ride vibrations is questionable. However, Butkunas [53] attempted to
apply the proposed comfort criteria to random vibration enviroments of
vehicles.

The German k-factor, as a measure of vibration intensity and a
function of frequency and rms acceleration, velocity or displacement, was
proposed based on subjective assessment [54]). The k-factor is evaluated

according to the following formulae:

e
k=« {1.3)

Vi1+ (f‘/fo)’“

mzf
k=v (1.4)

i+ (/60?7
(o]

2
«
3

o - (1.5)
V14 (f/fo)a

where a is the rms acceleration (m/sz). v is the rms velocity (mm/s) and
o is the rms displacement (mm), and constants are: f°= 10 Hz,
« = 18 (k/m/s°), = 0.112 (k/mm/s?) and « = 0.71 (k/mm/s%). The k-factor
criterion has been actively applied in Germany for approval or rejection
of agricultural tractor seats, and must have a value of 25 or less to be
acceptable.

In 1965, based on a purely mechanical approaéh (ride simulator tests)
while excluding subjective evaluation, Lee and Pradko [55] proposed a
scalar quantity called absorbed power for subjective assessment of rilde

severity. The absorbed power is a measure of the average rate at which
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energy is dissipated by the human body as a result of the complex damped
elastic properties of the anatomy. Average absorbed power 1is determined
from the intensity and frequency of the input sinusoidal vibration as

[56]:
a 2
P= Zxal (1.6)

where P is the average absorbed power (watts), a, is the rms acceleration
at frequency 1 (ft/sz), and n 1is the number of discrete harmonic
frequencies. Kl, the absorbed power constant of the body at frequency i,
is expressed through an empirical relation for vibration along each of
three translational axes as:

FF -FF

Kl = 1,356 ko (1.7)

W N|=-
s nlw

Fi+w F

- N

where w, (= 2nfl) is the frequency in rad/s, and remaining quantitles are
derived from the experimental data. For instance, they are given for

vertical vibration as follows [56]:

k, = 4.35373
. -9 6 -5 4 -2 2
F, = -0.10245296 x 107’ + 0.17583343x10 w| - 0.44600722 x 107w + 1.0
F, = 0.12881887 x 10’7w‘: - 0.93394367 x 10“wf + 0.10543059
-9 6 -5 4 -2 2
F, = -0.45416156 x 1077 + 0.37667129 x 10 "w] - 0.56104406 x 107w + 1.0

F = -0.21179193 x 10‘“«.{’ + 0.5172811 x 10'7«.»‘: - 0.17946748 x 10‘3wf

+ 0.10543059

For exposure to multi-axes vibrations, ride severity is assessed by the
scalar sum of absorbed power associated with each of three translational

axes.
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The concept of absorbed power is appealing due to its simplicity that
it provides a single number rating of the ride environment, which is
function of the vibratory modes, intensities, frequency contents, and
body orientation, posture, etc. This criterion is also supported by the
Janeway recommended safe limits [52] in the low frequency range i.e. the
2.7 W power curve coincides very closely with the Janeway limit up to
about 5 Hz [57]. Average absorbed power in the range 6-10 W is considered
acceptable for off-road vehicles, and has been extensively used to assess
military vehicle ride.

The International Organization for Standardization has set forth
three vibration exposure criteria (IS0-2631) as a function of exposure
time in the frequency range 1-80 Hz, under vertical (bounce) and
horizontal (longitudinal & lateral) vibrations [58]. The proposed
exposure limits are: (i) Health and Safety Limits for occupational
exposure, (ii) Fatigue Decreased Proficiency Limits associated with
preservation of working efficiency, and (iii) Reduced Comfort Limits for
ride comfort. Figure 1.3 shows the fatigue decreased proficiency rms
acceleration limits in 1/3 octave frequency bands up to 80 Hz for various
exposure times to vertical and horizontal vibration. As shown, minimum
tolerance is in the 4 to 8 Hz range for vertical vibration and is below 2
Hz for horizontal vibrations, and human tolerance of vibration decreases
with increasing exposure time.

Smith [59] proposed a procedure to convert the I1ISO guide to a form
usable for direct comparison with ride vibration data presented in power
spectral density (PSD) form. The ISO boundaries as shown in Figure 1.3,

are straight line segments on log-log plots of the form,

log a(f) = m log f+ b, (1.8)
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where a(f) is the rms acceleration value at centre frequency, f, and m,
and b’ are the slope and intercept respectively, for the 1th segment. By

definition, the average PSD ls expressed as,

—————Zl— (1.9)

Taking the logarithim of Eqn. (1.9) and substituting Eqn. (1.8) yields
the I1SO boundaries in terms of PSD’'s also consisting of straight line

segments [59],
log S(f) = (2m - 1) log f+ (2b - log 0.23) (1.10)

The 1S0-2631 ride assessment criteria is most widely accepted, and is
applicable to whole-body vibration. However, the standard fails to
quantify ride criteria under rotational modes of vibration. ISO has also
proposed weighting factors In the frequency range 1-80 Hz in order to
quantify the ride quality by a single number. In this method, the
measured ride vibration 1is frequency weighted using the filters to
compute an overall root mean square (rms) acceleration value. This method
of assessing the ride has been gaining popularity due to its simplicity.
However, there has been a growing controversy associated with the
measurement procedure, and vibration limits proposed in IS0-2631. For
instance, a study by Boileau et al. [60] demonstrated the limitations of
1S0-2631 for assessment of off-road vehicle vibrations with high crest
factors (2 6). The concept of "vibration dose value (VDV)" based on fourh
power criteria has been introduced by Griffin [61] for assessing ride
comfort of off-road vehicle vibration with high crest factors. It
provides a single-number rating which represents the cummulative effect

of the vibration over time, and is defined as [61],
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T 174
VDV = [J at(t) dt } (ms™7%) (1.11)
0

where a(t) is the frequency-weighted instantaneous acceleration (m/szh
and T is the integration or exposure time in seconds. The "fourth power"
criteria has been recently accepted for inclusion in the new draft of

150-2631 guide.

1.3 SCOPE OF THE PRESENT STUDY

A review of existing literature reveals that a number of simulation
models have been developed to study the ride dynamics of various tracked
and wheeled off-road vehicles largely employed for high-speed military
operations. In particular, subsystems of the basic vehicle-terrain
dynamical model, such as wheel and track models, have been developed
employing analytical techniques of varying complexities. A few of the
proposed ride simulation models have been validated agalnst fleld
measurements with some apparent success. These studies have shown that a
worthwhile ride dynamic simulation of off-road vehicles traversing rough,
rigid terrain undulations generally demands good analytical models for
vehicle suspension systems and dynamic wheel-track-terrain interactions.
It was pointed out earlier in this chapter that vehicle-terrain
analytical modeling and ride simulation using general-purpose software
(DADS, ADAMS, etc.) 1is, however, tedious and expensive. Consequently,
development and employment of specialized analytical models with
efficient computational algorithms 1is the most effective approach to
study the ride dynamics of a specific type or class of off-road
vehicle(s).

Majority of existing simulation models were primarily developed to
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study the ride dynamic behaviour of a specific type of off-road vehicle
(either tracked or wheeled) with the exception of ride model employed in
VEHDYN 11 code [38]. But, almost all ride models have certain limitations
in view of subsystem modeling, e.g. certain tracked vehicle ride models
incorporated a comprehensive analytical representation of the wheel-
terrain interaction but under-estimated the dynamic track loads; or the
vehicle suspension system was lidealized; or the ride model was
specifically formulated for only certain types of terrain profile. The
best of proposed wheel and track models for ride simulation purposes,
especially the adaptive foot-print wheel model [30,38], and the track
model by McCullough and Haug [34] can be still further improved in view
of quick and accurate ride predictions. The reviewed literature did not
indicate any study comparing various wheel and track models in view of
analytical comlexity (cost) and simulation realism (in reference with
field measurements), so that the relative performance of ride simulation
models of off-road vehicles (especially tracked) can be assessed. Field
validation of only a few of previous ride models have been performed. In
general, field validation of previous ride models 1is considered not
comprehensive due to such reasons as the use of a reduced-scale prototype
of the vehicle rather than the actual vehicle, or only discrete obstacles
as the test courses, etc.

Consequently, the scope of current research program is built based on
the above-mentioned considerations, and the objectives are outlined as

follows.

1.3.1 Objectives
The overall objective of this study is to contribute to the improve-

ment of ride, thus mobility performances of wheeled/tracked off-road
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vehicles primarily employed for high-speed operations. This is sought via

the development of a comprehensive time-domain ride dynamic simulation

model, model validation using field test data, and refinement of the ride
simulation model. The ride model, thus evolved, would be an effective,
accurate and inexpensive design tool to study and improve the ride
dynamic behaviour of an off-road vehicle.

Proposed ride simulation model (RIDSIM) is to be formulated consider-
ing the following:

B A variety of suspension configurations such as unsprung, independent,
walking beam and bogie suspension systems will be Included. In
addition, a detailed analytical model for the torsion bar/trailing
arm suspension system largely employed for high mobility tracked
vehicles is to be incorporated. The ride model, thus developed, could
be conveniently employed to simulate ride and suspension dynamics of
a wide variety of off-road vehicles.

m An effective wheel model to characterize the wheel/track-terrain
interaction will be considered. The wheel model is to be formulated
based on an improved adaptive foot-print concept.

8 An effective track model to characterize the dynamic track loads will
be included. The track model is to be formulated considering track
pre-tension, track sag and stretching, track bridging, wheel-track-
terrain separation and an appropriate definition of wheel~track
connectivity.

@ An effective algorithm to establish zero-force and static equillbrium
configurations of the vehicle prior to the simulation will be
developed.

The sequence of steps adopted to meet the objectives of this study

33



are as follows:

1.

Selection of a candidate off-road vehicle and courses for the purpose
of fleld testing.

Development of a preliminary ride model of the candidate vehicle
(MODEL 1). This model would: (a) assist in devising an appropriate
test plan such as a range of safe vehicle speeds for specified test
courses, and (b} serve as a reference for the development of the
proposed ride simulation model (RIDSIM).

Lay-out of a test plan for field testing of the candidate vehicle,
indicating appropriate instrumentation/equipment and their locations
and mounting methods, and a detaliled outline of test runs in view of
vehicle configurations, test courses, and vehicle speeds.

Field testing of the candidate vehicle as dictated by the test plan,
and conditioning and rediction of the acquired field measurements.
Field validation of MODEL I, and identfication of potential modeling
improvements in the preliminary ride model.

Refinement of the ride model in view of its subsystem modeling
strategies primarily associated with wheel and track (MODEL 11I).
Field validation and assessment of MODEL II.

Formulation of wheel and track models employed in previous studies
(30,34,38] to carry out ride performance evaluation of the candidate
vehicle with MODEL II. Comparison of different wheel and track models
based on the field validation of ride predictions.

Development of a refined ride model for the candidate vehicle in view
of the detailed kinematics of vehicle suspension system (MODEL III).
Assessment of MODEL III with respect to field measurements and

MODEL II. Carry out a parametric sensitivity analyses to study the
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influence of vehicle suspension and wheel parameters on the ride
dynamics of the candidate vehicle.

10. Development of a multi-purpose ride simulation model, RIDSIM, based
on the modeling strategies adopted for the candidate vehicle.
The present research project has been conducted over the past three

years and has resulted in several publications as listed in Ref. [62-67].

1.3.2 Organization of the Thesis

In Chapter 2, configuration of a candidate off-road vehicle adopted
for this study, is described. A preliminary ride dynamic model of the
candidate vehicle (MODEL I) 1is developed employing simplified yet
credible mathematical formulations of subsystems of the |Dbaslc
vehicle-terrain dynamical systems. Details and assumptions assoclated
with the modeling of vehicle suspension system, wheel, and track are
provided. The mathematical procedure to ccompute vehicle’s zero-force and
static equilibrium configuration is derived. The structure of
computational procedure adopted to perform the simulation ls described.
MODEL I developed in this Chapter, is intended to assist in devising an
appropriate test plan for field testing, and serve as a reference model
for the devclopment of the multi-purpose ride simulation model (RIDSIM).

In Chapter 3, details regarding field testing, such as description of
test vehicle and courses, instrumentation/equipment,.their locations and
mounting methods, and sequence of test runs in view of test vehicle
configurations, test courses and vehicle speeds, are provided. The
computational procedure adopted for the conditioning and reduction of
field measurements is presented. An overview of the field-measured ride
response is provided. For specified test conditions, computer simulations

are performed with MODEL I, and ride predictions are directly compared

35



with the field measurements. Limitations of MODEL 1 assessed based on the
field validation results, are discussed.

In Chapter 4, MODEL I is refined in view of its subsystem modeling
strategies primarily associated with wheel and track. The refined ride
model, termed as MODEL 11, is described along with details of improved
wheel and track models. Field validation of MODEL II is carried out.
Various wheel and track models considered in previous studies [30,34,38]
are integrated into MODEL II, and the ride performance of the candidate
vehicle is evaluated and compared with field-measured ride data in order
to assess the relative performance of different wheel and track models.

The ride prediction models, MODEL I and MODEL II, are formulated
assuming an idealized independent configuration of vehicle primary
suspension system. In Chapter 5, the suspension linkage kinematics is
developed along with refined wheel and track models. The new ride model,
termed as MODEL III, is assessed based on the field validation results.
MODEL III 1is, then, employed to carry out a parametric sensitivity
analyses to demonstrate the influence of vehicle suspension and wheel
parameters on the ride dynamic behaviour of the candidate vehicle. In
addition, simulations are performed with hydrogas suspension in order to
assess its ride performance potentials.

In Chapter 6, a multi-purpose ride simulation model, RIDSIM, is
developed primarily based on the modeling strategies employed for the
candidate vehicle. The sub-model for vehicle suspension is formulated
considering various suspension configurations which are commonly employed
for off-road vehicles. Applicatioqs of RIDSIM are demonstrated with
examples involving two different off-road vehicles. Finally, Chapter 7

presents general conclusions and some recommendations for future work.
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Chapter 2

DEVELOPMENT OF A RIDE DYNAMIC MODEL FOR WHEELED/TRACKED OFF-ROAD VEHICLES

2.1 INTRODUCTION

In general, two methods are available for simulating ground vehicles
for ride performance, namely, frequency-domain and time-domain. In
comparison, the frequency-domain technique is a convenient and economical
option, however, only suited for simulating vehicle ride models described
through linearized equations of motion. Consequently, one has to make a
number of simplifying assumptions in the formulation of ride model. The
frequency-domain technique has been widely used to study the ride dynamic
behaviour of road vehicles. However, the ride dynamic simulation of
off-road vehicles in the presence of highly irregular terrain surface 1is
only worthwhile, if the model is formulated considering the non-linear
dynamic wheel-track-terrain interactions. These considerations in the
analytical modeling lead to complex formulations which are characterized
through a set of highly nonlinear coupled differential equations, and can
only be solved in the time-domain using a direct integration technique.

In view of analytical modeling, a tracked off-road vehicle represents
a more complex dynamical system, and requires speclal modelling
considerations. In fact, the ride model of a tracked vehicle is developed
similar to a wheeled vehicle, however, considering certain speclial
requirements caused by the track. For the purpose of this study, a
typical tracked off-road vehicle designed for high-speed operations, 1is
selected. In this chapter, the selected vehicle configuration, termed as
candidate vehicle, is discussed in view of its running gear and general
characteristics. A building-block approach employing simplified yet

credible formulations of vehicle suspension system, wheel, and track 1is



used to develop a ride dynamic model of the candidate vehicle, MODEL I.
The systematic development of the ride model 1s presented along with
underlying assumptions. The procedure used for performing digital

computer simulation of the ride dynaimlc model is also outlined.

2.2 SELECTION OF A CANDIDATE OFF-ROAD VEHICLE

High mobility tracked vehicles «uch as battle tanks and armoured
personnel carriers (Figure 1.2), designed for mobility over a wide range
of terrain surfaces, impose severe ride environment due to dynamic wheel-
track-terrain interactions. These vehicles, although varying widely in
size, shape, and general physical appearance, share many common
characteristics in the track and suspension assembly. Accordingly, for
example, the physical description of an armoured personnel carrier can
provide general information abcut other high mobility tracked vehicles.
For *he purpose of this study, a conventional armoured personnel carrier,
M113 APC, 1is chosen as the reference candidate vehicle for model
development and field testing.

Figure 2.1 shows various cross-sections of a typical M113 APC. The
vehicle is supported by five road wheels on zach track, where each road
wheel 1s linked to the hull chassis via a torsion bar/trailing arm
suspension, and each track is extended around the road wheels by the
sprocket and idler located on either side of the hull. In view of general
physical description, an M113 APC can be divided into .track and
suspension components, and hull components. The former group includes the
track, road wheel and suspension assemblies and hull wheels (sprocket and

idler), whereas the hull represents collectively all remaining components

of the wvehicle.
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Track

The M113 APC track consists of interconnected steel track shoes with
synthetic rubber pads on their inner and outer surfaces. The right track
on an M113 APC consists of 64 shoes, whereas the left track consists of
63 shoes. The track rubber pads help reduce the noise and vibration. The
inner pads prevent metal-to-metal contact during the shoe-wheel inter-
action, while the outerpads soften the shoe-ground interaction, and
protect paved roads from premature wear during vehicle operations over
such surfaces. To prevent track disengagement, the track consists of
track guides which mesh into the circumferences of road and hull wheels.

Two types of track, the single-pin and double-pin track, are widely
used in high mobility tracked vehicles. The single-pin track consists of
partially overlapping track shoes like door hinges, which are connected
by a single pin as shown in Figure 2.2a. In the double-pin track,
adjacent shoes are joined by a set of connectors and two pins (Figure

2.2b). Most M113 APC’'s are equipped with the German-made double-pin Diehl

213G track.

Road Wheel and Suspension Assembly

The road wheels have an all-metal body (hub, web, and tread) with a
rubber tire vulcanized to the metal tread for vibration isolation, as
shown in Figure 2.3a. Each road wheel is independently mounted to the
hull by means of a road arm or trailing arm, and a torsion bar. As shown
in Figure 2.3b, each road wheel is mounted on a rcad arm splined to a
torsion bar, where the torsion bars extend over the width of the chassis.
The shock absorbers are mounted between the hull chassis and the selected
road arms at an inclined position (Figure 2.3a). At the upper and lower

bounds of road arm travel, rubber bumpers are mounted to prevent the road
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Figure 2.3 Schematic of road wheel and suspension assembly for M113 APC.
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wheel from hitting the hull chassis and driving the track into the
ground.

The M113 APC, in general, employs three primary suspension
configurations, referred to as Al, A2, and Al%. All three suspension
configurations employ trailing arm/torsion bar suspension at each road
wheel. However, the Al, A2, and Al% suspension designs differ in number
and location of shock absorbers, torque-deflection characteristics of
torsion bar, and force-velocity characteristics of shock absorbers. The
Al suspension configuration émploys two shock absorbers at the first and
last road wheel stations on each track of the vehicle. The A2 suspension
utilizes three shock absorbers, located at first, second, and last road
wheel stations, on each track of the vehicle. The torsion bars employed
in A2 suspension are relatively softer than those employed in Al
suspension, while the shock absorbers used in A2 suspension offers higher
damping forces than those used in Al suspension. The AI% suspension is a
combination of Al torsion bars and A2 shock absorbers i.e it employs
three shock absorbers on each track, similar to the A2 suspension, and Al
torsion bars at all road wheels. Apart from the differences in suspension
characteristics, the M113 A1, M113 A2, and Mi13 Al% APCs exhibit certain

variations in the vehicle geometry, and mass/inertia.

Hull Wheels - Drive Sprocket and Idler

The drive sprocket, which is connected to the vehicle engine.through
a drive train, develops the track tension necessary to set the vehicle in
motion. It is hard-mounted to the hull, and normally located near the
engine, which is near the front of M113 APC. The idler stabilizes the
motion of the upper track strand and maintains the track segment past the

last road wheel at a desirable slope. The idler is hard-mounted to the
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hull near the back of the M113 APC. However, its pcsition can be
statically adjusted by means of a hydraulic actuator to increase or

reduce the track pre-tension.

Hull

The hull is the primary superstructure of the vehicle which contains
the engine room, driver’'s chamber, and the personnel compartment. The
engine room, located by the side of the driver’s chamber, contains
vehicle power plant and power train. The power plant consists of 210 hp
V6 Diesel engine and the transmission, which drives the sprocket,
provides one reverse and three forward speeds. Steering manoeuvres are
achieved via a differential mechanism while the braking is performed by
pivot disc brakes. The fuel tanks may be mounted either externally or
internally. The driver’s chamber contains the steering, braking, and fuel
controls. The personnel compartment of the hull has a capacity for twelve
persons not including the driver. The compartment also allows for storage
for ammunition and other cargo necessary for combat. On top of the hull,

a machine gun and turret is mounted near the commander’'s cupola.

2.3 DEVELOPMENT OF NONLINEAR RIDE MODEL FOR CANDIDATE VEHICLE: MODEL 1

In general, an off-road vehicle should be analytically represented
through three-dimensional mathematical model‘lncorporating silx degrees-
of-freedom for vehicle body mass center, appropriate number of degrees-
of-freedom for each of the road wheel assemblies, and an additional
degrees-of -freedom for driver and seat dynamical system and/or any other
vehicle component considered as separate bodies. However, previous

studies have demonstrated that an 1in-plane model provides sufficient

information for detailed analysis of suspension dynamics and assoclated
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shock and vibration environment of the vehicle.

For the purpose of this study, an in-plane ride dynamic simulation
model of a high mobility tracked vehicle traversing an arbitrary but
specified non-deformable terrain at a constant forward speed, is

developed, and described in the following sub-sectlons.

2.3.1 Description of Vehicle Ride Model

The ride dynamic model is formulated as a "3+N" degrees—of-freedom
dynamical system, where N is the specified number of road wheels on one
side of the vehicle, and is equal to S5 for M113 APC. As shown |in
Figure 2.4, the ride model is two-dimensional with symmetry assumed about
a plane defined by a vertical axis and the vehicle's longitudinal axis,
incorporating two degrees-of-freedom (pitch and bounce) associated with
vehicle sprung body (hull) and an optional vertical degree-of-freedom for
the driver and seat. Each road wheel and axle assembly is represented by
a lumped unsprung mass with a vertical degree-of-freedom. The vehicle
suspension units are modeled using idealized Iindependent suspension
configuration, which is a parallel combination of vertical spring and
damper, whose characteristics can be either linear or nonlinear, and are
described through look-up tables. Each road wheel resting on the track
pad 1is represented by a continuous radial spring, and an equivalent
damper model. The sprocket and idler are also treated similarly, when
they come in contact with the terrain. The track 1is modeled as a

continuous elastic belt capable of transmitting only tensile forces.

2.3.2 Description of Terrain Profile

The representation of the terrain is an integral part of the
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formulation of dynamic wheel-track-terrain interaction. For this study,
the terrain profile is assumed to be non-deformable and is described by
linear segments adjoining the horizontal and vertical coordinates of
successive points on the profile. Consequently, the terrain profile is
described through a look-up table containing horizontal and vertical
coordinates of successive points, which are either equally or unequally
spaced. The intermediate profile points are determined based on linear
interpolation assuming a continuous profile.

The vehicle is positioned on a flat ground prior to the rough
section, as illustrated in Figure 2.5. Therefore, the entire horizontal
rénge of the profile section left to the first profile point is made flat
by adding an extra point which has a large negative value of horizontal
coordinate (e.g. X = -1000 m) and same elevation as the first point.
Similarly, the entire horizontal range right to the last profile point is
made flat by adding another profile point at X = 1000 m, which has the

same elevation as the last profile point.

2.3.3 Equations of Motion

The dynamic equations governing the bounce (yh) and pitch (eh)
motions of the hull, the bounce motion of the 1*" road wheel assembly
(yw‘, i=1,2,..,N), and bounce motion of the driver/seat (yo) are written
based on Newton’s second law of motion, and are expressed from the
vehicle's zero-force position. The zero-force reference is chosen over
the static equilibrium reference so that the influence of gravity term
can be incorporated for an effective simulation of the vehicle-terrain
contact loss. Consequently, equations of motion are given as (refer to

Figures 2.4 and 2.6):
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Bounce Motion of Hull:

N
-1 _
Y [12 (Fs1+Fd1) (Fso+Fdo) *

1 E~—Tro
L]
-4

X
-8 (2.1)
h n |15 K y]

Pitch Motion of Hull:

N
w1 _ 1y _ _
eh - Ih [121((F=1+Fd1)(aice blse) * bwlpwx) (Fso+Fdo)(aoC9 boSO)

2
k k k K
+ kahuanxse + F, Cgl + b [F/ Co thse]] (2.2)

Bounce Motion of Road Wheel Assembly:

. _ 1 1 - _
y = _E—l[FHy (Fsl+Fdl)} g (2.3)

wi
w

Bounce Motion of Driver and Seat:

o1
yo m

[(F80+Fd°)} -g (2.4)

o

For rigidly connected driver’s seat, the bounce response is obtained
by kinematic constraint equation, given as:

2
y, * ao[ehc9 -85S

1Sl (2.5)

<
"

where C9 = cos eh and Se sin eh. m and Ih are the mass and pitch mass
moment of inertia corresponding to half of the hull. L and m
correspond to unsprung mass of the ith road wheel assembly (on one side
of the vehicle), and equivalent suspended mass of the driver and seat.
bw‘ indicates the instantaneous elevation of i'" road wheel center with

respect to c.g. of the vehicle, given as:

b =Y -Y (2.6)

wi wi cg
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where YC and le correspond to the vertical coordinate of the vehicle
c.g. and the 1th road wheel center, respectively, at a given instant.

Fsl and F;’ are the spring and dampling forces, respectively, due to
the 1" primary suspension unit, and are evaluated based on the linear
interpolation of corresponding look-up tables for instantaneous relative
displacement and velocity across the respective suspension unit, which

are glven as

r =Y, "V, a Sy (2.7)

ro=y,.-v, - a‘ehCe (2.8)

Similarly, Fso and F‘do are the spring and damping forces,
respectively, due to the secondary (seat) suspension, and are computed

based on:

ro=yzt aOS9 -y, (2.9)

r o=y *+ aoehCe -y, (2.10)

o

F:x and F:y are the net horizontal and vertical forces acting at the

th

i (1 = 1,..,N) road wheel center due to dynamic wheel-track-terrain

interaction, given as (refer to Figure 2.7a):

F=F -1 (2.11)
WX WX WX
F'o=f + T (2.12)
wy wy wy
where,
F' =F siny ; F =F cosy (2.13)
wx n 1 wy wn i
. 141 J i {+1 3
'I'Hx = JZ;T‘P cos cj ; T"y = J_thr sin ej (2.14)
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i

i+1

i

1 for j
where, j=

2 for J§

where, F:x and F:y are the horizontal and vertical components of the net
foot-print force, Ptn, which characterizes the road wheel/track-terrain
interaction and acts at an angle ¥, with respect to the vertical axis.
T:x and T:y are the horizontal and vertical components of the net dynamic
track load acting at the ith road wheel center, where Ttr is the overall
track tension considered to account for dynamic track load, and s: and e;
correspond to the horizontal inclinations of Jth track segment at its
both ends. The mathematical models for net footprint force and dynamic
track load are described in detail in the next section.

Similarly, F;x and F;y are the net horizontal and vertical forces

acting at the k™ (k= 1,2) hull wheel center due to dynamic wheel-track-

terrain interaction, giver. as (refer to Figure 2.7b and 2.7c):

th = th - Thx (2.15)
F* =f + 7" (2.16)
hy hy hy
where,
kK _ -k . ko _ ok
th = th sin T, th th cos ¥ (2.17)
k J k4 3 .
T =T (cos e’ + cos B) ; =T (sin €, + sin ©) (2.18)
hx tr J hy tr J
1 2 E% ; for k=1
where, j= y J = and B =
N+1 1 @A ; for k = 2

where 88 and GJA are the horizontal inclinations of the track segment at
the top of the drive sprocket and the idler, respectively, and are
computed based on the instantaneous inclination, Sh. of the tangent

adjoining the top points of both hull wheels as:
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(J = 1+1) F!

wn

(a) 1*® Road Wheel

Ttr

{b) Rear Hull Wheel (¢c) Front Hull Wheel

Figure 2.7 Resultant horizontal and vertical forces acting at wheel centre.
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GA = Gh +2n @B = Bh + N (2.19)

The interaction between k'™ hull wheel and terrain is modeled similar
to the road wheel/track-terrain interaction. The continuous radial spring
and an egquivalent damper based on the stiffness and damping
characteristics of the track pad are used to compute the net footprint

k
force, F
hn

2.4 DYNAMIC WHEEL-TRACK-TERRAIN INTERACTION

The dynamic wheel-track-terrain interaction is realized as: (i) the
wheel/track-terrain interaction to account for the ground normal force
{i.e. net foot-print force) which is transferred to the wheel through the
underlying track pad, and (ii) the dynamic track tensioning effects to
account for the dynamic track load which is transferred to the wheel
stations based on the geometric considerations of track wraps around
wheels and terrain profile. Details regarding the modeling aspects of net
foot-print force and dynamic track load are presented in the following

sub-sections.

2.4.1 Net Foot-Print Force
The road wheel/track-terrain interaction is modeled based on the
concept of continuous radial spring representation [38], and is expanded
to include the damping effects. Following assumptions are made in the
formalism:
® Road wheel (with rubberized rim) and track shoe (with rubber pad) are
combined to form an equivalent vertical suspension unit. This
assumption implies that the static footprint is within the contact

patch area of a single track shoe, and the wheel and track forces due
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to compression vary in the same manner.

m Wheel/track sinkage is considered negligible due to the assumption of
non-yielding ground.

[ ] Shear stresses in the footprint are negligible, since braking,
acceleration, and turning operations are not included 1in the
simulation model.

As 1illustrated in Figure 2.8, the road wheel/track-terrain inter-
action is represented by a radially distributed continuous spring and a
damping element taking into account an equivalent stiffness, and
dissipative characteristics of the road wheel and the track pad. The
expression for net footprint force 1is obtained by considering a
differential element of the wheel~-terrain contact patch as shown in
Figure 2.9, which represents a raciai force, de applied at an angle «
corresponding to the radial deflection, &8, due to interaction with the

non-deformable terrain. The radial force is, then, expressed as:

dF = (K da) & (2.20)
W rv

where Kr" is the radial spring constant (N/m/rad), and (Krw da)
represents an equivalent spring constant for the differential element.
Assuming an idealized wheel deflection characterized by a straight line
Joining the first and last wheel-terrain contact points on the lower

wheel circumference (?:Fz), the radial deflection, &8, can, then, be

conveniently expressed as:

_ _ W
é = Rw o5 & (2.21)

where R" is the deflected road wheel radius. The normal and tangential

components of the radial force are given as:
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Figure 2.8 Analytical model for wheel/track-terrain interaction.

Figure 2.9 Determination of net'foot-print force.



dF = dF" cos « (2.22)

wn

dF

dF sin « (2.23)
wt w

Substituting equations (2.20) and (2.21) into equation (2.22), and
integrating over the entire contact patch area, the net normal force is

obtalined as:

F =2K R [sina -a cos a] (2.24)
wWn rvw w w W W

where, o is the one-half of the wheel-terrain contact patch angle, given

as:

@« = cos—i[ R" ] (2.25)

The radial spring constant, Krw. is established by measuring the
static deflection of wheel center, Aw, on a flat surface under a vertical

load, P. Using equation (2.24):

K = P (2.26)

rw
2R [sina -a cos a ]
W ws Ws WS

where o is given as:
s

WS R

L

L[R2
a = cos - (2.27)

The damping force can be conveniently incorporated in the net normal
force, F"n, by computing the terrain-imposed vertical velocity input at

the mid-point of wheel-terrain contact patch, given as:
9 = Vx tan 7y (2.28)
where Vx is the forward velocity of the vehicle, and the term (tan 7)

Sé6



accounts for the slope of terrain profile at the mid-point of contact
patch. The wheel damping force is expressed as F}w= Cc fw. where C is
rw ™

the viscous damping coefficient and fu is the relative velocity given as:
r, = (y-y“)cos y = szln ¥ - ycos vy (2.29)

Therefore, the net normal force, Fwn, can be rewritten as follows:

F =2K R [siha ~a cosa] +F (2.30)
wn rw w w w w dw

It should be noted that the damping force, qu' can also account for the
soil damping effects in addition to the dissipative characterlistics of
road wheel and track pad.

The net tangential component, Fut. is, however, equal to zero due to
the equilateral construction of contact patch triangle, as shown 1in

Figure 2.9.

Wheel~-Terrain Contact Patch

In order to compute the net footprint force (equation 2.30), the
wheel-terrain contact patch is to be first established based on the
contact patch angle, Bl. and the horizontal inclination of the line, F:ﬁz

(or the vertical inclination of net footprint force), v, As shown in

Figure 2.10, the contact patch angle is obtained as:

B, = B, - B, (2.31)
e 1 1
where, B,, = ATAN3((Y,- Y ), (X~ X ))
1 H
and, B, = ATANI((Y,= Y ), (X~ X))

where, (Xu!.Y"l) indicates instantaneous location of the 1‘“ road wheel

centre, while (X;,Y:) and (X;,Y;) represent the first and last wheel-
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Figure 2.10 Wheel-terrain contact patch.
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terrain contact points (F1 and Pz)' respectively. The function ATAN3
yields the angle value such that it is always measured in a counter-
clockwise sense, as illustrated in Figure 2.10. The angle v, is computed

as:
v = B11+ a - 1.5n (2.32)
where, a =R8/2
wi i

It is apparent that determination of wheel-terrain contact points, P1
and Pz’ along the lower circumference of the road wheel, is essential in
order to compute the net foot-print force. Also, P1 and P2 are vital to
the proper definition of the track wrap around the road wheel as it would
be seen later in this chapter. One basic approach to locate P1 and P2 is
illustrated in Figure 2.10, where the lower circumference of 1*" road
wheel is divided into a sufficient number of segments (k = 1,..,2N+1;
N = n/zpl; where b, = specified segmentation angle). Consequently, P1 and
P2 are established by checking the elevation of each segmented point
(le— Rw‘cos ¢;) with respect to the terrain profile elevation (ka) at
the respective horizontal location (X“l+ Rulsin W;)» where W; Is the
corresponding vertical inclination (positive Iif counterclockwise), and
ka is computed based on the linear interpolation of the look-up table
containing cartesian coordinates of the specified terrain profile. This
method, however, does not offer an efficient and economical solution due
to the need for sufficiently high number of segments, which requires high
computational time. Alternatively, a more effective algorithm f{s
developed for fast and accurate computation of the wheel-terrain contact
patch. The new method is based on a simple circle-line intersection, and

is found to be more accurate and 5-6 times faster than the previous
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approach.

Basis of the new computational procedure for establishing wheel-
terrain contact paich, can be described by considering a circle
intersected by a line as 1illustrated in Figure 2.11, where circle and
line represent a wheel of specified radius (R) and centre coordinates
(XC,YC). and a linear segment of the terrain profile with specified end

i X ,Y _). The circle equation can be written as:

points (XLI'Y A A

Le

Y =v +dR? - x - x))2 (2.33) .
c [o} c [

where, equation (2.33) yields two values of Yc, which correspond to
elevations of arbitrary points located on upper-half and lower-half of
the circle circumference at the longitudinal location, Xc. Since, the
wheel-terrain contact occurs along the lower-half circumference only, the

circle equation can be rewritten as:

Yy =v - 4% - (x-x)?% (2.34)
c C c Cc

The equation describing a line is given as:

Yl = YLl + m (Xl- xLl) (2.35)
Yo Y
Where, Slopev m= X - X
L2 ‘L1

where, any arbitrary point along the line is indicated by (XI.YI).
At the circle-line intersection points, the following condition is

satisfied,
X = Xl = X and Yc =Y =Y (2.36)

c 1

Therefore, following quadratic equation is derived from equations
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(2.34) and (2.35) in conjunction with above-menitioned condition,

aX+bX+c=0 (2.37)

where, a=1+m ; b=2 (Am=-X) ; c=A2-R2+X§

and A YLi— Yc— m XLl

The solution of equation (2.37) is given as:

v _ _ b b \? c ‘
X2~ " m*® J["zz] - [T] (2.38)

Subsequently, elevations of intersection polints (Y1’Y2) can, then, be

obtained by substituting the respective horizontal coordinate (XI,XZ)
into either equation (2.34) or (2.35). However, the true Iintersectlon
point for left-hand-side (£.h.o.) line is indicated by Pl(Xi,Yi). whereas
Pz(xz'yz) represents the true intersection point for right-hand-side
(n.h.s.) line, as illustrated in Figure 2.11.

Figure 2.11 illustrates a geometrical situation where one end of the
line is inside the circle, which ensures the circle-line intersection.
For a geometrical situation as illustrated in Figure 2.12, where both
ends of the line are outside the circle, it becomes essential to confirm
the possibility of circle-line intersection prior to computing the
intersection points. For such a situation, the intersection is posslble,

if and only if,

h<R and X _ < (X +A) <X (2.39)
L1 c X L2

where, h Ay cos ¢ ; Ax = h sin & ; AY = Yc-(YL1+ m(X -XLI))

C

Y(m)

and ® = tan

Consequently, a computational procedure 1is devised in order to
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Figure 2.11 Circle-line intersection - one end of the line
inside the circle.

L2’ Yx.z)
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- X
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4

Figure 2.12 Circle-line intersection ~ both ends of the line
outside the circle.
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establish the first and last points (Pl'P2) of the wheel-terraln contact

patch, which involves the following steps:

(a) Terrain profile points, which lie within the shadow of a given wheel

(b)

(c)

are established as: X ,Y_ , n=1,..,N, where the shadow is defined
sn’ sn S

by the horizontal range between X - R and X + R , as shown In

wi wi wi wi

Figure 2.13.

There are two possible geometrical situations as a result of the

number of terrain profile points found within the wheel shadow (NS),

which are treated as follows:

4 Ns = 0: corresponds to the geometrical situation where end points
of the line lie outside the circle as illustrated in Figure 2.12.
Consequently, the possibility of wheel-terrain contact due to the
profile segment defined by its end points located on elther side of
the wheel, is confirmed prior to computing the intersection points,
as explained above (equation 2.39), or

» NS > 0: terrain profile points which 1lle inside the wheel are,

then, identified based on the following criteria,

{Y—JRz—(X —X)Z}-Y <0 ;n=1,..,N (2.40)
wi wi sn wi sn s

and are indicated by NI, where NI = NS.
Step (C) is followed only if NS> 0.
There are two possible geometrical situations based on the number of
profile points found inside the wheel, which are treated as follows:
» NI = 0: corresponds to similar geometrical situation as illustrated
in Figure 2.12, where the possibility of wheel-terrain contact due
to each profile segment (fully or partially) within the vheel

shadow is confirmed (equation 2.39) prior to computing the
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©Point of Intersection

PRS- l Terrain Profile

) Segments of Terrain Pfofile
| _ Intersecting Wheel |

Figure 2.13 Determination of wheel-terrain contact patch based
on circle-line intersection.
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corresponding intersection points. Consequently, the first wheel~
terrain contact point (Px) is computed as the first intersection
point of the very first profile segment confirmed to intersect the
wheel; whereas the last wheel-terrain contact point (Pz) is
computed as the last intersection point of the very last profile
segment confirmed to intersect the wheel, or

» NI > 0: corre.ponds to the general situation as illustrated in
Figure 2.11, where the first and last profile points which lle
inside the wheel, are identified in order to estcblish the €.h.s.
and n.h.a. profile segments intersecting the wheel (Figure 2.13),
and to compute the corresponding appropriate intersection peints as

explained above.

2.4.2 Dynamic Track Load

An accurate prediction of dynamic track loads would generally require
a comprehensive model incorporating dynamics of each track shoe. Such a
track model was proposed by Galaitsis [68], where equation of motion for
the track loop were developed by considering the inertia of shoes,
stiffness and damping characteristics of the rubber bushings, and shoe-
wheel interactions. However, such a track model in conjunction with rest
of the vehicle would yield a significantly large degrees-of-freedom
dynamical system, which would be very ineffective for ride simulation
purposes. Moreover, the kinematic constraining effects of the track on
the vehicle suspension system have more pronounced influence in ride
dynamic studies than track dynamic effects.

For the purpose of this study, the track is modeled based on

kinematic considerations only while ignoring track loop vibrations. For

MODEL I, track pre-tension and track belt extensibility are considered to
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account for dynamic track load Iimpused at each wheel station.
Cornsequently, the overall track tension is given as a sum of track pre-

tension and tension caused by the stretching of the track belt:

K (L -L2)+71° ; L >L°
tr  tr  tr tr tr tr
'I’t = o o (2.41)
r T ; L sL
tr tr tr

where Tu_ and Ltr represents the overall track tension, and total track
length at any instant, and their initial values at time, t =0 are T(:r
and L(:r. Ku_ is the longitudinal stiffness coefficlent characterizing the
track extensibility. The total track 1length, which varies with the
terrain and overall geometry of the vehicle, 1s computed at each
integration step by summing up the various segments which constitutes the
entire circumferential length of the track. The total track length lis

expressed as (refer to Figure 2.6):

N+1

EL (2.42)

J

N 2
Ltl‘ = Z ¢l RHl * z ¢hk th ¥ Lh *
=1 k=1 1

J

Track Wrap Around 1** Road Wheel

The track wrap angle, ¢|’ around i'" road wheel 1is assumed to be

either equal to:

(a) B‘, the contact patch angle (equation 2.31), for the road wheel in
contact with the terrain, as illustrated in Figure 2.14 (a), or

(b) L the angle defined by the track-wheel tangency points (P;r and P:).
for the road wheel lost contact with the terrain, as shown in Figure

2.14 (b), is given as:

- i _ i _ - L ] -
n = ATANI((Y_ - Y ), (X - X)) - ATAN3((Y_ - Y ), (X - X )) (2.43)
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Diraction of Travel

Road Whee! i-1

Road Wheel i+l Road Wheel |

Terrain Proflle

(J = 1+1)

(a) Road wheel in contact with terrain.

Road Wheel i-1

Road Wheel {

Road Wheel i+1

————

(b) Road wheel lost contact with terrain.

Figure 2.14 Determination of track wrap around the road wheel.
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where, the first and the last track-wheel tangency points are indicated

T, i i T, i 1
by P1(XT1’YT1) and P_(X__,Y

e TZ)' respectively. The track-wheel tangency

points are computed as the contact peints for a 1ine tangent to two given
circles whose center coordinates and radii are known. As 1lllustrated in
Figure 2.15 two basic configurationsl termed as: (a) Front track feeler,
and (ii) Rear track feeler, are used as a basis for computing P:(X;z.Y;z)
and PZ(X_'H.Y;I), respectively, in addition to establishing the respective

track feeler orientation. In accordance with Figure 2.15, the carteslan

coordinates of track-wheel tangency points are given as:

X' =R cos(¥) + X. ; Y =R sin(¥) +Y
1 1 1 1 1 1
(2.44)
T _ R
X2 = R2 cos(¥) + X2 ; Y2 R2 sin(¥) + Y2

O + /2 ; if Front feeler

where, ¥ = { and ¢ = ATAN3(Y - Y, X~ X))
2 1" T2 ™

9 - ns2 ; if Rear feeler

and, the track feeler horizontal inclination is computed as:
_ T T T T
Q= ATAN3(Y2 Y:' X2 Xi) (2.45)

Consequently, the first and last track-wheel tangency polints (P:.P:)
for the 1th road wheel are obtained using (XZ,Y:) as given 1n equation
(2.44), where, (X2= le.Y2= YH‘.R2= R"‘). The first track-wheel tangency
point, PZ, is computed based on (X1= Xw“l.Y1= owu'Riz Run4 for § =

1,..,N-1; X1 = Xhz.Y1= Yhz'R1= ha for i = N), whereas (X1= Xhl,Y1= th.

R=R fori=1; X=X Y=Y ,R=R for 1 = 2,..,N) is used
1 m 1 wi-1
to compute P:.
For front and rear road wheels in contact with terrain, a special

check is made to assure a correct representation of respective track wrap

angle, and track feeler. For this, the horizontal coordinates of wheel-
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{(b) Rear track feeler.

Figure 2.15 Determination of track-wheel tangency polints.
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terrain contact point (X;, if i=1; X:. if i=N), and corresponding track-

;1, if i1=N) are compared to compute

wheel tangency point (x;z, if i=1; X
the correct track wrap angle, and/or to re-establish the correct point
from which the track feeler is tangent onto the hull wheel. For instance,
Figure 2.16 illustrates two such geometrical situations, where the track
wrap angle, and track feeler inclination are accounted for correctlion. As
shown in Figure 2.16 (a), the track wrap angle around front road wheel
(¢1) is equal to the wheel-terrain contact patch angle (Bl). however, the
front track feeler horizontal inclination is re-established based on the
tangent computed from PZ(XL,Y;) onto the hull wheel. Flgure 2.16 (b)

shows a geometrical situation, where the horizontal inclination of rear

track feeler is unchanged, however, the track wrap angle is recomputed as

, X - x ) (2.46)

— - N—
O = Bzu ATAN3(Y71 Y T1  wWN

N wN

where, an is computed as given in equation (2.31) for i=N.

In order to correct the track feeler inclination, © (equation 2.45),
the hull wheel tangency point due to a tangent originated from a
specified point (e.g. P2 as shown in Figure 2.16 (a)), needs to be
computed. As illustrated in Figure 2.17, two basic geometric
configurations are employed to compute the (hull) wheel tangency point,

whose coordinate are then given as:

XP + b cos(6-40) YP + b sin(8-A8) ; if Front Feeler
X = 1 Y = (2.47)
XP - b cos(6+48) YP - b sin(6+AB) ; if Rear Feeler
2 2 -1 Yc - YP -1{ R
where, b= r - R , 8 = tan _X:_:_i; , 46 = tan (—B—)
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o7
a7Z7%~Corrected Track Feeler
’;;./.——
Np(x!,v!) ™~ Initlal Track Feeler
2’2
o—" P (X
— 1 l\ 12’ ‘12
o P .
& o ——"" x Y) T
Fx .vl)
Terrain Profile 1

0,
Inittal Track Wrap ™\
Angle P

8,)

S
Corrected Track Hrap\
Angle (¢")

(b) Corrected track wrap angle.

Flgure 2. 16 Track-whee] connectivity for front and rear roag wheels,
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(a) Front track feeler

(X,Y)

(X,.Y.)

(b) Rear track feeler

Figure 2.17 Determination of a wheel tangency point.
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_ _ 2 _ 2
and r = v/(Xc XP) + (Yc YP)

Track Wrap Around k"h Hull “heel

The track wrap angle, 'phk, around kth hull wheel is computed as:

n - Gk + Gh ; Sk 8 -nfork=1
¢ = (2.48)

n-@k—e-e 2n - ® for k = 2

h ' 'k

where, ek and Oh are the inclinations of track feeler tangent onto
k*" hull wheel, computed based on the horizontal inclination, © (equation
2.45) in conjunction with the check as expla’ied above, and upper track
segment supported on hull wheels, respectively, as illustrated in Figure

2.6,

Track Segmental Lengths

Lh is the length of the track segment supported on drive sprocket and
idler, and is assumed to be equal to the magnitude of tangent, d, adjoin-

ing the top points of drive sprocket and idler. The tangent is specified

as:
“ Y-Y
= - 2 - 2, = -1|_B__A
d=V (x-X)%+ (Y-Y)* ; @ =tan [x — ] (2.49)
B A
where, X =X -~ R sin© ;Y =Y + R cos @B
A h2  h2 h A h2  h2 h
}'(!3 = Xm— Rmsin ah ; YB = Ym+ Rmcos E)h
’ ] Yh Yo
O =t |l -x
h “h2

and (XM.YM) and (Xhz,Yha) are the instantaneous centre coordinates of

sprocket and idler, respectively, and Rm and ha are the corresponding
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radii.

The track-terrain contact patch represents the deflection of a track
segment between adjacent wheels due to interaction with the non-
deformable terrain profile, as illustrated in Figure 2.18, where LJ is
the resulting length of the jth track segment as it conforms or adapts to
the local shape of the terrain profile. Consequently, each track segment
(front track feeler: j=1, between road wheels: j=2,..,N, and rear track
feeler: j=N+1) is checked for deflection resulting from interaction with
terrain profile. A computational procedure is devised, which involves
following steps in order to establish the deflected or stretched track
segment:

(a) As shown in Figure 2.19, the jth undeflected track segment spanning

between P (X“4,YLH) and P (Xl.Yl) is segmented as:
272 2 1 %1

i+1

= = 141
R,=%, ad Y =y " +m@® -x') 5 I=1,. M1 (2.50)
Y: Y;"
where, m = A T
booxt - x
1 2

and M is the number of terrain profile segments, fully or partially,
within the shadow of the Jth track segment, which is defined by the
horizontal range between X;’l and X;, and the corresponding cartesian

coordinates of profile polints including the end polnts are defined as

i+1 i+1

X2 Y2 i 1=
X, = X. and Y b6 = Y., ;1=2,..,M(i=1-1) (2.51)
Pl si pl si
X! X' 1= e
1 1
where (stﬁgt,i,= 1,..,M-1) correspond to the profile points found

within the end points.
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(b) The elevation of each segmented point (Y 1 =2,..,M) is checked

P
with respect to the elevation of the terrain pofile (YPI) at the

respective horizontal location (>_(J ), such that the undeflected track

1
is deflected 1in accordance with the local shape of the terrain

profile. The deflected track segment is, then, deflned as:

Y  ; if (Y -Y ) >0
* { pl PI ")l s 1 =2,...M (2.52)

Y ; otherwise
jl

»
and, le = le for 1 = 1 or M+1.

However, further check is made in order to assure a correct
representation of the stretched track segment, which involves following
steps:

(c) The maximum deflected point (ij,Y:m; I1=m) on the track segment Iis,

first, determined based on the criterion (refer to Figure 2.19):
h = [(YPI—le) cos(<bj)]mx (2.53)

where, <l>J = tan ! (mj)

Following slopes with respect tc (?Jm.Y:m) are, then, computed as:

A L Y-
mo=-—2 2 a0 (2.54)
1 X yooxt o x

Jm 2 1 Jm

where, mf and m,; correspond to the track slope on the left-hand-side

(8.h.s.) and right-hand-side (n.h.a.) of the maximum deflected point

—_ -

(ij.ij), respectively.

(d) Final step is to shift the vertical coordinates of the deflected
track segment (‘{:1 in equation 2.52) such that a more accurate shape

of the stretched track segment is obtailned. It 1s carried out by
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computing the vertical coordinate of the sloped track (on each side
of the maximum deflected point) at every specified horizontal
location (?Jl). and comparing it with corresponding terrain profile

elevation. Consequently, the stretched track segment is defined as:

(o 1+1. L, 141
Y s if (Y . -(Y +m (X ,-X )) >0
31 ( pl 2 J 1 T2 ) . 251 < (m-1)
yitl oy me(? - X'*Y) ., otherwise
[ 2 3 3l 2
— [ ]
=4 Y s 1l =m (2.55)
31 im
Y 5 if (Y. ~(Y. +m" (X X )) >0
s i - m -
31 . pl jm 3 3] T im S mtl = 1 <M
Y +m (X, -X ) ; otherwise
om0 7 T e
\
and, ¥ , =Y  for I =1 or M+l.

3l 31

The total length of the stretched track segment is, then, obtained as

L = - .2 _ R R
b Z [(Xll*l_ X ypym Yﬂ)] (2.56)
1=1
and horizontal inclinations of the deflected track segment at its both

ends (c:, c;) are computed as:

ATAN3(Y _-Y , X _-X))
32 J1 32 n

M
1

(2.57)

]
il

ATANI(Y )\, = ¥ 0 Ry = K )

2.5 VEHICLE'S ZERO-FORCE CONFIGURATION

Static loads under all road wheels corresponding to the static
equilibrium of the vehicle are required to compute the static deflections
assoclated with the vehicle response variables, and to establish the

zero-force configuration. Static loads are either to be measured on the
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real vehicle settled on a flat surface, or to be obtained analytically.
Analytical approach is certainly an obvious choice due to its apparent
advantages. Due to astatically indetenminate nature of the problem (since
number of road wheels on either side of the vehicle are usually more than
two), a method is devised to approximate the static loads under all road
wheels without sacrificing the equilibrium of the vehlcle. However, prior
to application of the proposed method to the multi-wheeled tracked
vehicle, its basis can be best explained by considering an uniform rigid
beam of weight, W, and length, L. As shown in Figure 2.20(a), the beam is
subjected to an applied momemnt (Ma). and is supported by " N " number of
supports, whose longitudinal locatlons (a"s) with respect to the c.g.
are known.

The procedure starts by assuming identical supprot loads. This

assumption does satisfies the force balance equation, i.e.

W

N
ZF° =W ; where F° = —/— (2.58)
L wi N

N
ZF°a+M = u (2.59)

In order to satisfy both balance equations simultaneously, ldentical
support loads are perturbed based on the amount of residual moment
unbalance, u, and on their relative locations with respect to the c.g.

The perturbed support loads are, then, expressed as:
F =F +4Af ;1=1,..,N (2.60)

satisfying the static equilibrium of the beam such that,
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N
ZAf =0 and Af 3 = -y (2.61)

The corrective force factors (Afl’s) are obtained using equation
(2.61) with an assumption of a linear distribution of correction factors
associated with intermediate support loads between two end supprots, as
illustrated in Figure 2.20(b). Equation (2.61) can be rewritten in the
form as follows:

N Ne

N,IAf’L + HeAfe =0 and fAf" ab+ Vst al - - (2.62)
) j L Afy P L oty ay = -u '
=1 k=1 i=1 k=1

where, Nn and N,1 correspond to total number of supports on the right-

hand-side (a.h.a.) and left-hand-side (£.h.o.) of the c.g., respectively,

n

and N = Nn+ N Af; and Afi are the corrective force factors associated

¢
with ju‘nuh.o. support load, and AL W support load, respectively,
and a; (>0) and ai (<0) are the corresponding longitudinal locations. The

corrective force factors for intermediate supports are expressed as:

1,2,..N -1 (2.63)

>
Lar]

I
>
lae)

3

N

-
"

(2.64)

>
o)
P
)
>
A
x
]
—
N
=
Nl
P

Substituting equations (2.63) and (2.64) into equation (2.62) ylelds
two equations with two unknowns. Thus, the corrective force factors

assoclated with the end supports are obtained as:

bf, = Af = —— ¢ (2.65)
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(a) An uniform rigid beam configuration.
A
a - a’ -
Ny N,
¢ : n
ax > ay -
t av ]
“_.._az - 2 >
/
al —"-——a,: .
¢ |
Af L :
] )
n n
Af Af
[””" } ¥r

(b) Residual moment unbalance and corrective force factors.

Figure 2.20 Approximated static equilibrium of a statically indeterminate
structure.
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4
z

n
1 n.2 1 g.2
where, U = — (2))" ; v, = — (ap)
1 a jzx i 2 a, a&, k
N N
a n (4
N n ¢
and p = a, / a
[ 3 ][;21 4 k21 k ]
Af = Afl = -p Af (2.66)
N N, 1

The corrective force factors for intermediate supports are, then,
obtained using equations (2.63) and (2.64).

The proposed method, as described above, is employed to approximate
the static loads under the road wheels of the "N-wheeled" tracked vehicle

as shown in Figure 2.4. The identical road wheel loads are computed as:

= — — ;i=1,..,N (2.67)

where wh and N"l correspond to half of the hull weight, and the weight of
1th road wheel assembly on one side of the vehicle.

As per proposed method, the identical road wheel loads are perturbed
in order to satlisfy the static equilibrium of the vehicle systen.
Following steps are, then, followed in order to compute the settled
position of each road wheel center, and to establish the zero-force
coenfiguration of the vehicle based on the 1initial generalized static
deflections:

(a) The settled height of each road wheel center on a horizontal flat
surface 1s evaluated by computing its deflection under the respective
static load, which are updated to include the static track load due

to the track pre-tension(Ifr), especially for front and rear road

wheels, and are given as:
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™sine ; if 1 =1
tr 1

F =F +Af -T ; where T' =
i wy wy

wi wi

(2.68)

N

0 ; otherwise

™ sine ; If &
tr 2

where @1 and 92 are the specified inclinations of the front and rear
track feelers, as shown in Figure 2.4.

The deflection of each road wheel centre is obtalned using equation
(2.24), which is non-linear. Therefore, a piece-wise linear approach
is employed to compute the deflection. For this, a look-up table
containing net footprint force for gradually increasing wheel-terrain
contact patch angle ("‘“)' is constructed. The table 1is, then,
linearly interpolated for the respective static load in order to
obtain the corresponding contact patch angle, (awi). The helght of

the settled road wheel centre is, then, given as:

h =R cosa ; 1=1,..,N (2.69)
wi wi

wi
(b) The static loads are, then, carried over to the suspensions, given as

F° =F -wwl'«T’ : 1 =1,..,N (2.70)

si wi wy

The static suspension loads (F:V i=1,..,N) are the initial values,

which satisfy the static force balance, given as:

N 2
K
F® =W + T (2.71)
s; sl h k; hy

The static suspension loads are, however, corrected to satisfy the
moment balance about hull c.g. taking into account the net applied

moment due to the static track loads. The applied moment is given as:

2 N
M=Za’l‘ +b T +Zb'r’ (2.72)



-T° cos © -1° sin @_; if k = 1
k tr 1 Kk tr 1
where, Th = o H Th = o H
X T cos 8 Y -T" sin ©_ ; if k = 2
tr 2 tr 2
)
~-T"cos 8 ; if 1 =1
\ tr 1
Tux = Tgrsin 92 s If 1 =N » and bwl = hul - hcg
0 ; otherwise

(c) The static deflection of each suspension spring due to the
corresponding suspension load, then, are computed based on the
linear-interpolation of the specified force-deflection look-up table.
The initial static displacements corresponding to hull bounce and
pitch are computed based on the linear-interpolation of frontmost and
rearmost suspension deflections, since the hull is assumed to be
rigid. The initial vertical displacement for each road wheel center
is obtained such that its vertical distance with respect to the
hull c.g. (bwi) is maintained. The initial vertical displacement for
the suspended seat simply corresponds to the suspended weight of the
driver and seat (Wo). Thus, the initial generalized displacements in

order to establish the zero-force configuration of the vehicle are

given as:
o o A? - Aﬁ
6h = AN + aN T—T (2.73)
1 N
0 -1 A? - A:
eh = tan a—'_—a— (2-74)
1 N
O =a82-22; 1=1,2,..,N (2.75)
wi h i

0

where 6:. 9:. Swl, and A? correspond to vertical displacement of hull
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c.g, pitch displacement of hull, vertical displacement of 1*" road
wheel center, and the deflection of ith suspension unit under
corresponding static load.

(d) Finally, the vehicle settled under its own weight 1is shifted
vertically wupwards using initial displacements such that the
suspension springs do not feel any force. As lillustrated in Flgure
2.21, this is carried out by shifting upward the hull by 1its c.g.
initial vertical displacement and keeping the hull frame horizontal.
Similarly, the road wheel centers are placed in a vertical sense
according to their respective initial displacements, and suspended
seat is shifted vertically upwards by 82. which is the seat spring
deflection due to wo. The vertical coordinates of hull c.g., road
wheel centres, and suspended driver’'s seat associated with vehicle's

zero-force configuration are, then, specified as:

Y =h + 38 (2.76)
cg cg cg
YO =h +& ; (1=1,..,N) (2.77)
Wi wi wi
Y =YY% +b +b +8&° (2.78)
ds cg o ds o

2.6 VEHICLE SETTLEMENT - STATIC EQUILIBRIUM

The determination of static equilibrium of a tracked vehicle settled
on a horizontally flat profile, is a statically indeterminate problenm.
The nonlinear force-displacement characteristics of the suspension
springs introduce additional complexities 1in evaluating the statlc
equilibrium. However, an approximation solution to the problem is sought
without sacrificing the static equilibrium of the vehicle system. As

explained in section 2.5, the proposed method approximates the static
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loads under all road wheels and corresponding suspension loads, which are
required to compute the initlal generalized displacements associated with
static equilibrium of the wvehicle model and to establish its zero-force
configuration. Due to approximations associated with the computation of
initial generalized displacements, initial transients in the wvehicle
response were observed for the vehicle moving on a horizontally flat
profile, and were, however, characterized to decay exponentially.
Therefore, the vehicle was allowed to travel on the flat profile for a
sufficient time so that the initlal transients were fully ceased prlor to
the actual vehicle-terrain negotiation. However, this approach led to an
unnecessary increase in the computational time. Consequently, it became
apparent to take further steps in order to assure static equilibrium of
the vehicle model.

Prior to the dynamical vehicle-terrain interaction, the statlc
equilibrium of the tracked vehicle positioned on a horizontally flat
profile with front hull wheel just aft of the specified profile (Figure
2.5), is assured using an iterative process. During this part of the
computational process, the vehicle 1is allowed to settle under its own
weight from the =zero-force reference, and subsequently the initial
generalized displacement vector characterizing static equilibrium of the
vehicle, is obtained.

An jiterative stiffness method based on the linear spring theory, is
adopted for the v=hicle settlement phase. In this method, the initial
generalized displacements corresponding to the vehicle’s zero-force

configuration, are used as the starting values. As explained In section

2.4.3, the initial generalized displacements are indicated by 6:. eﬁ, 631
(i =1,..,N), and 62. The relative displacements across all suspension
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and road wheel are, then, computed and used to obtain appropriate spring
constants from the input spring curves and wheel model. The stiffness
method is, then, applied to obtain new values for the displacements. The
process is repeated until these displacements converge.

The governing equation for the iterative stiffness method is glven as

{u; y =LK, 17 (F, ) (2.79)

where, the stiffness matrix as being a function of generalized

displacements obtained in the previous step (i-1), is given as:

. N N -
—(x°+ Y xl) -(xoao+ ) xlal) Ky ceenes Ky K,
1=1 1=1
2 ¥ 2
-(xoao+l¥1xial) Ka .... Ka, kK2
[ K, ]-= _ (2.80)
i-1 (x1+ K\u) ... 0 0

- SYMMETRIC -

where, K is the spring constant for seat suspension obtained from the

corresponding force—deflection look-up table as:

x = Spring Force at A(’/Ao ; where Ao { Sh ta@ - 6° )1_1 (2.81)

Similarly, xl is the spring constant for ilul suspension unit obtained as:

kK, = Spring Force at AI/Al ; Where Al

{s,-8 -a6 },  (28)

wi

K.s is the spring constant for i*"® road wheel obtained from the plane

footprint as:

=2k' R (sinae  -a cosa )/ A (2.83)
wi re wi wi W

wi 1 wi
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vhere awl - cos ( Rwl Avl/ Rwl) and Aul Rul ( le * awl )1—1

{ u, } is the up-dated initial generalized displacement vector given

as:

{u,}={(38.86,8 ,..... 80 8 ), (2.84)

2
k
wh - Z th
k=1
- M
a
0 1
{ Fa } =4 wwl * le ( Yul RHI) Twy r (2.85)
K ( vo - Y- 1
wN wN wN wN*® wy
W
o ol

where Nh, wwi, and wo correspond to the weight of hull, the weight of it

road wheel, and the weight of driver/seat, respectively. Y:|

is the
vertical coordinate of ith road wheel center as given in equation (2.77).
Ma is the applied moment given by equation (2.72), where T:x and T:y. and

T:x and T:y are computed based on equations (2.14) and (2.18) instead.

Natural Frequencies and Associated Mode Shapes

In addition to establishing the static equilibrium, the literative
stiffness method facilitates the estimation of wundamped natural
frequencies and associated mode shapes of the nonlinear tracked vehicle
ride model. The stiffness matrix corresponding to the converged static
displacement vector (static equilibrium), is used for the eigenvalue
analysis.

For the free vibration, the general matrix form of equatlons of

motion characterizing the dynamics of a linear vehicle model, is given as
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[M{ac)+[K){a)={0) (2.86)

where, the mass/inertia matrix ls given as:

[M] = M . (2.87)

The stiffness matrix corresponds to the converged stiffness matrix

obtained during the iterative stiffness procedure, given as:

[K1=-1KJowercen (2.88)

and { « } corresponds to the generalized displacement coordinates, given

as:
(e} ={y, 6,y v YooV } (2.89)

The eigenvalue analysis of equation (2.86) yields natural frequencies
(eigenvalues), and associated mode shapes (eigenvectors), which are vital
to the study of vehicle's dynamic behaviour. In addition, the estimation
of vehicle's highest natural frequency is used in the selection of an

appropriate integration time step for the simulation.

2.7 COMPUTATIONAL PROCEDURE
The key elements of the computational procedure employed for

performing simulation, are briefly discussed as follows:

Input

An input file containing simulation control parameters, terrain
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profile description, and appropriate vehicle parameters is compiled. The
control parameters correspond to the vehicle speed, the maximum vehicle
horizontal travel distance (dmx) or maximum simulation time (tmx). and
the incremental time steps for integratioen (Ao.) and output flles. The
maximum travel distance, dmx, is usually specified based on the given
vehicle’s length, and the total stretch of specified terrain profile. As
illustrated in Figure 2.5, the maximum horizontal travel distance lIs

computed as:

d = l..1 + Lp + 1.2 (2.90)

max

where, I_.1 indicates the initial horizontal positioning of the vehicle
c.g. with respect to the begining of terrain profile's bumpy section,
such that ng= - L:’ and is normally taken as equal to the longitudinal
distance of hull’s front end (aF, as shown in Figure 2.4). L? is the
total stretch of the specified terrain profile, as 1illustrated 1In
Figure 2.5. I..2 indicates the horizontal location of the vehicle c.g. with
respect to the end of terrain profile's bumpy section, and should be
specified so as to allow sufficient time for vehicle's dynamic response
to cease. Consequently, Lz is strongly dependent on the severity of the
terrain profile and the vehicle speed, however, it is normally taken as
total length of the hull frame. The maximum simulation time is, then,

computed based on constant vehicle speed, Vx, as:

t =d /v (2.91)
max  x

max

The incremental time step for integration, At. is generally selected
based on the rule of thumb as " 1/(50.fmx) ", where fmx is the highest
natural frequency of the vehicle ride model. The incremental time steps

for various output files are usually taken as an integer multiple of Ao.'

90



As mentioned earlier (section 2.3.2), the desired terrain profile 1is
input through a look-up table containing horizontal and vertical
coordinates of successive points on the profile. The vehlcle parameters,
as indicated in Figure 2.4, constitute the input, where the suspension
characteristics are described through force-deflection (spring) and
force-velocity (damper) look-up tables. It should be noted that there is
no need to input the elevation of each road wheel center, and the static
load under each road wheel, since they are automatically computed in the

initialization phase.

Initialization

The initialization phase sets up all appropriate parameters so that
terrain negotiation phase can begin. This phase primarily assures static
equilibrium of the vehicle positioned on a horizontally flat profile with
front hull wheel Jjust aft of the desired profile (Figure 2.5). As
discussed in section 2.5, the vehicle's zero-force configuration is first
established, which includes: (i) estimation of static loads under all
road wheels and corresponding static deflections associated with the
generalized coordinates, and (ii) vertical upward shift of the vehicle
using estimated initial deflections. Next, the vehicle is allowed to
settle under its own weight from the zero-force datum so as to compute
the 1initial generalized displacment vector characterizing static
equilibrium of the vehicle. As discussed in section 2.6, an iterative
stiffness method is employed for vehicle settlement phase. In addition,
the vehicle's natural frequencies and associated mode shapes are
estimated based on the generalized static (equilibrium) deflections, and
the vehicle’s highest natural frequency is used in the selection of an

appropriate integration time step for the simulation.
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The initial values for the generalized displacements are, then, set
equal to the values computed during the vehlicle settlement phase with
corresponding velocitles and accelerations initlialized to zero. At this
point, the simulation begins by incrementing time with the vehicle

horizontally moving forward with specified speed.

Solution of Equations of Motion

As a result of dynamical vehicle~terrain interaction, the net

horizontal and vertical forces at all road wheel centers (F’:m,Fl , 1=

wy
1,..,N) as given in equations (2.11) and (2.12), and hull wheel centers

(F* ,F

hx’ Ty’ k = 1,2) as given in equation (2.15) and (2.16), are computed.

Primary suspension forces (Fsl,F i=1,2,..,N), and seat suspension

ai’
forces (F;O.Fdo) are computed based on corresponding relative
displacements and velocities as given by equations (2.7) to {2.10), where
values of generalized displacements and velocities correspond to the
previous time step. Equations of motions are, then, integrated to obtain
velocity and displacement for each degree-of-freedom. A numerical
integration technique based on Hammings Modified Predictor-Corrector
method (a variable time-step approach), is used.

All key —coordinates on the vehicle are wupdated wusing the
corresponding displacements as they undergo two types of motion: (1) as a
result of the solution of the equations of motion obtalined at the end of

the previcus time step, and (ii) the horizontal translation of the c.g.

The key coordinates are given as:
Hull Frame:

X =X +V.t ; Y =Y +y (2.92)

where, t is the time incremented by At. The location of any point rigidly
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connected to the hull frame, such as seat base (Xb.Yb). hull wheel
centers (xhk,th.k=l.2). and hull frame’'s front top corner (XM,YM_) and

rear bottom corner (th,th), is computed as:

X c -5 a X
Y Se Ce b ch

1*" Road Wheel Centre (i=1,..,N):

_ O
X“ = ch + a‘.Ce - bl.S9 ; le = Y‘d + Y, (2.94)
Suspended Seat:
_ 0
de = ch + ao.C9 - bo.S9 ; Yds = Yds ty, (2.95)

This process continues until t = tmx.

Output

The output data is obtained as a table of time histories of response
variables of interest. The output data serves as an input to the post-
processor for data reduction and conditioning, such as signal fliltering
and FFT operation to produce information in the frequency domain for the
purpose of ride quality assessment using ISO 2631, and absorbed power,
and for a graphical display of response variables. In addition, an
animation program is developed as a part of the post-processor, and is
used to visualize the dynamic behaviour of the vehicle traversing the
off-road terrain. A file containing the record of horizontal and vertical
coordinates of the key locations serves as input to the animation

program.
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2.8 SUMMARY
In this chapter, an off-road high mobility tracked vehicle

configuration, is selected as a candidate vehicle for model development

and field testing purposes, and described in view of its running gear. A

ride dynamic model, MODEL I, for the candidate vehicle is develored

employing simplified yet credible formulations for vehicle suspension
system, and dynamic wheel-track-terrain interactions. The procedure used
for performing digital computer simulation of MODEL I, is discussed.
Nonlinear in-plane ride model, MODEL I, is formulated assuming
constant forward vehicle speed and non-deformable arbitrary terrain
profile. It is represented as a "3+N" degrees—-of -freedom dynamic system
comprising of generalized coordinates: bounce and pitch motions of hull,
bounce motion of each of N road wheels, and bounce motion of driver/seat,
where the magnitude of vehicle motion along the generalized coordinates
is assumed to be large, and specified with respect to the vehicle's zero-
force configuration. The highlights of MODEL I are summarized as follows:

[ The wheel/track-terrain interaction (net foot-print force) is modeled
using an equivalent damper and continous radial spring model, where
the wheel-terrain contact patch is idealized by a straight line while
ignoring small terrain irregularities within the foot-print. An
effective computational procedure is devised for establishing the
contact patch.

s Dynamic track load, imposed at each wheel station, is formulated
based on an overall track tension, which is computed based on track
pre-tension and track belt extensibility. An effective algorithm is
developed for establishing the track-wheel connectivity and track-

terrain contact patch.
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A mathematical procedure is developed for establishing vehicle’'s
zero-force configuration, which involves estimating initial static
road wheel and suspension loads, and assoclated generalized static
deflection; and vertical upward shift of vehicle based on estimated
deflections.

A procedure based on an iterative stiffness approach is developed to
compute the initial generalized displacement vector characterizing
the vehicle's static equilibrium configuration and the associated

undamped natural frequencies and mode shapes.
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Chapter 3

FIELD TESTING AND VALIDATION OF RIDE MODEL I

3.1 INTRODUCTION

A computer simulation model (MODEL I) for analyzing the ride dynamic
behaviour of high mobility tracked vehicles, 1s developed and presented
in Chapter 2. Computer simulations can, however, only be beneficlal 1if
the analytical model reflects accurately the behaviour of the vehicle.
Consequently, field testing of a representative vehicle becomes
absolutely essential in order to assess the limitations of the computer
model, and to validate the predictions of the vehlicle ride performance.

During the summer-fall period of 1990, field testing of an in-service
M113 APC was carried out by Land Engineering Test Establishment (LETE) at
their facility for various vehicle configurations, vehicle speeds. and
field courses. Prior to field testing of the M113 APC, a test plan
indicating appropriate instrumentation/equipment, their locations and
mounting methods, and a detailed outline of test runs in view of vehicle
configurations, terrain profiles, and speeds, was prepared by CONCAVE 1n
collaboration with LETE. The test plan was devised such that the fleld
testing could be conducted in a systematic manner so as to ensure
reliable measurements with minimum number of fleld tests. A large amount
of measurement data was gathered during field testing, which was, then,
conditioned and reduced for the purpose of ride quality assessment and
validation of the computer ride model.

In this chapter, the details of the experimental phase of this study
are presented in view of the test vehicle and fleld courses, lnstru-

mentation, test runs, and field-measured ride data to be collected. For



specified test conditions, simulations are performed using MODEL I, and
the ride predictions are directly compared with the field measurements.
Based on field validation, the limitations of MODEL I are assessed in

view of further modeling improvements.

3.2 TEST VEHICLE AND COURSES

The first, and most important step in the field testing, 1s to select
a representative vehicle, and appropriate field cuurses. For the purpose
of this study, the M113 APC in its A1l version (CFR No. 65-35026 - a LETE
reference vehicle) was selected to represent the present fleet of in-
service M113 family of vehicles. In Chapter 2 (section 2.2), a typlcal
M113 APC 1is described in view of Its running gear and three primary
suspension configurations: Al, A2, and Al%. The M113A1 APC was tested
under two configurations - loaded (laden) and wunloaded (unladen). The
loaded condition was intended to simulate the combat-loaded state of the
APC. The laden configuration was achieved by employing a load consisted
of filled sandbags constrained within a plywood ballast box placed on the
floor of the crew compartment. The total load was approximately 1850 kg.

Field testing of the unladen configuration was conducted with three
different levels of track pre-tension (Tgr): nominal; 75% of nominal; and
125% of nominal. For M113 family of vehicles, the track pre-tension is
generally selected according to a certain specified gap between the
bottom of the track segmen: hanging between drive sprocket and idler, and
the top of the second road wheel, as 1illustrated in Figure 3.1. The
nominal track pre-tension for a typical M113 APC is 10 kN, and the
corresponding gap 1is approximately 20 mm. The static track tension

measurements for the Diehl 213G track on M113A1 APC, were made by LETE
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for gradually incremented gap so as to establish a functional relation-
ship. Figure 3.2 shows the schematic of the test set-up, and the
functional relationship between track pre-tension and the gap obtained by
fitting an exponential regression curve through the measured data. As
shown, the track tension increases almost linearly for the specifled
range of the gap above the second road wheel.

A considerable number of dimensional measurements were made by LETE
in order to gather physical data describing the test vehicle. The data
was gathered through direct and photographic measurements. This data is
essential to generate an accurate input data for the computer ride
models.

The field courses selected for field testing of the M113A1 APC
include a sinuscidal course, a random course, Belgian Pavé, and discrete
half round obstacles of various radii. These courses represent a wide
spectrum of inputs from a single-frequency vibratory input to shock
inputs with wide frequency contents. Table 3.1 and Figure 3.3 exhibits
the general description and characteristics of all four types of terrain

profiles.

3.3 INSTRUMENTATION

The instrumentation requirements for the fleld testing of the
M113A1 APC were established on the basis of the number and type of the
required output signals. In addition to continously monitoring the
vehicle speed, the primary instrumentation requirements were to measure
acceleration levels corresponding to: (i) bounce, pitch, and roll motions
of the hull; (ii) longitudinal, lateral, and bounce motions of the

driver's seat; and (iii) angular motion of each road wheel assembly about
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Track Tension (N)

Figure 3.1 Track pre-tension setting - measurement of track gap at
second road wheel [69].
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Figure 3.2 Track tension versus track gap - experimental set-up
for static track tension measurement [69].

99



Table 3.1 Selected LETE field courses for testing.
Course Description Length rms Roughness
m (in) m (in)
6" Half-Round| An obstacle of a 6-in. 0.3048 0.124
radius section of steel
Obstacle pipe, cut in half along (12) (4.90)
its longitudinal axis,
and filled with Concrete
8" Half-Round] Same as 6" obstacle, 0.4064 0.166
except with obstacle
Obstacle radius of 8 in. (16) (6.53)
Sine Course Eastern Half of a 121.5 0.048
Concrete Course with
sinusoidal profile. The (4783.5) (1.91)
course wavelength is
0.76 m (30 in), and the
Peak-to-Peak amplitude
is approximately 0.14 m
(5.4 in)
Random Course| Natural Course running 70 0.059
# 48 East-West created by (2755.9) (2.31)
removing top soil,
vegetation, etc. from
underlying granite out-
cropping
Belgian Pavé | Cobblestone Course 243 0.012
constructed with bricks (9567) (0. 46)
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Figure 3.3 Description/characteristics of test courses.
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its torsion bar centre, atleast for one side of the vehicle.
Consequently, several instruments were installed on the vehicle, which
included a sprocket-mounted optical encoder to record vehicle speed, and
16 accelerometers placed at various points of interest on the vehicle. A
data acquisition system digitized and stored on magnetic tape cartridge
all measured signals from the transducers (encoder and accelerometers). A
schematic of the setup is shown in Figure 3.4, where each transducer
input is referred to as a channel, indicated by Cj, i=1,..,17.

The data acquisition system used was a portable unit, MegaDAC Model
2210C, from Optim Electronics Corporation. This unit was placed behind
the driver at one side of the cargo compartment on shock mounts, and was
configured to sample each of the 17 data channels 150 times per second.
The unit was remotely controlled using a LETE customized smart switch,
which was mounted at the commander’'s hatch.

The vehicle speed was recorded indirectly by means of a shaft-mounted
optical encoder fixed to the left drive-sprocket, as shown in Figure 3.5.
The encoder generates 300 pulses per revolution, which is satisfactory
for measurement of even low vehicle speed. The output from the encoder
was sent to a pulse counter which was polled 150 times per second by the
MegaDAC. The digitized vehicle forward speed (V , m/s), at " time

instant (tL’ s} is computed as:

2nR _[C) - cl(¢-1+1)
V(L) = (3.1)
% 300 AT (I-1)
where, t, = (i-1) AT ; AT = 1 (e) : i=1,2,...,(T /874
i 150 r

T is the total duration (seconds) of the recorded time history, Ci(i) is
r

the output from the optical encoder digitized at i*" time instant of the
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Figure 3.5

Rotary optical encoder installed on the left
drive sprocket [69].
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recorded time history, Rh1 is the radius of drive sprocket, and I is an
arbitrary integer (z 1), intended to yield an average vehicle speed over
a relatively longer duration than the sampling increment, AT. For
instance, the vehicle speed for 1=20, is computed based on every 20th
digitized output with time increment of 0.127 s.

The equation (3.1) can, then, be rewritten as:

€ (i) - C (i-I+1)

V(t.) =3.6nR [ ] ;. (km/h) (3.2)
X 4 hl

(I-1)

To measure angular acceleration of the road wheel assembly about
torsion bar centre, each roadarm on the left side of the vehicle was
instrumented with two accelerometers mounted along and perpendicular to
the roadarm centreline. As illustrated in Figure 3.6, this arrangement
permits direct calculation of the angular acceleration of the road wheel
assembly about 1its torsion bar centre. The tangential acceleration or
acceleration perpendicular to the roadarm centreline of the ith road

wheel assembly at two specified locations can be expressed as:

i

al =al+rlé (3.3)
t1 t 1w

al = al + rl 0 (3.4)
t2 t 2w

where, a: is the tangential acceleration at 1*" torsion bar centre due to
the hull spatial motion, and is unknown; and r: and r; are the known
radial locations of the tangential acceleration measurement points along

1t.h

roadarm centreline.
The angular acceleration of 1*" road wheel assembly about its torsion
bar centre, is conveniently obtained by subtracting equation (3.4) from

equation (3.3), which eliminates the unknown acceleration, ai.
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1*" Road Wheel

Figure 3.6 Schematic representation of 1*" road wheel assembly showing

two accelerometers mounted at specified radial locations
to measure angular acceleration.
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Consequently, the angular acceleration of i*" road wheel assembly at

" time instant is given as:

1 .
a . =-a c.(d) -¢, (&)
- _ou t2 _ i i
6  (t,) = 7 — = A A (3.5)
r, -r r, -r
1 2 1 2

(i =5,4,3,2,1 & i=2,4,6,8,10)

where, Cj(i) is the output from i*" accelerometer digitized at & time
instant of the recorded time history. The channel assignments for each
pair of accelerometers attached at an individual roadarm, as given in
equation (3.5), are indicated by 2 and 3 for fifth (last) road wheel
assembly, 4 and 5 for fourth road wheel assetbly, and so on.

The accelerometers were stud-mounted on small steel blocks welded to
the roadarms. The mounting locations for the accelerometers were chosen
as close as possible to the roadarm centreline so as to measure
accurately the tangential acceleration with respect to the torsion bar
centre. On roadarms 2, 3, and 4, these blocks were placed on the inner
side of the roadarm (i.e. facing the vehicle's belly). However, because
of the inclined shock absorbers on roadarms 1, and 5, accelerometers were
placed on the outer side of the roadarms. The measured radial locations
of each pair of accelerometers with respect to the torsion bar centre

are:

1,8

r =

1 PR T

2

0.127 m 0.317 m ; for i

0.120 m . 0.246 m ; for i
2,3,4

All ten accelerometers were from Briiel & Kjaer (B&K) plezoelectric
type 4371. The accelerometer signals were fed into a bank of B&K charge

amplifiers (type 2651) powered by B8K type 2805 power supply, and then
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recorded directly in the MegaDAC as digital data,

The acceleration levels associated with hull bounce, pitch, and roll
motions were calculated from the measured vertical acceleration signals
at three corner locations on top of the APC. As 1llustrated in Figure
3.7, the vertical displacements at the three measurement locations can be
expressed in terms of hull c.g. vertical and angular displacements

through the following kinematic constraint equations:

L
y, =y, * 21 sin eh +w sin ¢h (3.6)
Y, =Y, - 22 sin Gh +w sin ¢h (3.7)
Y, =Y, - 22 sin eh - w, sin ¢h (3.8)

where, Yy 6 , and ¢h correspond to hull bounce, pitch, and roll

h

displacements Double differentiation of above set of equations wlth

respect to time yields the following set of acceleration equations:

. . . * .

y, =y, * 21 QP +w QR (3.9)
y2 = yh - 22 QP + wl QR (3.10)
y3=yh-£2 Qp—wznn (3.11)

where, fZP and QR correspond to hull pitch and roll accelerations,

respectively, expressed as:

0.
I

6 cos 8 - 6° sin @ (3.12)
h h h h

tel
L}

. o2
¢h cos ¢h - ¢h sin ¢h (3.13)

Assuming small angular displacements (i.e. sin ehz eh; s.n ¢hﬁ ¢h)

yield, fzp = éh, and f)R = ¢h Rewriting equations (3.10) and (3.11), the
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hull roll acceleration can be expressed as:

. e (i) - € (o)
G (t) =2 3 . 1 S (3.14)
R w + w w + w

1 2 1 2

The hull pitch acceleration 1is, then, obtained by subtracting
equation (3.10) from equation (3.9), and substituting for ﬁR, and |s
given by:

. . . . . . . .
ﬁp(t,) ) Y, =Y, - (u% - u%)nn ) ClZ(L) - Cla(c) - Unl - u“)QR(tL)

4

? + ¢ [ )
1 2 1 2

(3.15)

Finally, the hull bounce acceleration is obtained once hull pitch and
roll accelerations, are known. The hull bounce acceleration can be

conveniently obtained using equation (3.9), given as:

o . . [ . . " .
y e =y -8 O -w O o=C ) -8 Q) - w Q(t) (3.16)

The hull roll, pitch, and bounce accelerations, as expressed through
equations (3.14), (3.15), and (3.16), respectively, are obtained as
digitized time histories using measured signals recorded in channels:

, 013, and C14' The accelerometers were Endevco plezoresistive type

Cla
2262C-25, and epoxied to the bare metal. The signal were relayed to three
Endevco signal conditioners (type 4423) powered by an Endevco type 4225
power supply, and then recorded in the MegaDAC as digital data.

The acceleration levels along the three principle axes (X-,Y-, and
Z-axes) at the driver-seat interface were measured using a B8K type 4322
triaxial seat acceleromelers taped to the driver’'s seat, as shown in
Figure 3.8. The seat accelerometers are of plezoelectric type with unity

gain, which were initially connected to three Honeywell-CEC charge

amplifiers (type 1-303-0001). However, two of these charge amplifiers had
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Figure 3.8 B & K seat cushion as seen from above [69].
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to be replaced by B&K charge amplifiers (types 2651 and 2634), due to
their unsatisfactory low frequency characteristics. Due to the lack of
availability of an additional charge amplifier for the third seat axis,
the Z-axis (lateral) signal was not measured. The bounce acceleration at
the seat base was measured by employing an Endevco 2262C-25 accelerometer
epoxiled to the floor beneath the driver's seat. The channels in the
MegaDAC for acceleration measurements associlated with driver’'s seat, were
assigned as: 015 for bounce acceleration at the seat base; 016 for

fore-aft acceleration at driver-seat interface; and cl7 for bounce

acceleration at driver-seat interface.

3.4 FIELD TESTING AT LETE

A detailed test procedure outlining the test runs in view of vehicle
configurations, terrain profiles, and vehicle speeds was prepared |in
collaboration with LETE. The test procedure was conceived based on:
(i) maximizing the number of measurements with minimum number of
field tests, and (ii) recommending a range of vehicle speeds for each
test course, so as to ensure safeguard of personnel and instrumentation.
Table 3.2 lists the range of vehicle speeds, whlch were recommended for
each test course. The maximum vehicle speeds for the specified test
course approximate the ride- and/or shock-limiting speeds. The ride-
limiting speed corresponds to the speed at which the 6-watt average
absorbed power level occurs at the driver/crew locatlon for test courses
with rms surface roughness of 0.5 - 3.5 in. The shock-limiting speed
corresponds to the speed which a 2.5 g peak acceleration occurs over a
group of discrete obstacle that cover an acceptable range of obstacle

height (half round obstacles: 6 - 16 in.) [38]. The 1limiting vehicle
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Table 3.2 Recommended vehicle speeds for field testing.

(1) Vehicle Speeds for 6" Half Round Obstacle:

V_. =16.0 km/h
6-1
V __ =24.0 km/h
6-2
V__=32.0 km/h
6-3

(11) Vehicle Speeds for 8" Half Round Obstacle:

V., = 8.0 ka/h
= 16.0 km/h
8-2
= 24.0 kn/h
8-3

(111) Vehicle Speeds for Sine Wave:

V.. = 3.2 km/h
s1

V_=4.8 km/h
s2

V_=6.4 km/h
s3

V_ = 8.0 km/h
s4

{iv) Vehicle Speeds for Random Course # 48:

V. = 6.5 kmnh
R1
VRz = 10.0 km/h
V_ = 13.0 km/h
R3
V = 16.0 km/h
R4
VRs = 19.0 km/h

(v) Vehicle Speeds for Belgian Pavé:

VBl = 16.0 km/h
V._=24.0 kmn/h
B2

VBS = 32.0 km/h
VB4 = 40.0 km/h
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speeds for each test course were established from the experimental
studies conducted on M113 APC's [70], and simulation runs made using
MODEL I.

A calibration check of all instruments was performed prior to
installation. All instruments, as discussed previously, were installed at
the appropriate locations in the vehicle using the specified methods.
Prior to the actual field testing, few dry runs (instrumentation shake-
down) were made in order to insure proper operation of instruments, and
to judge the quality of recorded fieid data . However, regular checks of
the instrumentation were also made during the actual field testing.

The M113A1 APC was driven over the selected test courses (Table 3.1
and Figure 3.3) at the corresponding recommended vehicle speeds (Table
3.2). The acceleration signals were digitized, and recorded employing the
MegaDAC data acquisition system. Similarly, the output from the drive
sprocket-mounted optical encoder was digitized and recorded for the
purpose of computing the vehicle speed trace (equation 3.2).

Field testing of the M113A1 APC was conducted using four vehicle
configurations, which corresponds to vehicle's loading conditlion, and
specified initial track tension. The four basic vehicle configurations
are outlined as below:

® Configuration A: Ladern Vehicle with Nominal Track Pre-Tension

The vehicle was driven over sine course, Belgian Pavé, and LETE48
random course for specified speeds.

e Configuration B: Unladen Vehicle with Nominal Track Pre-Tension

The vehicle was driven over sine course, Belgian Pavé, LETE48 random
course, and 6" and 8" half round obstacles for specified speeds.

e Configuration C: Unladen Vehicle with 75% of Nominal Track Pre-
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Tension
The vehicle was driven over LETE48 random course, and 6" half round
obstacle for specified speeds.

° Configuration D: Unladen Vehicle with 125% of Nominal Track Pre-

Tension

Same as configuration C.

3.5 AN OVERVIEW OF FIELD MEASUREMENTS
A large amount of measurement data was gathered during field testing.

The measured data was conditioned and reduced for the purpose of ride
quality assessment, and validation of the computer ride model. A computer
program was developed for the analysis of the field-measured data,
employing algorithms for the signal windowing and filtering, computation
of record peak and rms values, and FFT analysis to produce information in
the frequency-domain. The computer program performes the following
functions in a specified order:

(a) Reads the binary data file containing raw vibration data,

(b) Creates corresponding ASCII files for vehicle speed trace using
equation (3.2); angular acceleration traces for all five road wheel
assemblies based on equation (3.5); hull roll, pitch, and bounce
acceleration traces using equations (3.14) to (3.16); fore-aft
acceleration trace for driver's seat; and bounce acceleration traces
associated with seat base and driver-seat interface,

{c) Particular acceleration trace of interest is selected, and windowed
based on a specified initial time (tx) indicating the time instant
Just before the vehicle came into contact with the terrain, and final

time (tf) indicating the end of vehicle-terrain negotiation. The
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windowed acceleration trace is, then, filtered beyond a specified

frequency (usually 25 Hz) using an algorithm for a digital low pass

filter, and
(d) Calculates peak magnitude, rms value, power spectral density (PSD)
and rms acceleration frequency spectra.

Field measured data in its entirety was analyzed using the computer
program. A final 1list of data files containing the good fleld
measurements was prepared and grouped for each type of test course. For
instance, Table 3.3 1lists test data files, and corresponding test
conditions, for 6" half round obstacle. The data file number is specified
in a format so as to indicate the month, the day, the test set number,
and the number of test run. The segment of the test flle used for
analysis was windowed by tl and tr' as discussed above. The desired
vehicle speed is the recommended speed as listed in Table 3.2, and the
actual vehicle speed is the rms value of the measured vehicle speed
trace.

The response plots indicating the vehicle’'s shock and ride
performance in terms of absolute peak acceleration and average absorbed
power at the driver's seat for the bounce mode, are presented and
discussed. As mentioned in section 3.4, the peak value (g's) found in the
vertical acceleration trace at the driver-seat interface indicates the
shock-performance of the wvehicle traversing discrete half round
obstacles. Figure 3.9 shows the vertical peak acceleration found in the
field-measured acceleration data at the driver’'s seat of the test vehicle
configuration B crossing discrete half round obstacles of radili 6" and 8"
at various speeds. As it is clearly shown, the shock-performance due to

6" obstacle is significantly superior, and the shock-limiting speed |is
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Table 3.3 Test run index for 6" half round obstacle.

Test Data Loading |Track Pre-| File Segment: Vehicle Speed:
File No. Condition | Tension tl - tf. S Desired/Actual,
(Gap,mm) {Total Time) km/h

S-25-2-1 Unladen Low 19.4 - 21.9 16.0/14.9
(12) (2.5)

S-25-2-2 Unladen Low 16.9 - 18.9 24.0/22.3
(12) (2.0)

§-25-2-3 Unladen Low 21.4 - 23.0 32.0/28.2
(12) (1.6)

$-19-1-3 Unladen Nominal 42.4 - 45.4 16.0/14.3
(20) (3.0)

S-19-1-4 Unladen Nominal 22.15 ~ 24.65 24.0/20.1
(20) (2.5)

S-19-1-5 Unladen Nominal 22.15 - 23.95 32.0/29.4
(20) (1.8)

S-25-3-1 Unladen High 21.8 - 24.3 16.0/15.4
(26) (2.5)

S-25-3-2 Unladen High 23.0 - 25.0 24.0/22.3
(26) (2.0)

S-25-3-3 Unladen High 21.0 - 22.6 32.0/28.5
(26) (1.6)
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unlimited. The shock-limiting speed for 8" obstacle 1is, however,
approximated at 14 km/h. Figure 3.10 illustrates the influence of track
pre-tension on the shock performance of the unladen M113A1 APC (vehicle
configurations: B, C, and D) crossing 6" obstacle at varlous speeds. The
data does not exhibits any significant changes in the vehicle's shock
performance due to variation in the track pre-tension.

The ride dynamic behaviour of M113A1 APC traversing sine course at
various speeds in its configurations A and B, is exhibited in terms of
rms acceleration at the driver’'s seat versus excitation frequency (Hz),

as shown in Figure 3.11. The excitation frequency is computed as:

v

X

f= T (Hz) (3.17)

where, Vx (m/s) is the actual vehicle speed, and A (m) is the wavelength
of the sine course (Figure 3.3). For laden and unladen configurations of
M113A1 APC, the peak values of rms acceleration occur at 1.7 Hz (4.7
km/h) and 1.9 Hz (5.4 km/h), respectively, as shown by the data exhibited
in Figure 3.11.

Figure 3.12 illustrates the ride performance of M113A1 APC traversing
the LETE48 random course in its configurations A and B. The ride
performance of laden M113Al1 APC is slightly superior at lower vehicle
speed (< 8 km/h). However, the ride-limiting speed of laden M113A1 APC is
approximated at 14 km/h in comparison with 17.5 km/h for unladen
configuration. In other words, the mobility performance of M113A1 APC in
view of its ride quality is deteriorated as a result of the loading
condition. Figure 3.13 exhibits the average absorbed power versus vehicle
speed for the unladen M113A1 APC traversing the LETE48 random course with

three different settings of track pre-tension (vehicle configurations: B,

118




7
i 6* Half Rougd Obstacle
L8 T T T fme o — | e Haif Rougd Obstacle
S | nalf Houpe
K -
[ |
Rl — |
| .
< i ' A !'.' | |
EE : ; ‘ —
- ! S '
| R S - fTolerance Level -259) ___________ ...
> . M v
=2
[s¢]
[}
[+
Ll 5 — .
- Z\ g
0 N | X | . | . | . l A
5 10 15 20 25 30 35

Vehicle Speed (km/h)

Figure 3.9 Shock performance of test vehicle traversing 6" and 8"
obstacles at various speeds - vehicle configuration B.

2.5
(Tolerance Level - 2.5 g) -
Nominal Pre-Tension
@ 2 } e L Low f_’f'eé'!’gnslon _
i -Tensi
.s High gr_% Bnsion
8
-%1.5 o e o e e
<
>
A4
o ) )
805
0 N [ N 1 N | L | L
10 15 20 25 30 35

Vehicle Speed (km/h)

Figure 3.10 Shock performance of test vehicle traversing 6" obstacle at
various speeds - vehicle configurations B, C, and D.

119



- 35
'O
-t L
X
s 3 -
o
S i
©
o 25} .
< [ .
8 =2 P S _
0 &
E st — e

I Laden Unladen

1 . ! . ! . i .
91 15 2 25 3
Frequency (Hz)

Figure 3.11 rms vertical acceleration at driver-seat interface for test
vehicle subjected to sine course at various excitation
frequencies - vehicle configurations A and B.

120



(Tolerance Level - 6 watts)

L A
sl '
g i % j [l
= | AR
Baf -
O | ! o A
a ! ! A P
g '
1
Lagen Unigden
WY ' L I - '
05 10 15 20

Vehicle Speed (km/h)

Figure 3.12 Ride performance of test vehicle traversing LETE48 random
course at various speeds - vehicle configurations A and B.

6 (Tolerance Level - 6 watts) R A .

"

E-S

w

o
.
ot
1134

Absorbed Power (watt)
n

EL
.ot
....
....
ot
.ot

Nominal Pge-Tension Low ﬁ_rgé"r_e.nsion High PrgO-Tenslon

! . L .
5 10 15 20

Vehicle Speed (km/h)

Figure 3.13 Rlde performance of test vehicle traversing LETE48 random course
at varlous speeds - vehicle configurations B, C, and D.

121



C, and D). As shown, the average absorbed power is below the limiting
value of 6 watts for all test conditions. The ride performance of
M113A1 APC with low track pre-tension is slightly deteriorated at lower
vehicle speed. However, the ride-limiting speed as a result of low track
pre-tension is relatively Ilncreased.

The ride performance of M113A1 APC traversing the Belglan Pavé in its
configurations A and B, 1is 1illustarted in Figure 3.14. The average
absorbed power for specified vehicle configurations and speeds, is below
the tolerance level of 6 watts. It can also be seen that the vehicle's
ride performance improves at higher speeds, and unladen M113A1 APC ylelds

poor ride in comparison with the laden configuration.

3.6 FIELD VALIDATION OF MODEL I

In this section, MODEL I is assessed using the field measurements.
The computer simulations of the field-tested vehicle for representative
test conditions, are performed using MODEL I, and the results have been
superimposed on the field-measured ride data. Details regarding the input

data, and field validation results are presented as below.

3.6.1 Input Data for Simulation

Table 3.4 lists the physical data describing the fleld-tested
vehicle, where mass/inertia and dimensional parameters for laden vehicle
are estimated based on the unladen wvehicle, and the plywood ballast box

filled with sand bags. The radial spring constants, K:"(i =1,..,5) and

k
K
hw

(k = 1,2) are computed based on an input deflection of wheel centre
(A") and corresponding vertical load, P, of a representative point from
the measured force-deflection curve, as described in section 2.4.1

(equation 2.26).
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Table 3.4 Parameters of field-tested M113A1 APC ([38,69].

Vehicle Configuration
Description Symbol
Laden Unladen
Mass/Inertia:
Hull mass, kg mh 4 585 3 660
tmertia, xgad | L, | e | 6ass
Road wheel mass, kg mwl 113.5 113.5
1=1..5
Horizontal Dimension:
Horizontal distance
from c.g. to:
Drive sprocket, m a . 2.059 1.981
Idler, m a ., -1.927 -2.005
Suspension # 1, m a, 1.405 1.327
Suspension # 2, m a, 0.732 0.654
Suspension # 3, n a, 0.082 0.004
Suspension # 4, n a4 -0.601 -0.679
Suspension # 5, m ag -1.269 -1.347
Driver's seat, m a 1.076 0.998
Hull’s front end a. 2.415 2.337
Hull’s rear end ag -2.449 -2.527
Vertical Dimension:
Hull c.g. height, m hcg 0.896 0.928
Vertical distance
from c g. to:
Drive sprocket, n bhl -0.374 -0.406
Idler, m bh2 -0.498 -0.531
Suspension # i, m bi -0.279 -0.311
(1 = 1,..,5)
Driver’'s Seat, m bo 0.243 0.211
Hull's top end, m br 0.835 0.803
Hull's bottom end, m bB -0.279 -0.311

NOTE: m and Ih correspond to half of the hull mass and pitch inertia, and m

is the unsprung mass of i*" road wheel assembly on one side of the APC.
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(Table 3.4 - continued)

Table 3.4 Parameters of field-tested M113A1 APC [38,69].

Vehicle Configuration
Description Symbol
Laden Unladen
Radius:
Road wheel, =m 3“ 0.3048 0.3048
1=1..5
Drive sprocket, m Rh1 0.2438 0.2438
Idler, m Rh2 0.2222 0.2222
Track Inclination
with Ground:
Front track feeler, el 21.5 21.5
deg
Rear track feeler, 92 15.0 15.0
deg
Radial Spring
Constants:
Road wheel/track, l(l 1 121 256 1 121 256
N/m/rad T
1=1..5
Drive sprocket/track K; 1 634 508 1 634 508
N/m/rad "
Idler/track, N/m/rad K:" 1 559 657 | 1 559 657
Longitudinal Stiff-
ness of Track Belt, Ktr 304 147 304 147
N/m
Damping Constants:
Road wheel/track, c' 0.0 0.0
N.s/m ™
i=1..5
Drive sprocket/track C; 0.0 0.0
N.s/m v
Idler/track, N.s/m C:.. 0.0 0.0
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Appropriate look-up tables are developed to describe the nonlinear
characteristics of the vehicle suspension system. In general, the force-
deflection characteristics of suspension spring exhibits a hysteresls
loop bounded by the loading and unloading curves, which represents the
energy dissipated/cycle due to the Coulomb friction in the suspension.
Consequently, the suspension 1is normally represented as a directly
coupled friction damping system, where a spring and a friction damper act
in parallel. Figure 3.15 shows the force-deflection curve for an
equivalent vertical spring for the Al torsion bar employed at all five
road wheel stations. As indicated, the total road wheel travel |is
approximated at 0.216 m, and the upper bump stop is relatively softer in
comparison with the lower one. The upper bump stop ls mounted to prevent
the road wheel from hitting the hull chassis, whereas the lower bump stop
is mounted to prevent the road wheel from driving the track into the
ground. A friction damper, as characterized through a force-velocity
curve in Figure 3.16, is incorporated in parallel with the A1 spring to
account for the suspension hysteresis. The force-veloclty characteristics
of a typical shock absorber employed for M113A1 APC are shown in Figure
3.17, where the solid line represents an inclined shock absorber, and the
dotted 1line represents an equivalent vertical shock absorber. The
equivalent force-velocity curve data representing vertical shock
absorbers mounted at the first and last road wheels of M113A1 APC, are
selected for simulation.

The terrain profile, as mentioned in sectlon 2.3.2, is input as a
loock-up table containing horizontal and vertical coordinates of
successive points on the proile, which are either equally or unequally

spaced. All test courses (Figure 3.3) except discrete half round
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obstacles are described through vertical coordinates of equally spaced
successive points on the profile. The spacing is equal to 0.3048 m (12")
for LETE random course and Belglan pavé, and 0.0635 m (2.5") for sine
course. The look-up tables for LETE48 random course and Belgian pavé were

supplied by LETE.

3.6.2 Validation Results and Discussion
Discussions on the validation results are presented in view of the

ride resonant frequencies, and the ride vibration levels.

Resonant Frequencies

For the test vehicle, the undamped natural frequencies and associated
dominant deflection modes are predicted based on the iterative stiffness
method as discussed in section 2.6, and are listed in Table 3.5 for
specified vehicle configuration. The natural frequencies corresponding to
the bounce and pitch modes of the laden vehicle are slightly lower than
the corresponding unladen configuration, while the natural frequencies of
all road wheels bounce are slightly higher. The influence of varying the
track pre-tension is demonstrated in the last three columns of the table.
As shown, an increase in the track pre- tension slightly decreases the
natural frequencies associated with hull bounce and pitch motions, and
bounce motion of first and last road wheels, whereas the natural
frequencies associated with bounce motion of intermediate road wheels are
slightly increased.

The predicted ride resonant frequencies (hull bounce and pitch) are
compared with the ones estimated from the sine course testing of
M113A1 APC. The measured ride resonant frequencies are estimated based on

equation (3.17), and are the ones at which the rms value of measured
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acceleration trace ls maximum (Figure 3.11). As shown in Table 3.6, the

comparison shows a good aggreement between measured and predicted values.

Ride Vibration Levels

The ride simulation model, MODEL I, is validated for representative
test conditions. Since vehicle speed during actual terrain negotiation
was very difficult to be maintained at a specified constant level, the
vehicle speed for simulation purposes, is considered as the rms value of
the recorded vehicle speed trace. For instance, Figure 3.18 illustrates
the actual speed traces during 6" obstacle negotiation for varlous values
of track pre-tension, and Tables 3.3 lists the rms values of vehicle
speed traces. The Iintegration time step (AL) for simulation, 1is
considered equal to "1/(50.f;ax)". where fmax, the highest natural
frequency for the test vehicle ride model, is approximated at 12 Hz
(Table 3.5). Consequently, At is 178" of the sampling time interval
(AT = 1/150 s) used for digitizing the measured acceleration signals. The
incremental time step for output is, however, taken equal to AT.

Discussions on the validation results are presented in view of a
specific type of terrain profile. For half round discrete obstacles and
sinusoidal course, the simulation model is validated through direct
comparison of simulated and field measured acceleration traces associated
with driver’s seat bounce and hull pitch motions. However, for random
course and Belgian Pavé, the validation 1s carried out based on the
comparison of corresponding acceleration spectira, and the absorbed power

associated with driver’s seat bounce.

Discrete Half Round Obstacles

Figures 3.19 and 3.20 show the measured and predicted acceleration
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Table 3.5 Natural frequencles and associated deflection modes (MODEL 1I).

Undamped Natural Frequencies (Hz) Dominant
Test Vehicle Configuration Deflection

A B C D Mode
1.654 1.856 1.866 1.848 Yn
1.239 1.316 1.325 1.307 5,
11.39 11.32 11.47 11.17 Y1
12.20 12.08 12.03 12.13 Yoe
12.26 12.05 12.00 12.09 Yu3
12.34 12.01 11.98 12.05 Yua
11.97 11.41 11.53 11.29 Yus

Table 3.6 Predicted and measured ride resonant frequencies.

Test Natural Frequency (Hz)
Vehicle [Measured/Predicted]
Configuration
Hull Bounce | Hull Pitch
Laden (A) 1.71/1.65 1.41/1.24
Unladen (B) 1.97/1.86 1.28/1.32
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traces corresponding to the driver’s seat vertical and hull pitch motions
for the test vehicle crossing over a 6" half round obstacle with three
different values of track pre-tension (vehicle configurations: B, C, and
D). The computed and measured results show generally good agreement,
although it is noted that there are phase shifts between the measured and
simulated peak responses. This discrepancy can be attributed to the fact
that the simulations were carried out at constant speeds (rms values of
the measured speed traces). From the measured and predicted results in
Figures 3.19 and 3.20, it can be seen that varying the initial track
tension by *25% for the vehicle traversing a 6" obstacle at approximately
constant speed, does not have significant influence on the overall ride
response.

Figures 3.21 and 3.22 demonstrate the comparison of measured and
predicted acceleration traces for test vehicle cofiguration B traversing
8" half round obstacle at approximately 7.8 km/h and 12.8 km/h. As it can
be seen, the vehicle response is significantly deteriorated at higher
speed. The measured and predicted hull pitch acceleration exhibit a
distinct downward peak as shown in Figure 3.22, for vehicle speed of 7.8
km/h. This happens due to impact of idler with the obstacle as the
vehlicle trailing-end is crossing over the obstacle. The measured vehicle
responses for vehicle speed of 12.8 km/h, as lillustrated in Figures 3.21
and 3.22, show distinct upward peak. This is caused by the drive
sprocket-ground interaction just after the vehicle has crossed over the
obstacle. The corresponding simulated response, however, does not exhibit

similar behaviour.

Sinusoidal Course

The ride dynamic behaviour of the vehicle due to a sinusoidal
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exclitation is investigated. The excitation frequency based on the vehicle
speed (Vx = 6.7 km/h) and the wavelength (A = 0.76 m) is computed as
approximately 2.4 Hz. Figures 3.23 and 3.24 show samples of measured and
simulated acceleration time histories corresponding to the driver's seat
vertical and hull pitch motions, respectively, for vehicle configurations
A and B. The overall ride response is not significantly influenced as a
result of vehicle’s loading condition, as clearly demonstrated by both
measured and predicted results. However, in comparison with the pitch
responses (Figure 3.24), the seat vertical acceleration response (Figure
3.23) has better validation. As discussed in the case of half round
obstacles, the phase shifts between measured and predicted responses can
be attributed to the fluctuations in vehicle speed during the fleld
testing. Further, the relatively higher discrepancies observed between
the measured and predicted pitch responses (Figure 3.24) can be
attributed to the fact that the hull pitch acceleration is approximated
based on the kinematic relationships of the three measured acceleration

signals on top surface of the hull as explained in section 3.3.

LETE48 Random Course

The acceleration power spectral density (PSD) responses corresponding
to the driver's seat vertical and the hull pitch motions are computed
through an FFT analysis of measured and simulated acceleration traces.
The seat bounce acceleration PSD response is assessed with respect to the
1SO fatigue decreased proficiency (FDP) limits [58,59]. In addition, the
seat bounce response is evaluated in terms of average absorbed power [56]

Figures 3.25 and 3.26 demonstrate the comparison of measured and
predicted ride acceleration spectra for test vehicle configurations A and

B traversing LETE48 random course at approximately 13.5 km/h,
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predictions for vehicle configurations A and B traversing sine
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respectively. The comparison shows generally good agreement in terms of
overall response characteristics such as dominant peaks and corresponding
frequencies. As shown, the ride vibration levels at the driver's seat in
the bounce mode are observed to be within 1 h exposure FDP limit.

Table 3.7 presents the comparison between field-measured and
predicted average absorbed power associated with the driver’s seat bounce
motion and rms value of the hull pitch acceleration for all four test
vehicle configurations. As it can be seen, the average absorbed power
associated with all vehicle configurations is below the limiting value of
6 watts. In comparison with field-measured hull pitch accleration, the

predicted rms values are higher.

Belgian Pavé

Figure 3.27 demonstrate the comparison of measured and predicted
acceleration spectra of the test vehicle configuration A traversing
Belgian Pavé at approximately 35 km/h. Table 3.8 summarizes the
comparison between measured and predicted ride performance. The
comparison shows a good agreement. In reference to the limiting value of

6 watts, the vehicle speed of 35 km/h is safe.

3.7 IDENTIFICATION OF POTENTIAL MODELING IMPROVEMENTS

In the previous section, the ride acceleration responses obtained
using MODEL I, are compared with the field-measured data in order to
validate the predictions of vehicle ride performance, and to assess the
limitations of MODEL I. The comparison between measured and predicted
ride data is generally good. However, there are certain discrepancies,

which can be attributed to:
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Table 3.7 Field validation of MODEL I (LETE48 course; speed=13.5 km/h).

Absorbed power (watts)/rms acceleration (rad/s?)

Vehicle Configuration

Field Test Simulation
A 4.5/1.61 4.0/2.50
B 4.4/1.65 3.9/2.31
C 3.7/1.30 3.372.22
D 3.5/71.29 4.1/2.51

Table 3.8 Field validation of MODEL 1 (Belgian pavé; speed = 35 km/h).

Absorbed power (watts)/rms acceleration (rad/s%)

Vehicle Configuration

Field Test Simulation
A 0.940/0.492 0.646/0.613
B 0.921/0.526 0.922/0.723
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m assumptions made in the ride model formulism, such as idealization of
net foot-print force, dynamic track load and trailing arm suspension
dynamics;

[ | use of estimated vehicle parameters in the simulation;

m vehicle speed variation during the field testing; and

m measurement errors during field testing.

Evidentally, it 1is worthwhile to refine the ride model in order to

achieve an even closer correlation between measured and predicted ride

responses.

The analytical wheel-track-terrain interaction, modeled through net
foot-print force and dynamic track load, is of primary consideration for
accurately representing the ride dynamic behaviour of high mobility
tracked vehicles. In MODEL I, the net foot-print force is computed based
on an idealized deflection characterized by a straight line adjoining
first and last wheel-terrain contact points (Figure 2.9}, while ignoring
the terrain irregularities within the foot-print. This formulation yields
an accurate net foot-print force, if the local terraln profile within the
foot-print is flat. Otherwise, this assumption could over- or under-
estimate the net force based on the shape of local terrain profile. For
instance, the first peak in the simulated ride accleration traces shown
in Figure 3.19 indicates the interaction of front road wheel wlth 6"
obstacle, where the net foot-print force (F:n) is under-estimated due to
the straight line idealization of the rounded terrain profile within the
foot-print. Consequently, the net foot-print force should be computed
considering an adaptive deflection, which conforms to the shape of the
local terrain profile.

In MODEL I, the analytical model for predicting dynamic track load is
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only based on track stretching or extensibility, where an increase in the
track tension above its initial level (Tgr). is linearly proportional to
net increase in the overall track length. Although track extensibility is
of primary consideration in modeling the dynamic track tensioning
effects, track inextensibility considering the sag of upper track strand
hanging beween two hull wheels, is essential for simulating a drop in the
track tension from its initial level, and accurate track inclinations at
both hull wheels. Consequently, the track model should be improved to
account for track inextensibility as well. In addition, wheel-track
connectivity algorithms employed in MODEL I, can be further enhanced for
an appropriate definition of track wrap around road wheels, wheel-track-
terrain separation, and track bridging.

The equations of motion for MODEL I (section 2.3.3) were derived
assuming strictly vertical suspension units. An independent suspension
unit 1is, in fact, rigidly fixed to the vehicle frame, and thus should
remain perpendicular to the frame. Consequently, the equations of motion
should be re-derived in view of reallistic independent suspension

configuration.

3.8 SUMMARY

This chapter presents a detailed overview of the field testing of an
in-service M113A1 APC, which was carried out at LETE (Ottawa). The
general characteristics of test vehicle configurations, and test courses
(discrete half round obstacles, sine course, LETE48 random course, and
Belgian pavé) are presented. The instrumentation and equipments employed
for the field testing are discussed in view of their types, locatlion and

mounting methods. Mathematical procedure adopted to manipulate the
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measured signals for the computation of vehicle speed trace and
acceleration traces associated with the vehicle’'s principle degrees of
freedom, is discussed. A test procedure containing a detalled outline of
test runs for specified test conditions (vehicle configurations, terrain
profiles and vehicle speeds) is presented. The procedure for conditioning
and reduction of field test data is presented. An overview of fleld
measurements exhibiting vehicle's ride and shock performance |is
presented.

In this chapter, the ride dynamic model, MODEL I, is validated using
field-measured ride data. An input data for test vehicle ride model and
test courses 1is compiled for simulation purposes. The computer
simulations of the field-tested vehicle for representative test
conditions, are performed using MODEL I, and the results have been
superimposed on the field-measured ride data. Based on the fleld
validation results, MODEL I 1is assessed, and consldered for further
refinement in an attempt to achieve even a closer correlation between
simulated and measured ride responses. The ride model refinement |is
discussed in view of modeling strategies adopted for wvehicle

suspension system and dynamic wheel-track-terrain interactions.
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Chapter 4

REFINEMENT OF RIDE MODEL I AND ITS ASSESSMENT

4.1 INTRODUCTION

In chapter 3, the ride dynamic model, MODEL I, is validated and
assessed using fleld-measured ride data, which was gathered during an
extensive flield testing of an in-service M113A1 APC. Details about field
testing and measurement data are provided in Chapter 3. Computer
simulations of M113A1 APC for representative test conditions (i.e.
vehicle configurations, test courses, anu vehicle speeds), are performed
using MODEL I, and the results are directly compared with field-measured
ride data. The ride predictions exhibited a generally good agreement with
field measurements. The discrepancies are attributed to: (i) assumptions
made in the ride model formulism, such as idealization of net foot-print
force, dynamic track load and trailing arm suspension dynamics, (ii) use
of estimated vehicle parameters in the simulation, (iii) vehicle speed
variation during the field testing, etc. Consequently, refinement of
MODEL I in view of modeling strategies adopted for suspension system and
dynamic wheel-track-terrain interactions, 1is considered in order to
further Iimprove the correlation between measured and predicted ride
responses.

In this chapter, the ride dynamic model is re-derived based on the
refinement of MODEL I. The re-derived ride model, referred to as
MODEL 1I, 1s described along with detalls of improved wheel and track
models. Fleld validation of MODEL II is carried out, and the results are
presented. Variius wheel and track models considered in previous studies
[30,34,38] are formulated and employed for performing ride simulations of

the field-tested vehicle in conjunction with MODEL II, ani corresponding



ride predictions are compared with field-measured ride data. Primary
objectives of this exercise are to demonstrate the influence of different
wheel and track models on ride predictions, and to assess the relative

performance of these proposed m.dels.

4.2 RIDE DYNAMIC MODEL: MODEL Il

In this section, the dynamic wheel-track-terrain Iinteraction 1is
refined, where (i) net foot-print force 1is established based on the
analytical model as 1illustrated in Figure 2.8, but considering an
adapt ive deflection of the wheel/track due to interaction with the non-
deformable terrain profile, and (ii) dynamic track load is computed based
on an improved analytical model, which, in addition to the track
extensibility (equation 2.41), also includes the track inextensibility
(sag of the hanging track segment between drive sprocket and idler), and
refined wheel-track connectivity algorithms to yield appropriate
definitions of track wrap around road wheels, road wheel-trach-terrain
separation and track bridging. Also, the equations of motlons are
rewritten considering the realistic representation of an independent
suspension configuration. The refined computer ride model 1s referred to

as MODEL II.

4.2.1 An Adaptive Model for Wheel/Track-Terrain Interactions

Assuming an idealized wheel/track deflection characterized by a
straight line adjoining the first and last wheel-terrain contact polnts
on the lower wheel circumference (5:?2. as shown in Figure 2.9), the net

foot-print force acting at the 1*" road wheel center is given by equation

(2.30) as:
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F!o= 2 k!

1
un . cos ahl] + Fd (4.1)

R [sina -«
wi wi w w

i

The above formulation for net foot-print force, however, lacks the
ability to envelop small terrain irregularities within the footprint. The
analytical model is, thus, further enhanced using an adaptive footprint
configuration, which envelopes small terrain irregularities through local
deformations within the footprint. It primarily involves fine-tuning the
idealized wheel deflection such that the contact patch adapts to the
shape of non-deformable terrain profile. As shown in Figure 4.1, the
lower circumference of road wheel is discretized into a number of pie-
shaped elements, where ¥ is the angular dimension and (K:H.wl) is an
equivalent spring constant of each discrete element. The net footprint

force acting at the 1*® road wheel center is, then, obtained as:

1 ) e i 1 1
F =K {2 R"l[sm « - « cOos a“l] t e kz‘ 8 cos oy p + F_ (4.2)

wn rw

where, Ne represents the number of discrete elements found within the

footprint. A; is the required change in the radial deflection of the kP

element of the ith road wheel, given as:

Ak = ak - ak (4.3)
A I
where, the actual radial deflection is given as:
1 1 sin %2 1 i i 1
8 =y ; (y,>0and 6§, =y fory =0) (4.4)
k k k k
A sin o, A k k
and, the idealized radial deflection is given as:
§
R (cos a, - cos a )
5; - v k wi (4.5)
I cos o,
k
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Figure 4.1

An adaptive wheel/track-terrain interaction.
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- - . >
n/s2 + 7pk wk n/2 ka ; wk 0
1 1
ns2 7pk + wk n/2 + 7pk ; wk <0
and o =Y -7

where y, s the vertical deflection of k™" element, ¥, is the
corresponding vertical inclination, and 7pk corresponds to the local
slope of terrain profile. All angles measured in counter-clockwise sense
are considered positive. It should be noted that a positive value of AL
indicates that actual radial deflection is greater than the ldealized
value; thus represents the amount of deflection by which the
corresponding elemental spring should be further compressed.
Consequently, the net footprint force is increased by an appropriate
amount. Similarly, a negative value of AL indicates the amount of
deflection by which the corresponding elemental spring should be
stretched, thus reducing the over-estimated net footprint force.

During simulation, the net footprint force 1is, however, computed
elther using an idealized wheel/track-terrain interaction (equation 4.1)
or an adaptive wheel/track-terrain interaction (equation 4.2). The choice
is determined by the nature of wheel-terrain contact patch. As explained
in section 2.4.1, special cases, such as (i) Ng =0 (. NI = 0), and (ii)
Ns> 0 and NI = 0 (provided only one profile segment is confirmed to
intersect) represents the only geometrical situations, where the circle
is simply intersected by a straight line; therefore, net footprint force
is accurately computed using equation (4.1). This approach reduces the

computing time significantly.
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4.2.2 An Adaptive Model for Predicting Dynamic Track Loads

In MODEL I, the dynamic track load at each wheel station was computed
based on track pre-tension plus tension due to track belt stretching
(equation 2.41), where track inextensibility in view of the sag of upper
track strand was ignored. Also, the wheel-track connectivity algorithm
employed for computing the overall track length and the track
inclinations around each wheel, only partially accounted for the track
wrap around road wheels, the road wheel-track-separation, and the track
bridging. In this section, the analytical model for predicting dynamic

track loads is refined in view of these considerations.

4,2.2.1 Track Sag

For tracked vehicles, the track sag corresponds to a certain amount
of slack which is observed in the hanging track between two hull wheels,
where the amount of slack determines the track pre-tension (Tgr). As
mentioned earlier (section 3.2), the nominal track pre-tension for the
M113A1 APC, is 10 kN, and is set according to a gap of approximately
20 mm between the bottom of the hanging upper track strand and the top of
the second road wheel. As shown in Figure 3.2, the tension in the upper
track strand increases as the gap increases or the hanging track length
decreases. Consequently, a functional relatlionship between track tenslion
and the length of upper track strand will dictate how track tension
depends upon the kinematic state of the tracked vehicle with respect to
terrain profile.

A track hanging between any two hull wheels can be treated as a cable
hanging under its own weight between two fixed supports A and B as shown
in Figure 4.2. Although this may not be reallstic for pin-linked track,

it is a reasonable approximation if there are sufficlent number of track
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links between hull wheels. Classical approach to obtain the tension at
any point along the hanging cable is formulated based on the following
assumptions [71):
(a) Parabolic Cable: cable carries a load uniformly distributed along the
horizontal, or
(b) Catenary: cable carries a load uniformly distributed along Iits
length.
A cable hanging under its own weight 1is generally not 1loaded
uniformly along the horizontal, and does not form a parabola.
Consequently, the hanging cable shown in Figure 4.2, is best approximated

by a catenary equations, given as [71]:

T = ws ¢ cosh —%- : & =c sinh —%— ; and tan 6 = &/c (4.6)

T

o
w

where, c =

and T is the tension at a specified point D(x,y) along the cable, £ is
the cable length from lowermost point (C-origin) on the hanging cable to
the specified point, To is the minimum (horizontal) tension at C, w is
the cable’'s welight per unit length, and x is horizontal distance of D
with respect to C.

It should be noted that the catenary relations can not be solved
explicitly, and one usually employs an iterative numerical technique for
its solution. In addition, the location of end supports A and B must be
known with respect to the lowermost point, C, in order to compute the
tension vectors at the supports. Consequently, catenary approximation of
hanging track segment is not a sultable option for simulation purposes.
An alternate approach based on quadratic polynomial approximation is

developed and discussed as below.
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{b) Force considerations

Figure 4.2 Catenary approximation of hanging cable [71].
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Consider a track hanging between two hull wheels (Figure 4.3), where
the centre coordinates of both hull wheels are known. The curve assumed
by the hanging track can be approximated via a quadratic polynomial,

given as:
y(x) = a+ax+ aax2 (4.7)

where, the polynomial constants a, a., and a, can only be obtained 1if
and only 1if three points on the curve (hanging track) are known.
Therefore, the end points (XA,YA and XB,YB) of the supported track are
selected as two of the three required points (equation 2.49). As
illustrated in Figure 4.3 (a), the third point is selected to coincide

with point D on the track, whose coordinates are computed as:

d _ d _
XD = XA+ —— cos ®h+ Sr sin Gh : YD = YA+ — sin @h ST cos eh (4.8)

where, ST, the track sag, represents the height of the perpendicular
drawn from the mid-point of the line AB to point D on the hanging track.
d and @h, as given in equation (2.49), defines the tangent adjoining the
top points of the hull wheels.

The polynomial constants are obtained using equation (4.7) in
conjunction with the known coordinates of three points A, B, and D on the

hanging track, and given as:

2

a YB- a1XB - aX

o 2B
a = tan Qh/z— aa(XB+ XD) (4.9)
tan & - tan ©
a = h h/2
2 XA - XD
YB— YD
where, tan @h/z = XX
B D
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Figure 4.3 Quadratlc polynomial approximation of hanging track.
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The quadratic polynomial approximating the curve assumed by the
hanging track, is thus established. The hanging track length, Lh, is

computed as:

B ~
L = ]1 + (dy/dx)? dx (4.10)
X
A

The track length can also be evaluated based on the discretization of

the analytical track profile (equation 4.7), expressed as:

’V_ ) 21172
L = }d [(xm- X )P+ (Y - Y) ] (4.11)
n=1
where,
X Y s for n =1
B B 2
Xn = XB- (n-i)(XB—XA)/N H Yn = ao+ a1Xn+ azxn ; forn=2,..,¥
X Y ;s for n = N¥+1
A A
(4.12)

where X corresponds to number of track profile segments. and can be
considered as a number of track shoes in the hanging track.
Track inclinations at both ends (BA.OB) are given by the slope,

dy/dx, as:
tan 8 = a+2aX ; tan@8 =a+ 2 aX (4.13)
A 1 27a B 1 2B

The horizontal inclinations of hanging track segment at both ends, as
illustrated in Figure 4.3 (b), are then specified as:
8, =6, + 2t (6A<O)
(4.14)

9=BB+1'[ (BB>O)

It is evident that dy/dx = 0 at the lowermost point C, thus, its
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coordinates can be obtained as:
. 2
X =- — Y =a+ alX+ a X (4.15)

Consequently, the magnitudes of track tension vectors at the supports
(Figure 4.3 (b)) are conveniently obtained based on the static force

balance equations in the X~ and Y-direction, and given as:

T T

=—2_ and T =
A cos 9A B

o

—a?e—a- (4.16)

where, 'I’A and TB are the track tension at the top of Iidler and drive
sprocket, respectively. The minimum or horizontal track tension 1s given

as:

w L
h

To = tan 98- tan eA (4.17)

where, w is track’s weight/unit length (= 670 N/m for Dlehl 213G track).

For Diehl 213G track supported on sprocket and lidler of the field-
tested vehicle, the proposed method is employed to evaluate track hanging
length (Lh), track inclinations (BA,BB). and tension magnitudes (TA,TB,
To) as a function of track sag. Figure 4.4 exhibits the relationships,
which are obtained by gradually incrementing the track sag, ST, at a
small interval of 0.0254 m. It should be noted that the track tension at
idler (TA) is slightly less in comparison with the track tension at the
drive sprocket (TB), especlially for higher values of track sag, since the
elevation of point B is relatively higher. The procedure adopted to
obtain the relationships exhibited in Fligure 4.4, is also used to obtaln

initial desired track setting for specified track pre-tenslion, T(:r. For

this, the procedure is continued until T (= (TA+ TB)/Z) approaches

avg
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Figure 4.4 Hanging track characteristics based on quadratic polynomial.
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Tgr, and corresponding track sag and length are then indicated by S: and

Lﬁ, respectively. Consequently, S:, Lﬁ and Tfr collectively represent the
desired initial track setting.

Quadratic polynomial approximation of the hanging upper track
profile, 1is validated against measured static track profiles on the
field-tested vehicle for three different settings of track pre-tension,
Tgr. As 1illustrated in Figure 4.5, the comparison between measured and
analytical hanging track profiles shows generally good agreement. The
measured track profile exhibits a relatively less track sag especlally
for lower track pre-tension settings. It is primarily due to the fact
that the part of the hanging track rests on top of the third and fourth
road wheels. The analytical approximation, however, does not consider the
interaction between the hanging track and the road wheels.

In the course of simulation, the track sag , ST, must be known at
every instant in order to apply the proposed method. For specified track
and hull wheel parameters, a functional relationship between the track

sag and the track hanging length 1is established prior to the simulation,

given as:
S =b+bL+blL> (4.18)
T o 1 h 2 h

where constants bo, bl, and b2 are computed conslidering three known
values of Lh and corresponding ST. The selection and computation of three
data set is crucial in order to establish a correct representation of
equation (4.18).

It is apparent that the assumption of track inextensibility or track
sag becomes unreasonable as "Lh approaches d" (as shown 1in Flgure

4.3(a)). Thus, track stretching is accounted for in establishing the
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functional relationship (equation 4.18). The track sag 1s consldered to
be the dominant tension determining phenomenon up to the point where the
slope "dT/dL" equals the track longitudinal stiffness, Ktr, and beyond
this point, the track tension 1is computed based on track extensibility
{34). Thus, this point of track stretching or extensibility is considered
as the first among the three required data set. In order to determine
this point, "dT/dL" 1is computed as the absolute slope based on two
consecutive values of 'I“,vg and Lh (which are obtained for gradually
incremented track sag as discussed previously), and compared against Ktr.
Figure 4.6 shows the slope, dT/dL, as a function of track sag, length,
and tension, where the point of track stretching at dT/dL = Ktr is

1

characterized by (S;, Lh, T:r). Second and third data points are chosen

at 2 S and 3 Sl, and characterized by (SZ, Lz, T° ) and (Sa, L3, Ta),
T T T "h’ “tr T h’ Ttr
respectively. Alternatively, second and third points can also be selected
at S and 2 S if initial desired track tension, T(:r, is significantly
lower compare to Tlr (e.g. relative difference = 25%). Three data points
indicating track sag and associated track length are thus obtained, and
used to compute the constants bo, bx' and b2 based on equations (4.9),
where (X = L!, Y=8'), (x=12, Y=5% and (x = L%, Y= 5?).
A R AT B h' B T P K p T

The synthesized functional relationship between track sag and track
hanging length (equation 4.18) is verified by comparing it with the
actual relationship. The actual relationship is obtained by gradually
incrementing the track sag and computing the corresponding track hanging
length and track tension. Figure 4.7 shows track sag and average track
tension as a function of track hanging length between drive sprocket and

idler of the fleld-tested vehicle. As shown, solid curve indicates the

actual relationships. Dotted curve indicates the relationships obtained
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Figure 4.6 Determination of the point of track extensibility.
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based on equation (4.18), where values of track hanging length obtained

for solid curve were used to generate the data.

4.2.2.2 Wheel-Track Connectivity

In view of computation, and reflection of the track dynamic load at
each wheel station, an appropriate track connectivity 1is necessary to
define how the track wraps around wheels and terrain profile. The track
connectivity 1is continuously dependent on generalized coordinates
associated with road wheels and hull, and the terrain profile. The
connectivity algorithm must include three basic geometrical states, which
are:

(a) the coincident road wheel-track~terrain contact,

(b) the road wheel-track contact without the track-terrain contact, and

(c) no contact between road wheel and track, where track is either in or
out of contact with terrain.

The wheel-track connectivity algorithm employed in MODEL I, |is
refined to yield an appropriate definition of the track wrap angles
around road wheels. In MODEL I, the track wrap angle around 1*" road
wheel, ¢x’ is either computed as wheel-ground contact patch angle, Bl
(geometrical state: a), or wheel-track tangency angle, n (geometrical
state: b). The track wrap angle is correctly computed for state (b}, but
not for (a). For example, Figure 4.8 illustrates a geometrical situation
where ¢l is a linear combination of Bl and nl, and thus must be computed
correctly. For this, the horizontal coordinates of road wheel-ground
contact points and track tangency points are compared to establish the
first and last points of the track wrap around the road wheel, which are
specified as P: (= P1 or P:) and Pz (= P2 or P:). respectively. The track

wrap angle is then computed as:
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i

i 1 i
¢l = ATANS(V2 Yul, XZ - Xul) - ATANB(Y{1 Y Xl le) (4.19)

wi

In addition, the geometrical state (c) which suggests the road wheel-
track-terrain separation, is also incorporated to further enhance the
track connectivity algorithm. For Iintermediate road wheels (i = 2,..,
N-1), which are neither in contact with track (ni< 0) nor with terrain
(B'= 0), corresponding first and last track points are computed as (refer

to Figure 4.9):

Y ;. IfY >Y
1 | 1 1 T T P
Xi = XZ = X | : Vx = Vz = (4.20)
¥ YP ; otherwise
i i
) Vin— Vaz e
where, YT = VZ + -—Tl—-—l—é (Xm- Xz)
X - X
1 2
e te

and YP is the elevation of terrain profile at Xui. (xa,va ) indicates
the last track point for the road wheel on left-hand-side (including last
road wheel), which is in geometrical state (a) or (b). Similarly,
(X:n,ﬂin) indicates the first track point for the road wheel on right-
hand-side (including first road wheel), which is in geometrical state (a)
or (b). First and last track points, as given by equation (4.20), are
then used to define the end points of adjacent track segments, which are

subsequently checked for deflection as described in section 2.4.2 (Figure

2.18).

4,2.2.3 Track Bridging:

By definition, track bridging effect is a support transmitted to ith
road wheel in the form of an upward vertical component of the net dynamic

track load, T:y. It is evident from equation (2.14) that the computation
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Direction of Travel

Road Wheel 1-1

Road Wheel i+1

Figure 4.8 Determination of track wrap angle around 1** road wheel.

Road Wheel 1

(ln-l-l....l)

-

\
Half-Round Obstacle Deflected Track Segment

Figure 4.9 Road wheel-track separation (geometrical state C).
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of T:y i1s dependent upon the horizontal inclinations of track segments on
left (c;’l) and right (c:) sides of the road wheel. Thus, calculation of
the angles at which the track wraps around the wheels is a way to model
bridging effects.

In MODEL I, the track bridging effects are correctly modeled only
when: (a) track segment is deflected due to interaction with terrain
profile, or (b) track segment is tangent to the wheel. For instance,
Figure 4.8 illustrates the geometrical state where track segment on left
side of the road wheel is deflected and track segment on right side is
tangent, thus, track bridging is accurately modeled. Now, consider a
tracked vehicle moving over a flat profile. As shown in Figure 4.10 (a),
there is no support from the intermediate track segment (between road
wheels), since they are neither deflected nor tangent to road wheels. On
a flat profile, high mobility tracked, however, do get little support
from intermediate track segment. An estimate of actual phenomenon can be
achleved by defining midpoints of the intermediate track segments and
computing the wheel tangency points of adjacent wheels from these points
(34]. The wheel tangency points of 1** road wheel are determined using
geometric schemes shown in Figure 2.17. As shown in Figure 4.10 (b), the
horizontal inclinations of tangents can then be used to compute vertical
and horizontal components of net dynamic track load imposed at each wheel
station. Consequently, this approach is adopted to improve track bridging

effects, as demonstrated in Figure 4.11.

4.2.2.4 Net Dynamic Track Load

The net dynamic track load is computed as:
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Figure 4.10 Definition of track bridging.

Road Wheel 1-1

Road Wheel 1+1 Road Wheel i

[ 3
= //
£ *<Changed Inclination

./ e’ ) ._ o ./

Un-changed Inclination
Terrain Profile

Figure 4.11 An Improved track bridging.
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(T,+ T )/2 L o> L; (Track Inextensibility)

T = (4.21)

) 1 .
Ktr(Ltr Ltr) + To ; Lh = Lh (Track Extensibility)

where TA and TB are the track tension at idler and drive sprocket,
respectively, computed based on equation (4.16). To is the reference

tension for determining Ttr based on track extensibility, given as:

Tg ; L: = L; (Track is pre-stretched)
To = 1!‘ (4.22)
T ; Otherwise
tr
L , the instantaneous length of track required to wrap from top of

tr

the front hull wheel (point B), around the road wheels, and up to top of

the rear hull wheel (point A), is expressed based on equation (2.42) as:

N 2
L, = le¢’ R A+ kZ,¢hk R, * L1 (4.23)

0

and its initial value at time, t = 0, is Ltr Lh is the instantaneous

length of track hanging between drive sprocket and idler, given as:

L =L -1L (4.24)

(4.25)

and L: is the initial value which corresponds to the desired track pre-

tension, Tfr. The total track length, Ltr' is expressed as:

Lo i L o> L!
- tr h
L = (4.26)

tr 0 o}
Ltr+ (Lt.r- Lt.r) sl st

Equation (4.26) indicates that L'-r is either equal to or greater than
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its initial value, LSP. However, Ltr could also become less than L(:r at
certain instances during simulation. It only happens for the case when
track is pre-stretched (L:< L;) and Lﬁ< th L:l (a point between the point
of track initial setting and the point of track stretching).
Consequently, the term (Ltr- Lgr) in equation (4.26), which is also equal
to (Lg— Lh). becomes negative. It represents a peculliar situation, where
the overall track tension, Tu- (equation 4.21) is evaluated based on
track extensibility (th L:)' but indicates a drop from 1its initial
value, 7°
tr
The horizontal and vertical components of the overall track tension,
T", acting at the i*" road wheel are computed using equation (2.14),
where track inclination angles ej. (j=1,2) are, however, computed in view
of improved track bridging effects. The mathematical expressions for
horizontal and vertical components of dynamic track load acting at kth

hull wheel are, however, different from equation (2.18), and are given as

™ = T cos ej. + T cos ® ; 'I‘k = T sin ej. + T sin © (4.27)
hx tr J hy tr J
1 2 TB EJB ; for k =1
where J = , J = , T = and © =
N+1 1 TA G)A ; for k =2

As evident from equation (4.27), T and @ constitute track tension
vectors acting at the top of drive sprocket and idler. These vectors are
defined by equations (4.14} and (4.16) for the case of ‘track
inextensibility (Lh> L;). However, they become equal and opposite for the
case of track extensibility (th L:), where their magnitude, T =
K (L -L2 )+T_, and horizontal inclination, ®, is given by equation
tr  tr tr o]

(2.19).

The computational procedure for obtaining overall track tension, Tu’
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can be summarized in the following two steps:

(a) Prior to simulation, the functional relationship between track sag

and track hanging length (equation 4.18) 1is computed based on

specified vehicle and track parameters. Control parameters for

determining overall track tension, Ttr. such as track lengths: L:.
L‘, LO and L° and track tensions: To , ’I'1 and T are established
h tr tr tr tr o}

for the tracked vehicle positioned on a flat ground.

(b) During simulation, track length, Ltr (equation 4.23) 1is computed at
each integration step, where Ltr is based on Instantaneous kinematic
state of tracked vehicle with respect to terrain profile. Track
hanging 1length, Lh, is, then, obtained wusing equation (4.24).
Finally, overall track tension, Ttr (equation 4.21) is computed based
on:

m if Lh> L;: instantaneous track sag, ST’ is obtained using equation
(4.18), and coordinates of point D (XD,YD) are evaluated from
equation (4.8), where end coordinates of hanging track (XA,YA, and
XB,YB) are updated based on instantaneous centre coordinates of
sprocket and idler (equation 2.49). Consequently, instantaneous
hanging track profile 1is approximated by quadratic polynomial
(equation 4.9), and corresponding track tension vectors (TA,BA) and
(TB,GB) are computed using equations (4.14) and (4.16), or

s If th L;: net dynamic track load is computed based on track
extensibility, and corresponding tension vectors TA and TB are

equal and opposite.

4.2.3 Equations of Motion
In MODEL I, the equations of motion were derived assuming a strictly

vertical suspension configurations. However, an independent suspension is
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rigidly fixed to the vehicle frame, and thus remains perpendicular to the

frame. Consequently, the equations of motion are re-written as:

Bounce Motion of Hull:

2
ZFk} -g (4.28)
h =

N
- 1
yh T m [‘Zi (Fsl+Fdi )CB (Fso+Fdo)C9 *

Pitch Motion of Hull:

N
- 1 | S _
eh - -Th [121{(F5l+pdl)al * bwl[waCB (Fwy wwl)SO]) (Fso+Fdo)ao

ol s e+ v - s
Bounce Motion of Road Wheel Assembly:
;wl ) —%:a[Fly B (Fsl+Fdl)C9} -8 (4.30)
Bounce Motion of Driver and Seat:
y =—1—[(r +F )c} - g (4.31)
o mo so do 0

where, bwl indicates the instantaneous elevation of 1'" road wheel center
with respect to c.g. of the vehicle, and is measured along the line which
is perpendicular to the vehicle frame and passess through the road wheel

center,

Y -Y ~-as
b = cg (4.32)
8

The horizontal coordinate of i'" road wheel centre is then given by:
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le = ch + al.C8 - bm.Se (4.33)

The relative displacement and velocity across the primary and secondary

suspension units, are given as:

2

ro= [ywi- Y~ alSG]Ce - b,Sy (4.34a)
r, = y,- v, - [v,,~ ¥,16,Sg - a’éh[C; - s;] - 2 b6 5,C, (4.34b)
r,=ly,*aSy - yIC, + bos; (4.35a)
o=y, v - Iy,- y 18,8y + aoéh[cg - s;] +2b68,.C, (4.35b)

The net horizontal and vertical forces acting at road wheels (F:X,Fiy,l=

1,..,N) and hull wheels (Fk .Fk
hx hy

,k=1,2) are computed based on the refined
wheel and track models.

The zero-force configuration of MODEL Il is established in similar
manner as for MODEL I (section 2.5). However, the net dynamic track loads
acting at road wheels (T ,T' ,i=1,..,§) and hull wheels (T* ,T%, ke1,2)

wx' wy hx " hy
are computed based on the refined track models. Similarly, the vehicle
static equilibrium is established based on the iterative stiffness

approach (section 2.6).

4.3 FIELD VALIDATION OF MODEL Il

In this section, the ride response predictions for the field-tested
vehicle are evaluated using the refined ride model, MODEL I1I, and
validated against field-measured ri.e data. Discussions on the validation

results are presented in view of specific type of terrain profile.

Discrete Half Round Obstacles

The ride acceleration traces for the unladen test vehicle crossing
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over 6" and 8" half-round obstacles at various speeds, are evaluated and
superimposed over measured ones. For 6" obstacle-crossing, the test
vehicle configurations: B, C, and D, are considered, while configuration

B is considered for 8" obstacle-crossing.

6" Obstacle

Figure 4.12 illustrates the direct comparison between predicted and
measured acceleration traces for the test vehicle configuration B cross-
ing the obstacle at 14.3 km/h. In comparison with ride predictions
obtained using MODEL I (Figures 3.19 and 3.20), the ride predictions in
Figure 4.12 exhibit an improved correlation with the field measurements
(especially pitch acceleration). The acceleration levels predicted using
MODEL II are relatively high primarily due to the adaptive foot-print
formulation of the wheel/track-terrain interaction (section 4.2.1), which
yields relatively higher foot-print forces during obstacle-crossing. It
should be noted that the energy dissipation due to the 1Lh road wheel/
track-terrain interaction, modeled through the damping coefficient C:w,
has been excluded in the evaluation of ride predictions presented so far
(1.e. results in Figure 4.12 as well as the ride predictions evaluated
using MODEL I). In fact, there is dissipation of transmitted ground/soil
energy at the wheel/track-terrain interface. Thus, it is essential to
consider damping in order to realistically predict the ride response
especially in the high-speed terrain negotiations. A base value of
S kN.s/m is selected for C:“ such that the predicted angular acceleration
traces of intermediate road arm-wheel assemblies (ones without the shock
absorbers) exhibit a reasonably good correlation with the field
measurements. This is discussed in detail in Chapter 5 (section 5.3).

Figure 4.13 shows the field-validation of ride predictions, which are re-
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Seat Vertical Acceleration (9)

Hull C.G. Vertical Acceleration (9)

Hull Pitch Acceleration (rad/s?)

0 0.4 0.8 1.2 16 2 2.4
Time (s)

Figure 4.12 Ride acceleration traces - field validation of MODEL II's
predictions for test vehifle configuration B traversing 6"
obstacle at 14.3 km/h - C,=00Ns/m(i=1,..,5)

( Field Test, .......... Simulation).
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evaluated using C:H= S kN.s/m. The introduction of damping have
smoothened the ride, and predicted traces exhibit even a closer
correlation with field-measured data.

As shown in Figure 4.13, first five peaks in the simulated seat and
hull c.g. vertical acceleration traces are observed when each road wheel
hits the obstacle, while remaining peaks are due to the vehicle impact
and settlement on the flat ground after crossing the obstacle. Similarly,
first two peaks in the pitch acceleration traces are the indications of
wheel-obstacle interaction (net foot-print force) for first two road
wheels, whereas peaks 3 and 4 are primarily due to the overall track
tension (dynamic track load), which is dictated by the instantaneous
vehicle suspension geometry after first three road wheels have crossed
the obstacle. The peak S5 is due to a second ground impact of the vehicle
prior to its settlement, and may be more important than the first peak in
the discrete obstacle-crossing ride analysis of tracked vehicles.

Figures 4.14 and 4.15 show the measured and predicted acceleration
time histories of driver’'s seat vertical and hull pitch motions for the
test vehicle configuration B traversing the obstacle at 20 km/h and
29 km/h. As shown, MODEL II's predictions exhibit good correlation with
the measured ride data.

The ride acceleration traces are evaluated for the test vehicle
crossing over 6" obstacle with low and high track pre-tension settings.
Figures 4.16 and 4.17 show the measured and predicted acceleration traces
of driver’'s seat vertical and hull pitch motions for the test vehicle
configuration C crossing the obstacle at 14.9 km/h and 22.2 km/h.
Similarly, Figures 4.18 and 4.19 exhlbit the comparison between predicted

and measured ride acceleration traces for the test vehicle configuration
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Seat Vertical Acceleration (g)

Hull C.G. Vertical Acceleration (g)

Huil Pitch Acceleration (rad/s?)

1.2 1.6 2 2.4
Time (s)

Figure 4.13 Rlide acceleration traces - field validation of MODEL II's
predictions for test vehicle configuration B traversing 6"
obstacle at 14.3 km/h - € = 5.0 kN.s/m (1 = 1,..,5)

( Fileld Test, .......Simulation).
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Seat Vertical Acceleration (g)

Hull Pitch Acceleration (rad/s?)

0 0.4 0.8 1.2 1.6 2 2.4
Time (s)
Figure 4.14 Ride acceleration traces - field validation of MODEL II's

predictions for test vehicle configuration B traversing 6"
obstacle at 20 km/h ( Field Test, ---w..o.. Simulation).
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Hull Pitch Acceleration (rad/s2)
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Figure 4.15 Ride acceleration traces - field validation of MODEL II's
predictions for test vehicle configuration B traversing 6"
obstacle at 29 km/h ( Field Test, .w.ew-.- Simulation).
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Seat Vertical Acceleration (g)

Hull Pitch Acceleration (rad/s?)

Figure 4.16 Ride acceleration traces - field validation of MODEL II's
predictions for test vehicle configuration C traversing 6"
obstacle at 14.9 km/h ( Field Test, ... Simulation).
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Figure 4.17 Rlde acceleration traces - field validation of MODEL II's
predictions for test vehicle configuration C traversing 6"
obstacle at 22.2 km/h ( Field Test, -wwow... Simulation).
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D traversing the obstacle at 15.4 km/h and 22.5 km/h. As shown, rlde
acceleration traces obtained using both track pre-tension settings are
very similar, and exhibit a generally good agreement with the field
measurement. It is demonstrated by both predicted and measured results
that the specified variations in the track pre-tension setting does not
have any significant influence on the ride and shock performance of the
test vehicle.

Comparison of the animated pictures with the numerical/graphical
output at various time steps 1is very useful in understanding and
analyzing the ride responses of the vehicle. Figure 4.20 represents a few
selected snapshots of the test vehicle traversing 6" obstacle with a low
and a high track pre-tension settings. These snapshots are obtained from
the animation program (post-processing). Indeed, the response results
presented so far are well explained by the related animation pictures in

Figure 4.20.

8" Obstacle:

Figure 4.21 illustrates the comparison of MODEL II's ride predictlons
with field measurements for the test vehicle configuration B crossing the
obstacle at 7.8 km/h. The measured and predicted hull pitch acceleration
traces exhibit a distinct downward peak, which occured as a consequence
of the idler-obstacle interaction. Figures 4.22 and 4.23 show predicted
and measured ride acceleration traces for the test vehicle configuration
B negotiating the obstacle at 12.8 km/h and 18.9 km/h. In comparison, the
predicted accleration traces exhiblit superior ride and shock performance,
As shown, there are two dominant upward peaks in the measured traces:
first peak was due to the first road wheel-obstacle interaction, and the

second dominant peak was due to the sprocket-ground interaction Jjust

185



o
©
5
*a

o
[+ ]
1

o
'S
L

(=]
N
1

Seat Vertical Acceleration (g)

Hull Pitch Acceleration (rad/s?)

Time (s)

Figure 4.18 Ride acceleration traces - fleld validation of MODEL II’s
predictions for test vehicle configuration D traversing 6"
obstacle at 15.4 km/h ( Field Test, ............. Simulation).

186



(6) uoneiajso0y [eOIIBA JROS

T O N - O w o @ ¥

(zS/pe1) uoneIB|EOAY YO (INH

Time (s)

predictions for test vehicle configuration D traversing 6"
Fleld Test, --«....... Simulation).

Figure 4.19 Rlide acceleration traces - field validation of MODEL II's
obstacle at 22.5 km/h (
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Figure 4.20 Animation of M113A1 APC traversing 6"
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Figure 4.21 Rlide acceleration traces - field vallidation of MODEL II's
predictions for test vehicle configuration B traversing 8"
obstacle at 7.8 km/h ( Fileld Test, .-......... Simulation).
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Figure 4.22 Ride acceleration traces - fleld validation of MODEL II's

predictions for test vehicle configuration B traversing 8"
obstacle at 12.8 km/h ( Field Test, ........... Simulation).
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Figure 4.23 Ride acceleration traces - field validation of MODEL 1I's

predictions for test vehicle configuration B traversing 8"
obstacle at 18.9 km/h ( Field Test, ..........Simulation).
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after the vehicle has crossed the obstacle. First peak in the simulated
trace 1is relatively lower, because the severity of front road wheel-
obstacle interaction was reduced due to the front track feeler-obstacle
interaction, which simply caused an increase in the net vertical dynamic
track load (T:y). and lifted and carried the road wheel over the
obstacle. The second predicted peak is due to the vehicle impact on the
ground nrior to Iits settlement, and does not indicate sprocket-ground

contact.

Sinusoidal Course

In this section, the ride dynamic response of the test vehicle
configurations A and B subjected to a sinusoidal excitation, is evaluated
and compared against field measurements. The excitation frequency based
on the selected vehicle speed (Vx = 6.7 km/h) and the wavelength (A =
0.76 m) 1s approximately 2.4 Hz. Figures 4.24 and 4.25 show samples of
measured and simulated acceleration traces for vehicle configurations A
and B, respectively. The comparison between measured and predicted
acceleration traces obtained using vehicle configuration B (unladen) is
relatively better, since the mass/inertia and dimensional parameters for
vehicle configuration A (laden) were only roughly estimated, as explained

in section 3.6.1.

LETE48 Random Course

The ride acceleration spectra for all four test vehicle
configurations (A, B, C, and D) traversing the LETE48 random course at
13.5 km/h, are evaluated and superimposed on the corresponding measured
spectra. As shown in Figures 4.26 to 4.29, the predicted response spectra

exhibit good correlation with the field measured spectra in terms of
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Figure 4.24 Ride acceleration traces - field validation of MODEL II's
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overall response characteristics such as dominant peaks and corresponding
frequencies. For all cases, the measured and predicted bounce ride
vibration levels at the driver-seat interface are observed to be within
the ISO specified 1 h exposure FDP limit. Table 4.1 1lists the measured
and predicted values of average absorbed power, and rms pitch

acceleration.

Belgian Pavé

Figures 4.30 and 4.31 presents the comparison of measured and
predicted ride acceleration spectra of the test vehicle configurations A
and B traversing Belgian pavé at 35 km/h, respectively. Table 4.2 lists
the measured and predicted values of average absorbed power and rms pitch

acceleration.

4.4 ASSESSMENT OF WHEEL AND TRACK MODELS

In this study, the wheel-track-terrain interactions are represented
based on the two wheel and track models of varying complexities (MODEL 1
and MODEL II). In previous ride dynamic studies reported 1in the
literature, wheel and track have been modeled using various other model-
ing strategies. However, no study has attempted to compare these models
such that the relative performance of wheeled/tracked vehicle ride models
can be assessed in view of analytical complexity (cost) and simulation
realism (in reference with field-measured ride data). In this sectlon,
different wheel and track models available in the literature are used in
conjunction with MODEL II to carry out ride simulation of the fleld-
tested vehicle, and corresponding ride predictions are validated against

field measurements. Primary objectives of this exercise are twofold:
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Table 4.1 Fleld validation of MODEL 11 (LETE48 course; speed=13.5 km/h).

Absorbed power (watts)/rms acceleration (rad/s®)
Vehicle Configuration
Field Test Simulation
A 4.5/1.61 3.172.16
B 4.4/1.65 4.3/2.19
C 3.7/1.30 3.9/2.16
D 3.5/1.29 4.4/2.22

Table 4.2 Fleld validation of MODEL II (Beigian pavé; speed = 35 km/h).

Absorbed power (watts)/rms acceleration (rad/c?)

Vehicle Configuration

Field Test Simulation
A 0.940/0. 492 0.763/0.729
B 0.921/0.526 1.070/0.770
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(a) to assess the relative performance of proposed wheel and track
models, and
(b) to demonstrate the influence of individual wheel and track models on

the ride predictions.

4.4.1 Comparison of Wheel Models

In the current research program, the wheel/track-terrain interaction
has been modeled using two analytical representations:

m idealized continuous spring model (employed in MODEL 1), and

m adaptive continuous spring model (employed in MODEL II).
Both wheel models are concelived based on the concept of a continuous ring
of springs radially distributed over the wheel-terrain foot-print, and an
equivalent damper. The idealized wheel model assumes the wheel deflection
averaged by a straight line adjoining the first and last wheel-terrain
contact points, while ignoring the terrain irregularities or slope-
changes within the foot-print. The adaptive wheel model is an enhanced
version of the idealized representation, where terrain irregularities, if
found within the foot-print, are accounted for through the deformations.

In previous studies, the wheel for dynamic simulation purposes has
been modeled using four basic analytical models:

@ point contact,

m rigid tread band,

@ fixed foot-print, and

®m adaptive foot-print.
Captain et al. [30] compared these wheel models based on the ride dynamic
study of an off-road wheeled vehicle (cargo truck) traversing rough,
rigid terrain wundulations. All four wheel models are formulated and

employed for performing ride simulation of the fleld-tested tracked
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vehicle in conjunction with MODEL II, and corresponding ride predictions
are compared with fleld measurements. The wheel models are described in
detall in Appcndix I.1. The spring and damping parameters for all wheel
models (including proposed ones) are listed in Table 4.3. As discussed
earlier (section 3.6.1 and appendix 1.1), the spring constants are
computed based on the wheel-terrain contact patch formed on a flat
surface for specified static vertical 1load (P) and corresponding
deflection of wheel centre (A"). The static load, P, for Au = 0.0254 m is
taken as 15568 N for road wheels, and 25400 N for hull wheels [38]. The
segmentation angle, ¢ (only for rigid tread band, fixed foot-print,
adaptive foot-print, and adaptive continuous s»ring models) is taken as
2 degrees. The contact patch length, L (only for fixed foot-print model)
is considered equal to the wheel radius. Discussions on the results are
presented as follows.

The undamped natural frequencies and associated dominant deflection
modes for the test vehicle configuration B, predicted based on the
converged stiffness matrix (section 2.6) in conjunction with specified
wheel models, are listed in Table 4.4. The natural frequencies obtained
in conjunction with point contact, rigid tread band, and fixed foot-print
models are slightly higher, whereas adaptive foot-print and continuous
spring models yield the similar values,

The ride acceleration traces for the vehicle configuration B
traversing 6" obstacle at 14.3 km/h, are evaluated in conjunction with
the specified wheel models. Figure 4.32 shows the direct comparison
between predicted and measured traces. The ride response evaluated using
point contact model, is found to be significantly higher than those of

the other models, and shows poor correlation with the measured ride data.
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Table 4.3

Spring and damping constants for wheel models.

Wheel Model Type Ro?? Zh?el/Tg?ck Sprocket/Track Idler/Track
1 _ 1 _ 6 2 6
Point Contact and Kr'— 612 913 N/m Kh"- 1 x 10 N/m Kh“ 1 x 10 N/m
Rigid Tread Band c! = so00 N.s/m c! = soo0 N.s/m ¢ = 5000 N.s/m
rw hw hw
k‘u= 46 673 N/m k:"= 59 860 N/m k: = 55 644 N/m
Fixed Foot-Print ‘1’ ) 2"
crw= 161 N.s/m ch“= 161 N.s/m kh'= 161 N.s/m
kl = 38 469 N/m k; = 55 834 N/m k: = 53 167 N/m
Adaptive Foot-Print :" 1" 2"
i 223 N.s/m ch"= 192 N.s/m Cou™ 192 N.s/m
Continuous Spring Kl = 1 121 256 Kl = 1 634 508 = 1 559 657
rw hw hw
(Idealized and | N/m/rad R N/m/rad » N/w/rad
Adaptive) Crw= 5006 N.s/m Ch"= 5000 N.s/m Ch"= S000 N.s/m

Table 4.4 Predicted natural frequencies for test vehicle configuration B in
view of wheel models.

Dominant Undamped Natural Frequency [Hz]
Deféz;:ion Point Contact & Fixed Foot- | Adaptive Foot- | Continuous
Rigid Tread Band | Print Print Spring
yh 1.885 1.866 1.842 1.843
e 1.343 1.324 1.307 1.307
Y1 12.82 11.89 11.32 11.34
Y.o 12.87 12.59 11.95 11.97
Y3 12.85 12.54 11.91 11.93
Y.a 12.84”. 12.50 11.88 11.89
yws 12.83 11.94 11.37 11.39
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On the other hand, the response obtained in conjunction with idealized
continuous spring model shows softer ride due to the under-estimation of
obstacle profile (as explained in section 3.7). The ride acceleration
traces obtained using rigid tread band, adaptive foot-print, and adaptive
continuous spring models, are very similar, whereas fixed foot-print
model ylelds slightly higher ride acceleration levels. The comparison
between measured and predicted vertical acceleration levels in terms of
absolute peak value found in the acceleration time history, and its rms
value, is summarized in Table 4.5, along with the respective percentage
errors, and seconds of computer run time consumed with different wheel
models for total simulation time of 2.5 s. In comparison, the adaptive
continuous spring model predictions show the best correlation with the
measured values. In terms of run time, the proposed model is almost as
fast as a point contact model for the discrete obstacle-crossing
analysis.

The performances of wheel models are evaluated based on the
comparison of traces associated with wheel centre coordinate, net foot-
print force, and overall track tension. The trace of the centre
coordinate of the first road wheel In reference with the obstacle
profile, is shown in Figure 4.33. Unlike point contact model, the traces
of remaining wheel models exhibit similar trend, where the profile
filtering effects are pronounced. It should be noted that the filter
characteristics in the simulation of tracked vehicles not only depend on
the wheel model, but is also dictated by the track effects. The traces
shown in Figure 4.33, indicate the track influence, where the front road
wheel, once crosses over the obstacle (after the first peak), |is

primariiy supported by the adjacent inclined track feeler (track bridging
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Table 4.5 Assessment of wheel models (6" obstacle, V;=14.3 km/h, tnm;=2.5 s).

run tlme*(s)

peak value (g)/rms value (g) % error

Field Test 0.660/0.197 —_ —
Point Contact 4.39/0.374 565/89.8 281
Rigid Tread Band 0.740/0.219 12.1/711.2 470
Fixed Foot-Print 0.864/0.227 30.9/15.2 470
Adaptive Foot-Print 0.746/0.217 13.0/10.1 541
Idealized Continuous 0.439/0.157 33.5/20.3 273
Spring

Adaptive Continuous 0.704/0.201 6.7/2.0 293

Spring

(T

computer run time on a MicroVAX)

208



0.4 0.4 \_
g |
P 0.3 0.3-
©
£ _
6 0.21 0.2
<]
><_,> 4
0.1 le— Half Round Obstacle 0.4 -
Point Contact | Rigid Tread Band
o T Ld L) T LJ L] T o T T T T L] T L]
-2 2 4 6 8 -2 (o] 2 4 6 8
0.4 0.4 1
E o3 0.3 _)
&
© J
=
©
5 0.21 0.2
0
9 -
> 0.1 - 0.1 - «— Half Round Obstacle
1 Fixed Foot-Print Adaptive Foot-Print
-2 2 4 6 8 -2 0 2 4 6 8
0.4
] /"‘\’\/\—~ 0.4
15(13- __J
P | 0.3
e
B 0.2
= 0.24
[e] -
; ~—Half Round Obstacle
0.11 0.1-
| Idealized Continuous Spring Adaptive Continuous Spring
o ——— T T T T T T T T T T T T T ¥ T T
2 2 4 6 8 -2 0 2 4 6 8

X-coordinate (m)

X-coordinate (m)

Figure 4.33 Comparison of wheel models - traces of first road wheel centre
for vehicle configuration B crossing 6" obstacle at 14.3 km/h.

209




or catching effects). Figure 4.34 shows the traces of the second road
wheel centre determined with different wheel models. In comparison with
front road wheel, the second road wheel has lesser track support as it is
evident from the comparison of respective traces. Figures 4.35 and 4.36
show the time histories of horizontal and vertical components of net
foot-print force for first and second road wheels, respectively. As
expected, the response of the point contact wheel is found to be
significantly higher than that of the other models. The magnitude of the
horizontal component is significantly high for point contact and fixed
foot-prrint models. The force trace obtained in conjunction with the rigid
tread pand exhibits high frequency fluctuations, caused by the failure to
satisfy the slope condition within the specified tolerance (equation
1.4). Figure 4.37 compares the overall track tension traces (equation
4.21), where the peak magnitudes are significantly higher when evaluated
using the point contact model.

The wheel models are further used to carry out ride simulations for
the test vehicle configuration B subjected to other test courses. Figure
4.38 shows the traces of measured and predicted vertical ride
acceleration for the vehicle traversing the sine course at 6.7 km/h.
Table 4.6 summarizes the comparison in terms of the rms value of
acceleration traces, and the computer run time. The performance of the
idealized continuous spring model in terms of the ride prediction
accuracy and the run time, is better in comparison with the other models.

Figure 4.39 and Table 4.7 compares the wheel models based on the ride
performance of the test vehicle configuration B traversing LETE48 random
course at 13.5 km/h. The predicted vertical ride acceleration spectra, as

shown in Figure 4.39, are almost identical. Based on the corresponding
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Table 4.6 Assessment of wheel models (Sine Course, Vx=6.7 km/h, tmx=5 s).

rms value (g) % error run time (s)

Field Test 0.278 —_— —_
Point Contact 0.408 46.7 725
Rigid Tread Band 0.330 18.7 1126
Fixed Foot~Print 0.336 20.9 1125
Adaptive Foot-Print 0.321 15.5 1256
Idealized Continuous 0.245 11.8 709
Spring

Adaptive Continuous 0.325 16.9 1260
Spring
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Table 4.7 Assessment of wheel models (LETE48 Course, Vx=13.5 km/h, tnax=20 s)

Abs. Power (W) % error | run time (s)

Field Test 4.36 — —_—
Point Contact 4.38 0.46 2806
Rigid Tread Band 4.38 0.46 6784
Fixed Foot-Print 4.60 5.50 6892
Adaptive Foot-Print 4.39 0.69 7689
Idealized Continuous 3.90 10.5 2617
Spring

Adaptive Continuous 4.33 0.69 6188
Spring
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absorbed power values (watts) 1listed in Table 4.7, the 1ideallzed

continuous spring model exhibits relatively less agreement, but, requires

the least run time seconds. The point contact model’s predictions are as
good as those of the other high resolution models, because the specified
random course is a gradually varying course (i.e. the spacing between
successive profile points is equal to the road wheel radius), and thus
the profile filtering effects are negligible unlike those for discrete
half round obstacles, and sine course. The ride response predictions
evaluated based on the simulation of the test vehicle traversing Belgian
pavé at 35 km/h, showed similar trend.

Based on this comparative study, following observations are made:

(a) The proposed idealized continuous spring representation of wheel/
track-terrain interaction requires the least computational time in
comparison with the other models, and yields ride predictions which
exhibit a generally good agreement with the field test data.

(b) The ride predictions evaluated in conjunction with the proposed
adaptive continuous spring model show an excellent correlation with
the field test data. Overall, this model performs very well 1in
comparison with the other wheel models. For instance, for the
discrete obstacle-crossing simulatlion, this proposed model is almost
as fast as its simplified version (i.e. the ideallzed continuous
spring model), yet predicts very accurately in comparison with the
other models.

(c) The ride response of the test vehicle traversing over discrete
obstacle and sine course, is significantly high when evaluated using
the point contact wheel model. However, for LETE48 random course and

Belgian pavé, where the changes in the profile elevation are gradual,
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the point contact model predicts as well as other high resolution
wheel models.

(d) The adaptive foot-print model, which is of the highest resolution
among the previous models, ylelds ride predictions similar to those
of the proposed adaptive model, but requires excess computational
time.

(e) The performance of the rigid tread band model is comparable to that
of the adaptive foot-print model, whereas the fixed foot-print model

yields slightly higher ride acceleration levels.

4.4.2 Comparison of Track Models

In this study, the dynamic track tensioning effects have been modeled
using two track models of varying complexities:

m track model # 1 (employed in MODEL I), and

®m track model # 2 (employed in MODEL II).
In track model # 1, dynamic track load imposed at each wheel station is
evaluated considering track pre-tension plus tension due to track
extensibility, while ignoring the track inextensibility in view of the
track sag between sprocket and idler. Track model # 2 is an improved
version of the track model # 1, where the track sag is modeled using the
quadartic polynomial approximation; the wheel-track connectivity 1is
improved to yleld an appropriate definition of track wrap around road
wheels and road wheel-track-terrain separation; and the track bridging is
enhanced to define appropriate track inclination angles around road
wheels. For comparative study presented in this section. track model # 1
is, however, considered to incorporate the improved wheel-track
connectivity as discussed for track model # 2.

In previous studies, a number of track models of varying complexities
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have been employed for simulation purposes. In particular, a high
resolution track model by McCullough et al. [34], and a simplified track
model employed in VEHDYN II code [38) represent two totally different
approaches to account for track effects. McCullough et al. [34) employed
a catenary-based approach to account for track inextensibility, and
proposed an ideal non-dimensional catenary solution for computing track
tension in the track segment hanging between sprocket and idler. The
track extensibility was accounted for in conjunction with a simple
relaxation of the ideal catenary equation. For this study, an additional
track model, referred to as track model # 3, is developed based on the
proposed track model # 2, but considering the ideal catenary approach for
track inextensibility [34], and is described in detail in Appendix I.2.
The track model employed in VEHDYN 1I code [38) is concelved based on
hypothetical linear springs interconnecting adjacent wheel pairs, which
generate local tensioning effects. This track representation 1is
considered for this study, and referred to as track model # 4 (discussed
in Appendix I.2). The values of the track spring constants (only for
track model # 4) corresponding to the nominal initial track setting for
the flield-tested vehicle, are listed in Table 4.8. Table 4.9 lists the
undamped natural frequencies and associated modes for the test vehicle
configuration B estimated based on the converged stiffness matrix
obtained from the iterative stiffness procedure (section 2.6), where the
applied force vector given in equation (2.85) is evaluated in conjunctior
with specified track models. Discussions on the ride predictions and
their correlation with field test data, are presented in the following
paragraphs.

The ride acceleration traces for the test vehicle configuration B
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Table 4.8 Track spring constants for track model # 4 [38].

Track Segment Spring Constant (N/m)
Front Feeler (k:) 105 071
Between Road Wheels

(kz,..,ks) 65 670
t t
Rear Feeler (kf) 105 071

Table 4.9 Predicted natural frequencies for test vehicle configuration B in
view of track models.

Dominant Undamped Natural Frequency [Hz]
Defézgzion Track Model Track Model | Track Model ]| Track Model

#1 # 2 #3 # 4
Y, 1.856 1.843 1.841 1.820
e, 1.316 1.307 1.306 1.345
Y. 11.34 11.34 11.37 11.97
Y,a 12.08 11.97 11.99 11.94
Y,s 12.05 11.93 11.95 11.93
Yoa 12.01 11.89 11.92 11.95
Y.s 11.40 11.39 11.43 11.92
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crossing over 6" obstacle at 14.3 km/h, are evaluated using specified
track models. As shown in Figure 4.40, the ride acceleration traces
obtained in conjunction with first three track models are very similar,
and show good correlation with the measured trace. On the other hand, the
ride response evaluated using track model # 4 is found to be in poor
agreement with the test data. Table 4.10 summarizes the comparison in
terms of absolute peak and rms values associated with vertical ride
acceleration traces, and computer run time required for simulation. As
listed, the predicted values obtained using the proposed track model # 2
show the closest agreement with the measured ones. In terms of computer
run time, track model # 4 is the fastest.

Track model # 2 yields a better representation of the track effects,
and allows one to visualize the track sag in a direct relation with track
tension For instance, Figure 4.41 illustrates the time histories of
track sag for the test vehicle traversing 6" obstacle with three
different track pre-tension settings, where the vehicle speed is nearly
the same (also refer to Figure 4.20). The track sag for high pre-tension
setting (T2r= 12 kN) is initially set equal to zero, since the track is
considered pre-stretched (Ttr> T:r). As shown, there are three common
dominant peaks, where the first peak is observed when the first road
wheel is right on top of the obstacle, and indicates the maximum drop in
the track pre-tension; whereas remaining two peaks are observed after the
last road wheel hits the obstacle and before the vehicle settlement on
the ground. The track sag values for the time duration between first and
second peaks are primarily zero, and corresponds to the instances during
which the intermediate road wheels and track segments are negotiating the

obstacle, where the overall track tension is computed based on the track
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Figure 4.40 Comparison of track models - ride acceleration traces for test
vehicle configuration B crossing 6" obstacle at 14.3 km’h
( Fleld Test, ..........Simulation).

224



Table 4.10 Assessment of track models (6" obstacle, Vx=l4.3 km/h, Tnax=2.5 s)

peak value (g)/rms value (g) % error run tlme'(s)
Field Test 0.660/0.197 — —_—
Track Model # 1 0.748/0.208 13.3/5.6 271
Track Model # 2 0.704/0.201 6.7/2.0 293
Track Model # 3 0.778/0.210 17.9/6.6 300
Track Model # 4 0.726/0.168 10.0/14.7 224

(* computer run time on a MicroVAX)
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Figure 4.41 Time historles of track sag for test vehicle configuration B
traversing 6" obstacle.
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belt extensibility. For low and nominal track pre-tension settings, the
track sag briefly disappears prior to first road wheel-obstacle inter-
action. It is due to the front track feeler deflection as it comes in
contact with obstacle profile.

Track model # 2 1is consldered as a reference to assess the
performance of other track models. Figure 4.42 shows the traces associat-
ed with track parameters such as overall track tension (Ttr). total track
length (Ltr), and net vertical track forces acting at first and second
road wheels (T:y and Tiy) for the test vehicle configuration B traversing
6" obstacle at 14.3 km/h. As shown in Figure 4.42 (a), the un-stretched

track length computed wusing track model # 2 remains constant at 1its

0

initial 1level, and 1is relatively higher due to higher value of Lh

(whereas Lﬁ = d for track model # 1), and corresponds to the instances
where the overall track tension is computed based on track
inextensibility. However, the track length computed using track model # 1
can decrease from its initial level, for which the overall track tension
is assumed to be constant at its initial level. As demonstrated by both
track models, an increase in total track length from its initial level
indicates a stretch of track belt, and an associated increase in the
tension computed based on track extensibility. As shown, first five peaks
in the tension traces are primarily due to the interactions of
intermediate track segments (including front track feeler) wlith the
obstacle; whereas the corresponding valleys are observed when each road
wheel is on top of the obstacle.

Figure 4.42 (b) exhibits the predictions of track model # 3 1in
reference with those of track model # 2. As shown, the primary peaks in

the tension trace obtained wusing the track model # 3 are relatively

227



Track Tension (kN)
aox2oRR8E
Ittt tntet

(a) «wwewee Track Model # 1, ———— Track Model # 2

Track Tension (kN)
2 0325RB8EE
IERE AR NN AN

Length (m)
o 2 @
o
t

Track Model # 2

16
12 1
\4_
"!0: —
B
,8...
R '
-16 1 -
0 0.4 0.8 1.2 1.6 2 24
Time (s)
(c) «wwwwns Track Model # 4, ———— Track Model # 2

Figure 4.42 Comparison of track models - traces of track parameters for test
vehicle configuration B crossing 6" obstacle at 14.3 km/h.
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higher, because the reference tension, To' is estimated at 12.5 kN,
whereas T6= 10.5 kN for the track model # 2 (refer Figure 1.6). The
initial or un-stretched track length computed using track model # 3 1is
relatively higher. Figure 4.42 (c) shows the predictions of track mode) #
4 in terms of the time histories of vertical component of dynamic track
load acting at first and second road wheel centres. Unlike track model #
2, model # 4 ignores the track support for the road wheel when the
vehicle is traversing on a flat ground profile. Track model # 2 (also
model #'s 1 and 3) yields vertical track force, which is always acting
upward (> 0), since the negative value indicates road wheel-track
separation, as shown for the second road wheel. Due to the modeling
strategies employed 1in track model # 4 (i.e. bi-directional track
springs) the net vertical track force occasionally becomes negative,
which tends to pull the road wheel downward into the terrain profile,
which results in higher net foot-print forces. Consequently, fluctuations
of higher magnitude are observed in the ride acceleration traces
(Figure 4.40).

The track models are further compared based on the simulations of
test vehicle configuration B traversing various other test courses.
Figure 4.43 shows the traces of measured and predicted vertical ride
acceleration for the vehicle crossing over 8" obstacle at 7.7 km/h. As
before, the ride predictions based on first three track models are very
similar, and in good agreement with test data. The trace evaluated using
track model # 4 indicates significantly high magnitudes of acceleration
levels. Based on the comparison presented in Table 4.11, the track model
# 2 ylelds the best ride predictions. The time histories of track

parameters are presented in Figure 4.44. In comparsion with the traces
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Figure 4.43 Comparison of track models - ride acceleration traces for test
vehicle configuration B crossing 8" obstacle at 7.7 km/h
( Fleld Test, «....... Simulation).
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Table 4.11 Assessment of track models (8" obstacle, Vx=7.7 km/h, T;mx=3.5 s).

peak value (g)/rms value (g) % error run time (s)
Field Test 0.510/0. 165 —_
Track Model # 1 0.627/0.179 22.9/8.5 401
Track Model # 2 0.583/0.177 14.3/7.3 439
Track Model # 3 0.632/0.185 23.9/712.1 446
Track Model # 4 1.192/0.217 133.7/31.5 331
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obtained for 6" obstacle (Figure 4.42), the traces in Figure 4.44 are

significantly different.

Figure 4.45 and Table 4.12 compare the performance of track models
based on the ride simulation of test vehicle traversing sinusoidal course
at 6.7 km/h. Similar observations are made as for the case of half round
obstacles. Based on the rms values listed in Table 4.12, the track
model # 3 predicts closest to the field test data. Figure 4.46
illustrates the traces associated with track parameters, where the
respective differences can be explained in a similar manner as for half
round discrete obstacles.

Table 4.13 compares track models based on the ride qualiily
predictions for the test vehicle negotizting LETE48 course at 13.5 km/h.
As shown, the average absorbed power values computed in conjunction with
first three track models are almost the same, and exhibit an excellent
agreement with measured value. The average absorbed power value evaluated
using track model # 4 under-estimates the ride harshness conslderably.

Based on the comparative study presented in this section, following
observations are made:

(a) The performance of a relatively simpler track model # 1 is comparable
to that of a more detailed track model # 2.

(b) The quadratic polynomial approach employed to model track
inextensibility in track model # 2 yields similar results as an ideal
catenary-based approach used in track model # 3. However, track model
# 2 permits direct visualization of the track sag in relation with
track tension.

(c) The ride predictions obtained in conjunction with track model # 2

generally shows a superior agreement with field test data.
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Table 4.12 Assessment of track models {(Sine Course, Vx=6.7 km/h, me=5 s).

rms value (g) % error run time (s)
Field Test 0.278 _— —_
Track Model # 1 0.347 24.8 1159
Track Model # 2 0.325 16.9 1260
Track Model # 3 0.310 11.8 1285
Track Model % 4 0.584 110.0 945
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Table 4.13 Assessment of track models (LETE48 course, Vx=6.7 km/h,Tnax=20 5).

Abs. Power (W) % error run time (s)
Field Test 4.36 —_ _
Track Model # 1 4.3 1.15 5877
Track Model # 2 4.33 0.69 6188
Track Model # 3 4.40 0.92 6375
Track Model # 4 2.0 54.1 4703
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(d)

4.5

The ride predictions based on track model # 4 exhibit the least
agreement with fleld test data. Although track model # 4 requires
relatively less computer run time, the accuracy of ride predictions
obtained with track model # 2 outweighs the increase in computer run

time.

SUMMARY

In this chapter, the ride dynamic model, MODEL I, is refined in view

of the sub-system modeling strategies associated with the dynamic wheel-

track-terrain interactions and vehicle suspension system. The refinements

are:

The

The net foot-print force 1is evaluated based on an adaptive
formulation of the idealized continuous spring model, where, the
terrain irregularities, if found within the contact patch, are
accounted for through the local deformations.

Dynamic track load imposed at each wheel station is evaluated based
on an improved track modél, which in addition to track extensibility,
also Incorporates track Iinextensibility, which is modeled based on
quadratic polynomial approximation of the track segment hanging
between sprocket and idler. In addition, the wheel-track connectivity
is improved to properly define the track wrap angle around road
wheels, and the road wheel-track-terrain separation, and to include
enhanced modeling of the track bridging effects.

The equations of motion are re-written based on a realistic
suspension configuration, where the independent suspension unit is
considered to remain perpendicular to the vehicle frame.

re-derived model, MODEL II, is then assessed using field test data.
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The ride responses evaluated for varlous test conditions have shown an
improved correlation with the field test data.

In order to assess the performance of proposed wheel and track
models, various other wheel and track modeling strategles used by other
researchers are formulated and employed for performing ride simulations
of the field-tested vehicle in conjunction with MODEL I1I. Corresponding
ride predictions are validated against field test data. This comparative
study has provided a detailed assessment of individual wheel and track
models in view of the accuracy of ride predictions, and associated
computational time. In comparison, the ride predictions evaluated in
conjunction with proposed wheel and track models have shown a superior

agreement with the field test data.
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Chapter 5

RIDE DYNAMIC STUDY OF THE CANDIDATE VEHICLE WITH
TRAILING ARM SUSPENSION CONFIGURATION

5.1 INTRODUCTION

The ride prediction models, MODEL I and MODEL II, are formulated
assuming an Idealized representation of the torsion bar/trailing arm
suspension system employed 1n the candidate vehicle. The torsion bar
stiffness and the inclined shock absorber are idealized by an equivalent
independent suspension configuration (a parallel combination of recti-
linear spring and damping elements), while ignoring the kinematics of the
trailing arm (or road arm) and shock absorber linkages. As shown 1in
Figure 2.3, each road wheel is mounted on a road arm splined to a torsion
bar, and experiences swing like motion as the vehicle negotiates rough
terrain undulations. Thus, the road wheel not only displaces in a
vertical direction (as assumed for MODELs I and II), but experiences
horizontal motion as well. Evidentally, the alternate choice of the
rotational degree-of-freedom associated with rotation of the road arm-
road wheel assembly about the torsion bar centre, is vital in view of an
accurate representation of the vehicle ride dynamics. The ride model
formulation considering rotational degrees-of-freedom for road arm-road
wheel assemblies in conjunction with kinematic considerations for road
arm and inclined shock absorber likages, would thus correctly represent
the suspension components, and serve as a design-oriented tool for
analyzing the expected field performances of the suspension components.

In this chapter, the ride dynamic model for the candidate vehicle is

re-derived in view of the above-mentioned considerations, and incorpo-



rates the refined wheel and track sub-models employed in MODEL I1. This
new ride model is referred to as MODEL IIl. The relative performance of
MODEL III is assessed based on the field validation results. MODEL III is
then employed to carry out parameteric sensitivity analyses to demon-
strate the influence of the variations in vehicle suspension parameters
on the ride dynamic behaviour of the candidate vehicle. In addition,
simulations are performed with advanced suspension system, such as a
typical hydrogas or hydropneumatic suspension configuration developed for
high mobility tracked vehicles, in order to investigate its potential in

improving the ride performance of the candidate vehicle.

5.2 DEVELOPMENT OF RIDE DYNAMIC MODEL IN VIEW OF TORSION BAR/TRAILING ARM
SUSPENSION CONFIGURATION: MODEL III

The trailing arm/torsion bar suspension system comprises of four
ma jor components: torsion bar, road arm (with or without overhang), shock
absorber, and lower and upper bump stops. The schematics of suspension
components are presented in Figure 5.1. As discussed earlier (Filgure
2.3), each road wheel is independently attached to the hull through a
road arm splined to a transverse torsion bar, which extends over the
width of the chassis and is clamped on the other end. The shock absorbers
are mounted between the road arm (with overhang) and the hull chassis at
an inclined position. For the field-tested vehicle, the shock absorbers
are only mounted at the first and the fifth road wheel stations. At the
upper and lower bounds of road arm travel, rubber bumpers are mounted to
prevent the road wheel from hitting the hull chassis and driving the
track into the ground.

The ride dynamic model (MODEL III) is developed incorporating the
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Figure 5.1 Schematics of primary suspension components.
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kinematic relations to account for the linkage assembly comprising of the
torsion bars, road arms, and inclined shock absorbers. As illustrated in
Figure 5.2, the in-plane ride model is characterized by a heavy central
body (hull) supported by a system of relatively light-weight road arm-
road wheel assemblies. The road arms are coplanar mechanical systems
directly connected to the hull body. MODEL III is also described by a set
of "3+N" differential equations: bounce and pltch motion of central
(hull) body, bounce motion (optional) of driver/seat, and rotational
motions of “N" road arm and wheel assemblies about their respective
torsion bar centres. Non-linear differential equations of motion are

derived using Lagrange's energy method.

5.2.1 Langrangian Formulation
The dynamic equations governing the vehicle motion along the
generalized coordinates can be conveniently derived using the Langrangian

formulation in its classical form, given as:

d [ a'r] 8T, _8u
—| - = Q, (5.1)
dt aqL 6qL aqL i
N+3 2 2
where d(aT) _ 8T . . 8T -
' at|aq. 54,09, 4 T 35,89, Y
i j=1 i i

and, T is the kinetic energy, U is the potential energy, q; is the "

generalized coordinate and QL is the corresponding generalized force due
to internal force elements, track, and ground. The kinematics of the
vehicle ride model 1is described by "3+N' degrees-of-freedom or
generalized coordinates. The first and second generalized coordinates

describe bounce and pitch motions of the hull body (yh,eh). respectively.
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The other N generalized coordinates are the angles between road arms and
hull chassis (em'i = 1,..,N). The last generalized coordinate (optlional)
is the bounce displacement of the suspended driver/seat (yo).

Before deriving the energy expressions, it is essential to select
reference frames to describe the motion of the vehicle and its suspension
components. As illustrated in Figure 5.3, three reference frames are
chosen: (1) the fixed/global reference frame (X,Y), (2) the centroidal
body-fixed reference frame (?CG.V ), and (3) the reference frame

cG

attached to the 1P torsion bar centre describing the rotation of the

road arm with respect to the hull chassis (XC.VC). The position of the

centroidal body (hull c.g) with respect to the fixed reference frame is

X X + v .t
Po=1 =42 ~ (5.2)
Y Y + yh-

cg cg

given as:

Similarly, the position of the ith road wheel centre is described by the

following transformation:

=1 1% (5.3)
wi CcG C wi

where, the transformation matrix describing the frame (icc'vcc) with

respect to the global frame (X,Y) is given as:

T =18 c Y (5.4)

The transformation matrix describing the frame (Xc,?c) in reference to

the body-fixed frame (Xfc'vu:) is given as:
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1 1
Co “Se 3
cC, _ 1 1
Fc = Se CB b‘ (5.9)
0 0 1
i _ S
where Ce = COS(eux) and S9 = 51n(6"‘).

The vector indicating the position of road wheel centre with respect

to the frame (Xc,?c) is given as:

(5.6)
wi

where, R . is the length of the road arm.

Subsequently, the vector PHl is
obtained as:

xwl dxl * alCB - blse * xcq
Pwl = = (5.7)
Y d +asS +bC_+Y
wi yi 10 10 cq
where, d =-R cos{(8+6 ) and d = -R sin(8 +6 )
xi al h wi 12! af h wl
Similarly, the position of the kth hull wheel centre (rigidly

attached to the central body) with respect to the global reference frame

is described by the following transformation:

-1 S

(5.8)
hk CG  hk

where, the vector indicating the position of the hull wheel centre with

respect to the body-fixed frame is given as:

{5.9)
hk hk
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+Y

a C.-b S + X
- { hk O hk O cg } (5.10)
ahkse + bhkce cg

The kinetic and potential energies of the whole vehicle (excluding

the suspended driver/seat) are given by the following expressions:

N
21 op2 1 a2 1 -2 s a2
T= 2 mhpcg+ 2 Iheh * 2,Z,m“‘P"‘ * Iwi(eh+ 9"1) (5.11)
N
U=g [ myY_ + z m‘“Y"i] (5.12)

1=1

Upon appropriate substitutions from equations (5.2) and (5.7), the energy

expressions are re-written in the expanded form as:

N
- l . l 02 l _ _ _ . _ . 2
T=amyy 2o aazxmwl[( 2,5 = P,C " 9, 8, dyy 8]
1 N . . . 2
* Eizlmwl[yh * (alCB - base * dxi) eh * dxl euil
1 ¢ .2
+ E,lewl(eh+ 6.) (5.13)
0 S 0
U=g [ mh(ch+ yh) + ,Zlm"‘(dyi + alSe + bIC9 + ch + yh)] (5.14)

The inertial properties of the 1** road arm-road wheel assembly are
described by mwl and le. where m"i is the combined mass, and I"l is the

mass moment of inertia relative to its mass centie, generally expressed

as:

m =m +m (5.15)
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I =1' . ml|cP _ CPIIZ

3 i lc
wi ra ra wl ra

+ 1+ |P - P2 (5.16)

rw rw wi rw

1 i th
where, m . and m, correspond to mass of the 1~ road arm and road wheel,

respectively. I:a and I:H are mass moment of inertias of the i'"™ road arm

and road wheel about their respective mass centres. cPM. cP'a. and CP:N
r

are position vectors with respect to the torsion bar centre (ic.vc-frame)
indicating the mass centre of the i'" road arm-road wheel assembly, road
arm alone, and road wheel alone, respectively. Since, the mass centre of

the road arm-road wheel assembly is assumed to coincide with the mass or

1

geometric centre of the road wheel alone (i.e CP“'=%1W). equation (5.16)

is re~written as:

i

i 1 ,C C,1 IZ
rw

I =1 +m P -

+ 1
wi ra ra wi ra

(5.17)

The generalized force QL in equation (5.1) is derived using the

virtual work principle, obtained as:

Ne2 aFj. a'e‘i
. = F. =% + M, ¢ (5.18)
% Z[ $ 6q; 43%]

#=1

where F; and E& are internal and external forces and moments in the
system, respectively, and Fi and Ei are the corresponding translational
and rotational coordinates. Subsequently, the generalized force can be

expressed as:
Q. =Q; + QL (5.19)

where, Qi is the external generalized force due to the dynamic wheel-
track-terrain interactions (i.e. foot-print forces and clynamic track

load), and Qz is the internal generalized force created by the suspension
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components. The derivation of these forces is provided as follows.

Lxternal Generalized Forces

The external generalized force is expressed as:

N oY 2 . X aY,
Z[ T " Fay e ] . Z [-th B * P e ] (5.20)

=1 k=1

where, the centre coordinate of 1! road wheel (le.Ywi) and k"h hull

wheel (th,Ym) are given by equations (5.7) and (5.10), respectively.

The net horizontal and vertical forces acting at the centre of 1th road

wheel (F' , F') and the k" hull wheel (F* ,F*) are obtained based on
WX wy hx" hy

the refined wheel and track sub-models employed for MODEL II (discussed

in section 4.2).

Consequently, the external generalized forces for the specified

degrees-of -freedom are derived using equation (5.20), given as:

N 2
E i ok
i=1 e =YF + %F (5.21a)
! 1; "y kl;l hy
H —d . l -—
i =2 ale (2Sg + bCy+d ) +F (aCy-bSy +d )
k
z F (ahk 0 hk 9) * th(ahkcﬂ bhkse) (5.21b)
. E i i
Q= 1+2: Q =F d +F d_ ; 1=1,..,N (5.21¢)
—_— ¢ wx yi Wy xi

Internal Generalized Forces

The internal generalized force for the tracked vehicle system can be

expressed as:
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I - arl 1 39‘
QL=ZF——-+M — (5.22)
i

where, F; and M; represent the force due to the rectilinear suspension
unit mounted between the hull chassis and the road arm with overhang
(e.g. inclined shock absorber), and the moment due to the torsion bar,
respectively.

The rectilinear suspension unit can be modeled using some analytical
functions or interpolated from look-up tables of empirically determined
force-displacement and force-velocity data. In general, the suspension

force is expressed as:
t .
F = f(rl.rl) (5.23)

where, r, and fi indicate the relative displacement and velocity across
the suspension unit, respectively. For the tracked vehicle model, r, and
}‘ are evaluated based on the generalized coordinate ewl only, since it
is measured with respect to the centroidal-body fixed reference system.
The relative displacement or the displacement due to the extension of
the suspension unit (as implied by the specified direction of Oul) is

obtained as:
D 0 D
ro= P | - |'P,| (5.24)

where, DPB is the vector indicating point B (the hull-suspension
connection point) with respect to the point D (road arm-suspension
connection point), and DPg is the vector corresponding to the vehicle's
zero-force configuration (discussed in the following section). The vector

DPB is expressed as (refer to Figure 5.3):

251



P ="7pP - 7P (5.25)

where, the vector indicating point B in the central-body system 1ls given

as:

Cp =4t (5.26)

P = Fc P (5.27)

where, the transformation matrix CGFC is given by equation (5.5), and the
vector indicating point D in the reference frame attached to the torsion

bar centre, is given as:

—Sa‘cos 5‘

P = —Salsin El (5.28)

where, Sal and 61 are the length and the angle of the overhang as

indicated in Figure 5.3. Subsequently, the vector DPB is obtained as:

A.u + Salc°5(9H1+€l)

2°)
[}

(5.29)

AM + SalS1n(9wl+€l)

where, A =a -a and A =b -b
i bi

si 1

and the vector DPz is then expressed as:
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(o}
Aall + salc°5(9u1+€i)
P = o (5.30)
Abl + S‘lsin(6"l+€l)
where, 92‘ indicates the angular orientation of the l‘h road arm for
which the torque due to the torsion bar (M;) is zero (i.e. zero-force
configuration).
The expression for the relative or extension velocity is then

obtained based on the time derivative of equation (5.24), given as:
=-S5 @ (5.31)

The moment due to the torsion bar, M;, is modeled based on piece-wise
linear spring characteristics. As shown in Figure 5.4, KTl is the
torsional spring rate corresponding to the normal wheel travel range,
which is defined by angles 9:] and etx indicating locations of upper and

lower bump stops. The bump stops are modeled as equivalent torsional

L

Tl) are estimated based on the

springs, whose stiffness values (K:i,K
linear stiffness of the bump stop material (K:.Kt) and thelr radial
distance with respect to the torsion bar centre (rbu.rbL). as demonstrat-

ed in Figure 5.4. The moment, M;, is then obtained as:

( U 0 u u u
- - . )
KTl(ewl ewl) * KTl(ewl ewl) ! eul eui
i 0 L ]
= . - . s = .
MT ) K’H(ewl ewi) ’ ewl eul ewl (5 32)
L o} L L L
- + - . <
{ KTl( wi awl) KTi(ewl ewl) b8 <8,

A torsional damper, which may have highly non-linear characteristics
such as Coulomb friction damping can be easily incorporated in M;, where

the damping torque is simply expressed as a function of éwr
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(a) Angular orientation of road arm and
location of bump stops

>

(b) Torsional spring characteristics

Figure 5.4 Torsion bar/trailing arm description.
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Having modeled the forces due to the suspension components, the
internal generalized forces for the specified degrees-of-freedom are thus

obtained from equation (5.22) as:

Q. = (5.33)
i i+2, i=1,..,N

]
0 -
B
+

=
-
-~

|

vhere,

d = - SaJAalSin(ewl+§l) ) Ab1COS(eul+§l)) (5.34)
i D '
A

5.2.2 Equations of Motion
The equations of motion as derived based on equation (5.1) can be re-

written in the form:

[ M) q)=(F) (5.35)
where, the elements of the mass matrix, M, can be directly obtained as:

2
n = oL (5.36)
Y q; qi

Subsequently, the mass matrix is given as:
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N N
mh+,Z,m~1 Zlm“[alce—bise-#dx’] mod .. md 0
- 2,.2
Ih+‘zilul+ mul[al+bl+ wl ul[Rai wN+muN[RaN 0
[ M]= Rai(Ral-Zc’)] (Rai—ci)] (RaN-cN)] (5.37)
I +m RS ... 0 0
- SYMMETRIC - e e :
R2
wN +N aN
m
b °-
(N+3 x N+3)
where c =ac! +bs!
' 1 10 176
The vector of generalized coordinates qa; is given as:
{a) ={y,. 6,86, -...8_.y} (5.38)
where " ’ " indicates the transpose.
The elements of the right-hand-side force vector F are given as:
N+2 2
aT - aT au
F. =Q, - 2:-—r-——-q. t — - — (5.39)
i i 5 8qL6q. 4 aqL aqé

Thus, the vector F is written in its expanded form as:
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(

N 2 N
1 k _ .2 Coa 42
Z (Fuy wul )+kZ1th wh+izlm\u[(alse+blc9)eh+dyl(eh+ewl) ]

i=1

N 2
1 i z k
+ - ~h 8
1Z,F"*(a’se b1C9+dyx)+[Fuy wui](alce b|°9+dx1)+k~1th(ahkse**%kC9)

hk @

N
k [l i . . .
+F, (a, Cg=b, Sy) lz‘lm“Ru(aiSe b,Cg)(26,+6 )8
{F}=4 i} (5.40)

1 1 1 1 1 1,2
wady1+ (Fwy wwl)dx1+ FSdl+ MT * mwlRal(aISG blce)eh

N
wx

N N N N N, 2
F dyh‘+ (Fuy wwN)de+ FSdN+ MT * mwNRaN(aNSQ-bNCG)eh

F +F -W
\ s° do o

s
(N+3 x 1)

5.2.3 Initialization
As discussed in section 2.7, the initialization phase sets up the
zero-force reference, and computes initial generalized deflection vector

using the iterative stiffness approach.

Vehicle’s Zero-Force Configuration

The procedure for establishing zero-force reference for MODEL II1] is
similar to the one devised for MODEL Il (section 4.2.3), however, with
slight modifications to account for trailing arm/torsion bar suspension
system. The initial static value of the road arm angle is first computed

as:
8° = tan-l[ L L ] (5.41)

where, the dimensional parameters a, bl, and a are the input, and bm

is computed based on the settled height of the road wheel centre, hu“
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(equation 2.69), given as:

=9 10 (5.42)

9 = cos(9:), and 9: is the specified initial static

angle of the hull chassis. The road arm angle corresponding to vehicle's

= s
where S9 sin(eh). C

zero-force configuration is then obtained as:

9“i = 9"l - 661 (5.43)

where, the change in the road arm angle is expressed as:

oldl+Tldl
§ = S xI_ w7y (5.44)

01 KTl

- s s - - s s
where, d, = RaICOS(eh+ ewx)' dy, rglsin(eh+ ewi)
and F:l is given in equation (z.70). The equivalent linear deflection,

A?, for computing the hull bounce displacement, yﬁ (equation 2.73), and

pitch angle, 92 (equation 2.74), and thus establishing the vehicle’'s

zero-force confliguration, is obtained as:

Al = dx‘ 69! (5.45)

Vehicle Settlement - Static Equilibrium

As before, an iterative stiffness approach (section 2.6) is employed
for establishing vehicle's static equilibrium, and to compute the
corresponding initial generalized defelection vector. Consequently, the
procedure is the same, however, the governing equation (2.79) is modified
in view of the stiffness matrix and applied static force vector.

The stiffness matrix as being a function of generalized displacements
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obtained in the (i-1)'" step of the iterative procedure is given as:

- N N -
-(x +) x - + - -7
( 0 IZI ui) (Koao llewlawl) levl T KVNVN Ko
y 2 X 2
-{K a + Z K - + - el
( o0 A ulawl) (Koao ‘walawi) Kulvlaul KwN NawN Koao
. == d - - ..
[Kl-ll Kul x1 Kuldxiawl Kwlvldxl 0 0
XK.k S d
T1 1 a1 1
- d -k . d _a 0 K Vd - ]
wN xN WwN xN wN WwN N xH
k. -k S d
TN N aN N
| 4 K a 0 0 -K
| o o o o |
(5.46)
where, a =a +d , V. =d s e
wi i xi i yi wi
and d =-r C! , d = -R s! {since 8. « 8 )
xi at 6 yi al 8 h wi

xo is the spring constant for seat suspension obtained from equation
(2.81), and K.\ is the spring constant for the i'" road wheel/track pad
evaluated using equation (2.83). K, is the spring constant for the
inclined suspension unit associated with the i‘" road wheel~-road arm
assembly, obtained as:
K = Spring Force @ A / A ; whereA =5 (68°-9 ) (5.47)
i i i 1 al  wl wi
Simialrly, l(Tl is the spring constant for iLh torsion bar obtained as:
1 0
kK =M /(86 -0 ) (5.48)
T w

Ti i wi

The applied force vector Fa is given as:
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i 0
lwwi Twy * K‘”(ch"' bi Rw!)

np~1z

, 2
W, - Z F: -
k=1 7

N
1 0 i
Ma +lZI [wwl Twy+ le(ch* bl- Rwl)]dx! - wadyl
{F )} ={ (5. 49)
2 -T'd +[W -T +x (YY+b-R )Jd -x_6°-xS de°
wx yl1 wil Wy Wl cg 1 wi x1 T1 wi 1 a1 1 wi

N
WX

-T'd +[W -T +x (Y+b-R )Jd -k 6°-x5S dg°
yN wN wy wN' cg N wN xN TN wN N aN N wN

\ wo !
5.3 FIELD VALIDATION OF MODEL III

In this section, ride response predictions for the field-tested
vehicle are evaluated using MODEL III, and validated against field
measurements. Details regarding the input data required for simulation,
and field validation results are presented as below.

The physical data describing the field-tested vehicle is llisted in
Table 3.4, where the specified parameters are in accordance with the
description of MODEL I and II. However, additional input information is
required to describe MODEL III in light of the parameters associated with
the description of torsion bar/trailing arm suspension system. Table 5.1
lists the dimensional parameters, where the horizontal distances for road
wheel centres (a"l’s) are same as the distances specified for the hull-
suspension attachement points (al's) in Table 3.4. The mass of the road
arm-road wheel assembly (mwl) is given in Table 3.4, whereas Iw1 is taken

as S kg.ma

The torsion bar characteristics are provided in Table 5.2. In
parallel with torsional spring, torsional damping is introduced as a
frictional damping torque of magnitude of 150 (N.m.s/rad). The force-

velocity characteristics of the inclined shock absorber mounted at the
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Table 5.1 Additional dimensional parameters required for MODEL III [69].

Vehicle Configuration
Description Symbol
Laden Unladen

Horizontal distance

from c.g. to:

Road wheel # 1, m aHl 1.407 1.327
Road wheel # 2, m aw2 0.734 0.654
Road wheel # 3, = aw3 0.084 0.004
Road wheel # 4, = z—aw4 -0.599 -0.679
Road wheel # S, m aw5 -1.267 -1.347
Torsion bar # 1, m a1 1.699 1.619
Torsion bar # 2, n a2 1.026 0.946
Torsion bar # 3, m a3 0.376 0.296
Torsion bar # 4, n a4 -0.307 ~-0.387
Torsion bar # 5, m aS -0.975 -1.055
Shock absorber # 1,m asl 1.167 1.087
Shock absorber # 2,m asz 0.494 0.414
Shock absorber # 3,m a53 -0.156 -0.236
Shock absorber # 4,m as4 -0.839 -0.919
Shock absorber # S,m ass -1.545 -1.625
Vertical distance

from c.g. to:

Torsion bars, m bl ~0.482 -0.514

i=1..5

Shock absorbers, m bsi -0.382 -0.414
Road arm length, m Ral 0.317 0.317
Arm overhang length,m Sal 0.284 0.284
Overhang angle, deg Eal 39.0 39.0

NOTE: The field-tested vehicle has shock absorbers mounted at first and last
road wheel stations only, and intermediate shock absorbers are only considered

for parameteric study presented in the following sections.
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first and fifth road wheel station are shown by the solid curve in Figure
3.17.

The overall structure of the computational procedure adopted for
MODEL III is similar to the one described in section 2.5. The undamped
natural frequencies and associated deflection modes, predicted based on
converged stiffness matrix, are listed in Table 5.3 for specified test
vehicle configurations. The natural frequencies corresponding to the
bounce and pitch modes are slightly lower in comparison with the ones
listed in Table 3.5 (MODEL I). The rotational modes associated with road
arm-road wheel assemblies are active between 9-10 Hz.

The computer simulation of the field-tested vehicle are performed for
all test conditions. The performance of MODEL III is thus assessed based
on the direct comparison of measured and predicted acceleration traces
associated with the seat bounce, hull bounce and pitch, and rotation of
road arm-road wheel assemblies, and corresponding spectra, rms values and
average absorbed power. As before, discussions on the field validation

results are provided in view of specific type of test course.

Discrete Half Round Obstacles

Figure 5.5 and 5.6 illustrate direct comparsion between measured and
simulated acceleration traces for the test wvehicle configuration B
traversing 6" obstacle at 14.3 km/h. It should be noted that the damping
coefficient characterizing energy dissipation due to road wheel/track-
terrain interaction (C:" i=1,..,N) was considercd equal to zero for the
simulation run. As evident from the simulated traces, there are
fluctuations of high magnitudes assoclated with the angular motion of the

road arm-road wheel assemblies (Figure 5.6), especially the intermediate
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Table 5.2 Torsion bar characteristics [69].

Description Symbol Value

Torsion bar spring KTl 9884
rate, N.m/rad (1=1..5)
Equivalent torsional Ku . KL 133520
spring rate for bump| 11 T
stops, N.m/rad

Radial clearance for eU 26.0
upper bump stop, deg wi
Radial clearance for L
2] 0.0
lower bump stop, deg wi

Table 5.3 Natural frequencies and associated deflection modes (MODEL III).

Undamped Natural Frequencies (Hz) Dominant
Test Vehicle Configuration Deflection

A B C D Mode
1.539 1.699 1.702 1.694 |  Yn
1.163 1.196 1.199 1.189 %,
9.253 8.971 9.071 8.778 0.1
9.606 9.401 9.387 9.346 6.2
9.522 9.313 9.303 9.254 6.3
9.460 | 9.249 9.244 | 9.184 8.4
9.110 8.834 8.929 8.648 9.5
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Seat Vertical Acceleration (g)
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Figure 5.5 Ride acceleration traces - field validation of MODEL III's

predictions for test vehifle configuration B traversing 6"
obstacle at 14.3 km/h - Cru = 0.0 N.s/m (1 = 1,..,5)

( Field Test, ....c.c....... Simulation).
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ones due to absence of shock absorbers. These may be attributed to the
lack of energy dissipation at the road wheel/track-terrain interface.
Consequently, a number of simulation runs were made with gradually
incremented values of C;‘ so that the predicted angular acceleration
traces of intermediate road arm-road wheel assemblies exhibit reasonably
good correlation with the test data. Subsequently, a base value of
S kN.s/m was selected and used for forth-coming simulations. Figure 5.7
and 5.8 exhibit the field validation of re-evaluated acceleration traces.
As expected, the introduction of damping has smoothened the ride
acceleration traces, and road arm acceleration traces exhibit better
correlation with the test data. In comparison with the ride acceleratlion
traces evaluated using MODEL II (Figure 4.13), the traces in Figure 5.7
exhibit relatively smoother ride as a consequence of the modeling of the
trailing arm suspension system. The trailing arm suspension model allows
the road wheel to swing back upon impact with the obstacle, thus reducing
the severity of the impact considerably. Figure 5.9 presents animated
snapshots of the test vehicle negotiating the obstacle, which, indeed,
provide a clear picture of the swing movements of the road arm-road wheel
assemblies.

Figure 5.10 and 5.11 demonstrate direct comparison between measured
and predicted acceleration traces for the test vehicle configuration B
traversing 6" obstacle at 20 km/h, whereas Figure 5.12 shows ride
acceleration traces for a speed of 29 km/h. The MODEL 1II's ride
predictions for a higher speed, as shown in Figure 5.12, exhibit
relatively higher levels of acceleration in comparison with the ones
evaluated using MODEL II (Figure 4.15), and closer correlation with test

data.
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Hull C.G. Vertical Acceleration (g)

Hull Pitch Acceleration (rad/s?)
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Ride acceleration traces - field validation of MODEL III's
predictions for test vehifle configuration B traversing 6"
obstacle at 14.3 km/h - Crw = 5.0 kN.s/m (1 =1,..,5)

( Field Test, -« Simulation).
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Time (s}

Figure 5.8 Road arm acceleration traces - field vallidation of MODEL 111's
predictions for test vehicle configuration B traversing 6"
obstacle at 14.3 km/h - ciw =5.0 N.s/m (1 = 1,..,5)

(=——— Fleld Test, voecerereen Simulation).
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Figure §.9 Animated snapshots of test vehicle configuration B traversing
6" half round obstacle at 14.3 km/h
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Figure 5.10 Ride acceleration traces - field validation of MODEL III's
predictions for test vehicle configuration B traversing 6"
obstacle at 20 km/h ( Field Test, <<« ... Simulation).
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Figure 5.11 Road arm acceleration traces - field validation of MODEL III's

predicticns for test vehicle configuration B traversing 6"
obstacle at 20 km/h ( Field Test, .--«wwo... Simulation).
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Seat Vertical Acceleration (g)

Hull C.G. Vertical Acceleration (g)

Hull Pitch Acceleration (rad/s?)
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Ride acceleration traces - field validation of MODEL III's
predictions for test vehicle configuration B traversing 6"
obstacle at 29 km/h ( Field Test, .--«... Simulation).
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The ride responses are evaluated for the test vehicle creesing 6"
obstacle with low and high track pre-tension settings, and superimposed
on the measured ones. Flgures 5.13 to 5.15 demonstrate field validation
of MODEL IIIl's ride predictions for test vehicle configuration C crossing
the obstacle at 14.9 km/h, 22.2 km/h, and 28.2 km/h. In comparison with
MODEL II's predictions as shown in Figures 4.16 and 4.17, the simulated
traces in Figures 5.13 and 5.14 exhibit relatively closer correlation.
Figures 5.16 to 5.18 illustrate the direct comparison of MODEL III's ride
predictions with measured data for test vehicle configuration D
traversing 6" obstacle at 15.4 km/h, 22.5 km/h, and 28.5 km/h. As shown,
the MODEL III's ride predictions show good agreement with the test data.
It is demonstrated by both measured and predicted results that the
specified variations in the track pre-tension settings do not have
significant influence on the ride acceleration levels.

The acceleration traces for test vehicle configuration B crossing 8"
obstacle at 7.7 km/h, 12.7 km/h, and 18.9 km/h are evaluated using
MODEL III, and superimposed on the measured ones as shown in Figures 5.19
to 5.21. A closer examination of these results with the ones evaluated
using MODEL IT (shown in Figures 4.21 to 4.23) reveal that MODEL III
predicts relatively closer, which 1is undoubtedly achieved as a
consequence of the detailed representation of the vehicle suspension
system. Figure §5.22 exhibit comparison between measured and simulated
acceleration traces associated with angular motion of road arm-road wheel
assemblies for a speed of 18 9 km/h.

The field validation of MODEL III's ride predictions for discrete
half round obstacles (6" and 8") is summarized in Tables 5.4 and 5.5,

where measured and predicted values associated with the absolute peak
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Figure 5.13 Ride acceleration traces - field validation of MODEL III's

predictions for test vehicle configuration C traversing 6"
obstacle at 14.9 km/h ( Field Test, «+---«. Simulation).
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Figure 5.14 Ride acceleration traces - field validation of MODEL III's

predictions for test vehicle configuration C traversing 6"
obstacle at 22.2 km/h ( Field Test, ««www... Simulation).
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Figure 5.15 Ride acceleration traces - field validation of MODEL III's
predictions for test vehicle configuration C traversing 6"
obstacle at 28.2 km/h ( Field Test, ............. Simulation).
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Figure 5.16 Ride acceleration traces - field validation of MODEL III':.?
predictions for test vehicle configuration D traversing 6
obstacle at 15.4 km/h ( Field Test, ..« Simulation).
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Ride acceleration traces - field validation of MODEL III's

predictions for test vehicle configuration D traversing 6"
obstacle at 22.5 km/h ( Field Test, ............ Simulation).
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Ride acceleration traces - field validation of MODEL III's

predictions for test vehicle configuration D traversing 6"
obstacle at 28.5 km/h ( Field Test, ««www... Simulation).
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Figure 5.19 Ride acceleration traces - field validation of MODEL IIIl's

predictions for test vehicle configuration B traversing 8"
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Figure 5.20 Ride acceleration traces - field validation of MODEL III's

predictions for test vehicle configuration B traversing 8"
obstacle at 12.8 km/h ( Field Test, ...coeereee. Simulation).
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Ride acceleration traces - field validation of MODEL III’:.';
predictions for test vehicle configuration B traversing 8
obstacle at 18.9 km/h ( Field Test, ......... Simulation).
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Flgure 5.22 Road arm acceleration traces - field validation of MODEL IIIl's
predictions for test vehicle configuration B traversing 8"
obstacle at 18.9 kmw/h ( Field Test, -«.veeree Simulation).
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Table 5.4 Field validation of MODEL 111 (6" half round obstacle).

Test Condition Peak (g)./rms (g)./rms (rad/s®>)"" | Error (%) =
Vehicle Speed Measured Values | Predicted Values ngﬁ%—ﬁylxloo
Configuration| (km/h) (MV) (PV)
14.3 0.660/0.197/1.60| 0.583/0.175/1.45| 11.7/11.2/9.4
B 20.0 0.847/0.230/1.75| 0.705/0.180/1.50|| 16.8/21.7/14.3
29.0 0.859/0.280/1.59} 0.735/0.254/1.55| 14.4/9.3/2.5
14.9 0.624/0.188/1.48| 0.584/0.164/1.32) 6.4/12.8/10.8
C 22.2 0.884/0.198/1.55| 0.752/0.192/1.49} 14.9/3.0/3.9
28.2 0.797/0.249/1.58| 0.745/0.247/1.54| 6.5/0.8/2.5
15. 4 0.654/0.201/1.70| 0.582/0.162/1.41| 11.0/19.4/17.0
D 22.5 0.852/0.239/1.73| 0.764/0.201/1.54( 10.3/15.9/11.0
28.5 0.848/0.275/1.63| 0.789/0.263/1.57| 6.9/4.4/3.7

(* Seat vertical acceleration, ** Hull

Table 5.5 Field validation of MODEL III (8" half round obstacle).

pitch

acceleration)

Test Condition Peak (g)'/rms (g)./rms (rad/sz).‘ Error (%) =
Vehicle Speed Measured Values | Predicted Values ngﬁ%—ﬁylxloo
Configuration| (km/h) (MV) (PV)
7.7 0.510/0.161/1.55| 0.505/0.155/2.10 1.0/3.7/35.5
B 12.8 3.39*/0.506/2.69 0.874/0.240/2.07|| 74.2/52.5/23.0
18.9 5.94*/0.930/3.25 1.32/0.393/2.72 | 77.8/57.7/16.3

(+ Drive sprocket hit the ground)
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value (g) found in the seat vertical acceleration trace, its rms value
(g), and the rms value of the hull pitch acceleration trace (rad/sa). and

respective percentage errors are listed.

Sinuscidal Course:

In this section, MODEL III's ride predictions for field-tested
vehicle subjected to sinusoidal course at various speeds or excitation
frequencies (f = VX/A) are validated against measured data. Figures 5.23
and 5.24 demonstrate samples of measured and predicted ride acceleration
traces for test vehicle configurations A and B traversing the course at
6.7 km/h (f = 2.44 Hz). In comparison with MODEL II's predictions
(Figures 4.24 and 4.25), the simulated traces in Figures 5.23 and 5.24
exhibit relatively lower acceleration levels, and closer correlation with
the measured ones. Table 5.6 summarizes the comparison between measured
and predicted rms values associated with seat vertical and pitch
acceleration traces for all test conditions. As demonstrated by both
field testing and simulation, the maximum rms values of seat vertical
acceleration for vehicle configurations A and B occurs at 1.71 Hz
(4.7 Km/h) and 1.9 Hz (5.4 km/h), respectively. The predicted rms levels
of pitch acceleration are consistently higher in comparison with the

measured ones.

LETE48 Random Course:

For LETE48 random course, a large number of field tests were conduct-
ed using all four test vehicle configurations (A,B,C, and D), and atleast
four speeds for each vehicle configuration (Chapter 3). Subsequently, the
test vehicle is simulated for all these test conditions using MODEL III.

For example, Figure 5.25 presents measured and predicted ride
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Figure 5.23 Ride acceleration traces - field validation of MODEL 1Il's

predictions for test vehicle configuration A traversing sine
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Figure 5.24 Ride acceleration traces - field validation of MODEL III's
predictions for test vehicle configuration B traversing sine
course at 6.7 km/h ( Field Test, ....cc....... Simulation).
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Table 5.6 Field validation of MODEL III {(Sinusoidal course).
Test Condition rms (g)'/ rms (radss®)" | Error (%) =
Vehicle Speed (km/h)| Measured Predicted PV ;Vﬁ! x100
Configuration (f, Hz) Values (MV) | Values (PV)
3.9 (1.41) 0.215/1.73 0.301/2.32 40.0/34.0
4.7 (1.71) 0.299/1.55 0.352/2.33 17.7/50.3
A 6.7 (2.44) 0.279/1.52 0.312/2.13 11.8/740.1
7.9 (2.84) 0.292/1.83 0.284/2.00 2.7/9.3
3.5 (1.28) 0.167/1.80 0.168/2.80 0.6/55.5
B 4.0 (1.46) 0.186/1.77 0.249/2.71 33.9/53.1
5.4 (1.97) 0.309/1.33 0.333/2.09 7.8/757.1
6.7 (2.44) 0.286/1.15 0.309/2.02 8.0/75.6

(* Seat vertical acceleration, ** Hull
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acceleration spectra for vehicle configuration A traversing the random

course at 13.5 km/h. In comparison with the MODEL II's predictions
(Figure 4.26), the predicted spectra in Figure 5.25 exhiblts slightly
lower acceleration levels, especially around the dominant peaks, and
closer agreement with the measured ones. Figure 5.26 presents direct
comparison between measured and predicted spectra associated with the
angular motions of all five road arm-road wheel assemblies. As shown,
there 1s a generally good agreement between measured and predicted
spectra for frequencies upto approximately 10 Hz. Figures 5.27 to 5.29
provide further field validation of the MODEL III's ride predictions for
test vehicle configuration B, C, and D subjected to the random course at
13.5 km/h. Again, the predicted ride spectra exhibit relatively better
agreement with the test data when compared with the spectra evaluated
using MODEL I1 (Figures 4.27 to 4.29).

The comparison between the MODEL 11I’'s ride predictions for all test
conditions, and corresponding measured data has been summarized in Table
5.7, where the average absorbed power (watts) and the rms value (g) for
the seat bounce acceleration, and the rms value (rad/sz) of the hull
pitch acceleration are 1listed along with the respective percentage
errors. Overall, the predicted rms values of seat bounce acceleration
trace are in a good agreement with the measured ones, whereas the

predicted rms values of pitch acceleration are consistently higher.

Belgian Pavé:

The ride simulations are performed using MODEL III for all test
conditions employed for field testing on the Belgian pavé. Figures 5.30

and 5.31 demonstrate the samples of the field validation of predicted
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Table 5.7 Field validation of MODEL 111 (LETE4S course).

Test Condition Abs. Power(kl)./rms(g)'/I‘ms(rad/sz)'r Error (%) =
Vehicle Speed Measured Values Predicted Values |E!ﬁ%—!!|x100
Configuration| (km/h) (MV) (PV)
6.2 0.55/0.099/0.509| 0.40/0.094/0.790| 27.3/5.0/55.2
A 9.2 1.80/0.149/0.902| 1.00/0.136/1.20 | 44.4/8.7/33.0
13.5 4.50/0.260/1.61 2.90/0.251/2.02 | 35.5/3.5/25.5
14.0 5.20/0.291/1.74 3.00/0.257/2.07 | 42.3/11.7/18.9
6.2 0.80/0.109/0.601] 0.45/0.102/0.690| 43.7/6.4/14.8
8.1 0.94/0.131/0.720] 0.60/0.136/0.935| 36.2/3.8/29.9
B 12.9 3.20/0.244/1.26 2.60/0.245/1.84 18.7/0.4/46.0
13.5 4.40/0.287/1.65 4.00/0.284/2.07 9.1/1.0/25.4
14.0 3.30/0.277/1.34 3.85/0.304/2.18 16.7/9.7/62.7
16.5 4.60/0.344/1.93 7.60/0.460/2.82 | 65.2/33.7/46.1
6.5 1.00/0.120/0.583| 0.50/0.110/0.725] 50.0/8.3/24.3
10.5 2.45/0.165/0.861| 1.80/0.179/1.24 | 26.5/8.5/44.0
¢ 13.5 3.70/0.235/1.29 3.40/0.271/1.99 8.1/15.3/54.3
16.5 5.33/0.321/1.70 7.50/0.448/2.79 40.7/39.6/64.1
5.8 0.77/0.108/0.542| 0.40/0.099/0.676| 48.0/8.3/24.7
11.7 2.27/0.166/0.908( 2.00/0.207/1.53 11.9/24.7/68.5
D 13.5 3.50/0.222/1.29 3.60/0.282/2.05 || 2.8/27.0/58.9
15.2 3.10/0.259/1.39 5.50/0.382/2.52 | 77.4/47.5/81.3
16.0 5.80/0.354/1.72 7.60/0.445/2.77 || 31.0/25.7/61.0

(* Seat vertical acceleration, t+ Hull
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ride spectra obtained for test vehicle configurations A and B traversing
Belgian pavé at 35 km/h. As before, the predicted ride levels are
relatively lower when compared with the MODEL II's predictions (Figure
4.30 and 4.31), and exhibit better agreement with the test data. Table
S.8 summarizes the comparison between the field measurements and the
MODEL III’'s predictions for all test conditions.

Based on the field validation results presented in this section, it
is concluded that the relative performance of MODEL III 1is, indeed,
superior when assessed in reference with MODEL I1. The ride predictions
evaluated in conjunction with MODEL 111 generally exhibit smoother ride
due to the detailed modeling strategles adopted to describe the vehicle
suspension kinematics. As mentioned earlier, the tralling arm suspension
model allows the road wheel to swing back upon impact with a rougher
section of the terrain profile, thus reducing the severity of the shock
considerably.

In addition to carrying out the conventional ride analyses as
presented so far, MODEL III is also used for detailed design and analyses
of the vehicle suspension system. In the forth-coming sections, MODEL 111
is employed to study the influence of primary suspension parameters on
the ride dynamic behaviour of the test vehicle, and to assess the
performance of an advanced suspension system (such as a typical hydrogas
suspension system) if it were to replace the conventional suspension

system of the test vehicle.

5.4 PARAMETRIC SENSITIVITY ANALYSES

In general, the ride dynamic behaviour of a vehicle is influenced by

a number of factors, such as terrain profile, vehicle speed, and vehicle
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Table 5.8 Field validation of MODEL III (Belgian pavé).

Test Condition Abs. Power(N)'/rms(g)'/rms(rad/sz)f Error (%) =
Vehicle Speed Measured Values | Predicted Values ngﬁg-ﬂxlxloo
Configuration| (km/h) (MV) (PV)
14.9 0.99/0.119/0.441| 0.50/0.089/0.562| 49.5/25.2/27.4
A 22.5 0.61/0.110/0.491| 0.77/0.097/0.697}| 26.2/11.8/41.9
29.8 0.88/0.124/0.523| 0.67/0.113/0.777| 23.9/8.9/48.6
35.0 0.94/0.116/0.492| 1.10/0.117/0.810( 17.0/0.9/64.6
15.8 1.53/0.115/0.422| 0.97/0.094/0.601| 36.6/18.3/42.4
B 23.0 0.62/0.102/0.471( 0.99/0.110/0.726f 59.7/7.8/54.1
30.7 1.13/0.115/0.484| 0.84/0.127/0.790| 25.7/10.4/63.2
35.0 0.92/0.134/0.526| 1.50/0.132/0.850| 63.0/1.5/61.6

(* Seat vertical acceleration, + Hull
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system parameters associated with loading conditions, geometry,
suspension systems, etc. A better understanding of these factors |is
achieved through a parameteric study of the vehicle ride model. The
parametric study results indicate a trend on the effect of varlous
parameters on the response and provides a basis for selecting the
parameters that yleld optimal ride.

For test vehicle, factors such as terrain profile, vehicle speeds,
loading conditions, and track pre-tension, have been already studied in
detail through field tests and simulations. It was shown that the vehicle
ride deteriorates with rougher terrain profile and higher speeds, whereas
the loading condition (laden and unladen) and track pre-tension setting
exhibit less influence on the ride dynamic behaviour. The objective of
the parameteric study presented in this section is to demonstrate the
influence of variations in the primary suspension parameters (design
parameters) on the ride dynamic behaviour of the field-tested vehicle.
The parameters considered for variations are: equivalent stiffness of
road wheel and track pad, torsion bar spring rate, and damping
characteristics and location/number of inclined shock absorbers. For this
parameteric study, the test vehicle configuration B 1is consldered to
traverse over 6" obstacle at 14.3 km/h, and LETE48 random course at

13.5 km/h.

5.4.1 Influence of Road Wheel/Track Pad Stiffness

The stiffnesses of the rubber rim (vulcanized to the all-metal body
of the road wheel), and the underlying rubber track pad are combined as a
single unit to characterize the equivalent vertical stiffness, K:“. or

continuous radial stiffness, K:w (section 2.4). Therefore, the equivalent
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spring rate can be varied by replacing either or both of the existing
road wheel rim or the track pad with a softer or harder rubber material.
The nominal value of K:w (1 = 1,..5), and corresponding K:" are 613 KN/m
and 1121256 N/m/rad, respectively, which are obtained from the wheel-
terrain contact patch formed on a flat ground under a vertical static
load, P = 15568 N and corresponding deflection of the wheel centre, Au =
0.0254 m [38]. The parametric sensitivity analyses is carried out by
considering low and high values of the equivalent vertical stiffness in
the vicinity of the nominal value, which are K:w = 500 kN/m (P = 12700 N,
Aw = 0.0254 m), and K:H = 750 kN/m (P = 19050 N, A" = 0.0254 m).

The influence of the specified variations in K:w is demonstrated in
Figure 5.32, which shows the ride acceleration traces for test vehicle
crossing the obstacle. As shown, there is insignificant influence as the
resulting acceleration traces are almost similar. However, a closer
examination of the traces reveals that an increase in the value of Kiw
ylelds slightly higher acceleration levels especially around the dominant
peaks. Figure 5.33 shows the influence of K:w on the ride acceleration
spectra for the test vehicle traversing the random course. Again, the
influence is generally negligible, except around the pitch resonant
frequency (1.2 Hz), where there is a slight increase in the seat bounce

spectra due to the decrease in the nominal value of K:".

5.4.2 Influence of Torsion Bar Stiffness

The torsional stiffness of a uniform rod is, in general, dependent on
the cross-section diameter, the length, and the shear modulus of the rod.
Thus, the torsion bar spring rate can be varied by appropriately

selecting the torsion bars of different diameters. The nominal value of
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torsional stiffness, KT! (1 =1,..,5) is 9884 N.m/rad (Table 5.3). The
influence of torsional stiffness on the ride dynamic behaviour of the
test vehicle is investigated by selecting low and high values of KTl in
the vicinity of nominal value, which are 7500 N.m/rad and 12000 N.m/rad.
Figure 5.34 demonstrates ride acceleration traces for test vehicle
crossing the obstacle, evaluated with three different values of the
torsional stiffness. As shown, the stiffer torsion bar or suspension
yields relatively higher acceleration levels since more energy lis
transmitted to the sprung mass or central body. The influence of
suspension stiffness 1is further demonstrated based on the rlde
acceleration sepctra evaluated for test vehicle traversing the random
course. As shown 1in Figure 5.35, the softer torsion bar yields a
relatively comfortable ride. Specified variations in the torsion bar
spring rate are found to change the average absorbed power by almost
1 watt. Softer suspension yields an uniform reduction in the pitch
spectra, however, the hull bounce spectra exhibit a significant increase

in the primary peak occuring at bounce resonant frequency (1.7 Hz).

5.4.3 Influence of Inclined Shock Absorber

The typical force-velocity characteristics of the shock absorber
mounted at the first and last road wheel stations of the test vehicle,
are indicated in Figure 3.17 by the solid curve. As shown, the force-
velocity curve indicates high damping coefficient (slope) corresponding
to the 1low relative velocity and the damping coefficient decreases
significantly as the relative velocity exceeds certain break velocity
(0.4064 m/s). The influence of shock absorber or suspension damping is

studied by dual parameteric variations:
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(a) The force-velocity characteristics are modified to yield low and high
resistive damping force. This is achieved by reducing or increasing
the damping force values in the look-up table by 25%. For instance,
the dotted curve in Figure 3.17 represents the lowered damping
characteristics.

(b) The number of shock absorbers are varied by locating them at
intermediate road wheel stations. Two vehicle configurations are
considered: (i) the shock absorbers are mounted at the first, second,
and last wheel stations, and (ii) shock absorbers are mounted at all
wheel stations.

The 1influence of the variations in the suspension damping is
demonstrated in Figures 5.36 and 5.37. The ride acceleration traces in
Figure 5.36 reveal that a reduction in suspension damping yields a better
obstacle-crossing performance of the test vehicle. However, the ride
acceleration spectra presented in Figure 5.37 demonstrate a significant
improvement in the bounce ride levels due to high damping, especially in
the vicinity of the pitch resonant frequency. The specified reduction in
the suspension damping is found to increase the average absorbed power by
1 watt. The hull bounce spectra does not indicate any significant
changes, whereas the pitch levels are considerably reduced as a
consequence of high damping.

Figures 5.38 and S5.39 presents the outcome of installing the shock
absorber at intermediate road wheel stations of the test vehicle. As
indicated by the acceleration traces in Figure 5.38, the obstacle-
crossing performance of the test vehicle is improved by introducing the
shock absorbers at intermediate wheel stations. First peak (frontal

impact) is reduced as well as the vehicle settling time (after it has
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crossed the obstacle) 1is significantly reduced. Similarly, the
acceleration spectra in Figure 5.39 indicate an improved trend, where the
average absorbed power is reduced by atleast 1 watt. The hull bounce
levels are significantly suppressed as a consequence of introducing shock
absorbers at all intermediate wheel stations. The implementation of shock
absorber at the second wheel station alone leads to a consliderable
increase in the hull bounce spectra at the bounce resonant frequency
(1.7 Hz), and the pitch levels are not reduced. However, the seat bounce

spectra indicate a reduction at the pitch resonant frequency (1.2 Hz).

5.5 VEHICLE RIDE IMPROVEMENT VIA ADVANCED SUSPENS ION

Although, the conventional toi'sion bar/trailing arm suspension system
offer the advantages of simplicity and 1low <costs, the inherent
limitations of these suspensions are well known. The primary limitations
include excessive weight, requirements for considerable mounting space,
and lack of load-~leveling capabilities due to fixed torsion bar spring
rate. With a continual demand for increased power-to-weight ratio and
higher speeds, present trend is towards the use of advanced suspension
systems such as hydrogas suspensions since these tend to be lighter and
more compact, can be mounted external to the hull, Incorporate integral
damping arrangements, and offer load-leveling capabilities due to their
nonlinear progressively stiffening spring characteristics [21].

Hydrogas suspension designs have been developed by varlous
manufacturers to improve ride and handling performance of high mobility
tracked vehicles. Although these suspension systems exhibit several
design varlatlions, they consist of an energy storage element (spring),

and a dissipative element (damper), contained in a single unit, as
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illustrated in Figure 5.40. The suspension system contains both hydraulic
fluid and compressed gas, usually nitrogen, separated by either a
floating piston or a flexible diaphragm. The suspension forces are
generated by fluid pressure acting on the main piston. Damping forces are
generated by the flow of hydraulic fluid through constrictions provided
by a either a damper plate or a valve housing, while the restoring forces
are generated by the compression/extension of the gas charge. The
compression/extension of the nitrogen gas follows a polytropic process
leading to a nonlinear, progressively stiffening spring characteristics.
For nitrogen gas, the value of polytropic constant lies between 1.0 and
1.4, depending upon the assumed nature of compression/extension process.
For instance, for a slow compression/extension process, where the change
in temperature is insignificant, the value of polytropic constant is
taken as 1.0 (isothermal process). These suspension systems are also
equipped with travel limiting bump stops, which are hard rubber stops
mounted at the limits of the piston’s compression and extension travel.
In this section, the ride performance potentials of a hydrogas
suspension system especially developed for applications with M113 APC’'s
are investigated via computer simulation of the candidate vehicle. The
hydrogas suspension system, similar to one illustrated in Figure 5.40,
replaces both the torsion bar and inclined shock absorber of the test
vehicle. The mounting points for hydrogas suspension coincide directly
with those of the conventional suspension, i.e. axle arm pivot point of
hydrogas suspension system (Figure 5.40) coincides with the torsion bar
centre; the distance between pivot point and road wheel centre is equal
to the length of the road arm (Rai), the distance between pivot point and

the attachement point for connecting rod of the hydrogas suspension unit
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is equal to the length of the road arm overhang (Sai); and the hydrogas
suspension unit itself is oriented in a inclined manner identical to the
conventional shock absorber. The nonlinear force-displacement and force-
velocity characterlistics of the inclined hydrogas suspension unit under
study are illustrated in Figures 5.41 and 5.42, respectively. The spring
characteristics (Figure 5.41) follow the isothermal process, and reveals
that under compression the spring force increases rapidly as the bump
stop 1s approached. The exhibited force-displacement data yield the gas
spring characteristics corresponding to the permissible travel! limits of
the piston, and are described with resect to the static equilibrium
reference. As shown, the zero deflection and corresponding spring force
indicate the static wvalues. In order to perform simulation using
MODEL III, the specified force~-displacement data needs to be re-described
with respect to the zero-force reference. It is achieved by shifting the
curve such that the =zero deflection point coincides with specified/
desired values of the initial static deflection, 6;3, and force, F;s, due
to the hydrogas suspension unit mounted at the 1*" road wheel station.
The procedure to obtain 6;s and F;s is described as below.

Under static condition, a couple is produced on the trailing arm due

to the static weight being supported. This static couple is given accord-

ing to equation (5.44) as:

d + T d (5.50)

si xi wx yi

o

Static Couple = F

This couple must be balanced by a reaction torque supplied by the inclin-

ed hydrogas suspenion unit, given as:

Reaction Torque = F;s dl (5.51)
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where, the perpendicular distance from the tralling arm pivot to the
hydrogas suspension mounting point, dl. iIs computed using equation (5.34)
in conjunction with the initial static value of the road arm angle, e:ll
given by equation (5.41). Therefore, equating equations (5.50) and
(5.51), the initial static force is given as:

1 F:: dxl * T:x dyl

F = (5.52)

HS d’

The initial static deflection or compression, 6;5, Is determined based on
an equivalent torque developed by the conventional torsion bar spring,

glven as:

! = -
GHS = SM 691 (5.53)

where, 661 is given by equation (5.44). The force-displacement curve
(Figure 5.41) is thus shifted according to 6;5 and F:!s in order to
establish the desired curve (look-up table) for the hydrogas suspension
unit mounted at the 1th road wheel station. In addition, stiff bump stop
characteristics are incorporated.

The relative performance of hydrogas suspension system 1is assessed
based on simulation of the test vehicle configuration B traversing over
6" obstacle at 14.3 km/h, and LETE48 random course at 13.5 km/h. First,
the performance of the test vehicle equipped with hydrogas suspension
units at all five wheel stations is compared with the conventional
vehicle configuration. Secondly, the influence of installing hydrogas
suspension units at only few selected wheel stations, such as 1st and

5th, and at 1st, 2nd and Sth, is studied.

Figure 5.43 shows the direct comparison of ride acceleration traces
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for test vehicle crossing the obstacle in its conventional configuration
and equipped with hydrogas suspension units at all wheel stations. The
traces (especially vertical acceleration) evaluated in conjunction with
hydrogas suspension system exhibit small initial transients, which are
attributed to the assumption made in the evaluation of the vehicle's
static equilibrium - the magnitude of relative displacement (A’) across
hydrogas suspension is computed assuming small angular displacement of
the road arm (equation 5.47) during the iterative stiffness procedure,
whereas 1t 1is accurately evaluated wusing equation (5.24) during
simulation. The hydrogas suspension has reduced the acceleration levels
(first peak and rms value), as shown in Figure 5.43, however, at the
expense of high displacement magnitudes and long vehicle settling time
(Figure 5.44). Figure 5.45 illustrates the angular acceleration traces of
all five road arm - road wheel assemblies. The traces for intermediate
wheel stations exhibit significant improvement, whereas first and last
wheels experience considerably high acceleration levels with hydrogas
suspension. The ride performance potentials of the hydrogas suspension
are further assessed based on the computer simulation of the test vehicle
traversing the random course. Figure 5.46 compares the ride acceleration
spectra evaluated in conjunction with conventional and hydrogas
suspension configurations of the vehicle. With hydrogas suspension, the
ride bounce/pitch resonant frequency has been slightly lowered with a
considerable increase in the associated primary peak level, and a
significant reduction in the acceleration levels at higher frequencies.
In terms of ride quality, the average absorbed power has been almost
reduced by 2 watts. Figure 5.47 shows the angular acceleration spectra

for the road arm - road wheel assemblies. As before, there is a consider-
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able reduction in the acceleration levels for intermediate wheel
stations, and further deterioration in the performance of first and last
wheel stations, which are thus prone to endure high stress levels and
early fatigue failure.

It would be quite expensive to install hydrogas suspension units at
all wheel stations of the test vehicle. Subsequently, it is prudent to
further investigate the possibilities of installing hydrogas suspension
units at few selected wheel stations only. As 1indicated by the
acceleration traces in Figure 5.48, there is a consistent deterioration
(i.e. higher rms levels) as the number of hydrogas suspension units are
gradually reduced. Based on the acceleration spectra in Figure 5.49, the
seat bounce and pitch acceleration levels for the test vehicle equipped
with hydrogas suspension units at the 1st, 2nd and 5th wheel stations
only, are found to be only sligthly higher in comparison with those for
"at all wheels", and respective average absorbed power values are almost
similar. However, the hull bounce spectra exhibit a considerably high
resonant peak for hydrogas suspension units mounted at the 1st, 2nd, and
Sth wheel stations (similar observation in Figure 5.39). This study also
revealed that installing hydrogas suspension units at the first and last
wheel stations alone, does not offer any potential improvements over the

conventional torsion bar suspension configuration.

5.6 SUMMARY

In this chapter, a ride dynamic model for the candidate vehicle is
re-derived in view of the detaliled kinematics of the torsion bar/
trailing arm suspension configuration, and is referred to as MODEL III.

The Langrange’s energy approach is employed to formulate the ride model,
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which 1is also described through "3+N" generalized coordinates: hull
bounce and pitch coordinates (yh.eh), road arm angle with respect to hull
frame (9u1'1=1”"N)' and an optional bounce coordinate for suspended
seat/driver (yo). The generalized forces include internal forces due to
torsion bar stiffness, bump stops and rectilinear (inclined) spring and
damper, and external track and ground forces which are evaluated using
the refined track and wheel sub-models employed for MODEL II. In addition
to carrying out routine and repeated ride simulations, MODEL III is also
oriented for detailed design and analyses of conventional suspension
components as well as advanced suspension system such as hydrogas
suspenslions developed for high mobility tracked vehicles.

The relative performance of MODEL III is assessed based on an
extensive field validation of its ride predictions. In comparison with
MODEL II's ride predictions, the MODEL IIl's predictions exhibit
generally smoother ride and relatively closer agreement with the measured
ride data. In terms of computer run time, MODEL III is found to be almost
as fast as MODEL II.

A parameteric sensitivity analyses is carried out using the
field-validated MODEL III 1in order to study the influence of test
vehicle’s primary suspension parameters: equivalent stiffness of road
wheel/track pad, torsion bar stiffness, and suspension damping due to the
inclined shock absorber. Based on the parametric study, it is shown that:
s The equivalent stiffness of road wheel/track pad has very little

influence, whereas lowering the torsion bar stiffness improves the

ride performance.
» A reduction in the suspension damping improves the vehicle transient

response to a half round obstacle, however, the vehicle’'s ride
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performance over a random course is deterlorated.
® The ride dynamic behaviour of the test vehicle 1is considerably

improved by mounting the shock absorbers at all wheel statlons.

In addition, the ride performance potentials of a hydrogas suspension
system especially developed for application with M113 APC's are
investigated. The results indicated that replacing the conventional
suspension system with hydrogas suspension units at all wheel statlons
reduces the ride acceleration levels, however at the expense of higher
magnitudes of displacement and angular accelerations of first and last
wheel stations. The ride responses evaluated in conjunction with hydrogas
suspension units mounted at few selected wheel stations indicated:
® The overall ride performance with hydrogas suspension units mounted

at 1st, 2nd and 5th wheel stations is comparable to that of the

vehicle equipped with hydrogas suspension units at all wheel
stations.

m The hydrogas suspension units at the first and last wheel stations
alone do not offer significant improvement over the conventional

torsion bar suspension configuration.
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Chapter 6

RIDSIM: COMPUTER SIMULATION MODEL FOR ™YDE ANALYSIS OF
WHEELED/TRACKED OFF-ROAD VEHICLES

6.1 INTRODUCTION

The usage of general-purpose mutli-body software for off-road vehicle
ride analysis has been limited due to the complications associated with
the system modeling, tedious input requirements, and high computer run
time/costs [1]. The computer simulation models developed in this study
represent a simplified yet effective approach to study the ride dynamics
of a specific type or class of off-road vehicles. The ride dynamic study
of the candidate vehicle has, however, demonstrated that a worthwhile
simulation In the presence of highly irregular terrain surface generally
demands for high resolution sub-models for vehicle suspension system and
dynamic wheel-track-terrain interactions. The sub-systems modeling
strategies and computational algorithms proposed in this study have been
established to yield fairly accurate ride predictions while consuming
least computer run time.

The primary objective of the current research program has been to
develop a comprehensive computer simulation m del which would be an
economical and convenient tool to investigate the ride/suspension
dynamics of a wide varlety of both wheeled as well as tracked vehicles.
The proposed computer model, referred to as RIDSIM (Ride Dynamic
Simulation}, 1is developed primarily based on the modeling strategies
adopted for the candidate vehicle. In the formulation of RIDSIM, the sub-
model for vehicle suspension system is incorporated considering various
suspension types in addition to wheel and track sub-models, which have

been proposed in this study as well as previous studies (Section 4.4).



Thus, RIDSIM permits a convenient vehicle model construction based on the
user-specified sub-system models. The purpose of this Chapter is to
present the mathematical development of RIDSIM, and demonstrate its

usage.

6.2 DEVELOPMENT OF MULTI-PURPOSE RIDE DYNAMIC SIMULATION MODEL: RIDSIM
The mathematical development of RIDSIM is based on the basic
assumptions made in the modeling process for the candidate vehicle: two-
dimensional ride dynamics, constant forward vehicle speed, and non-
deformable arbitrary terrain profile. Figure 6.1 shows the schematic
representation for typical wheeled and tracked off-road vehicle
configurations. From modeling point of view, the wheeled vehicle is
concieved in a manner similar to the tracked vehicle, while ignoring
track and hull wheels (sprocket, idler, and roller supports). The basic
model description is same as for the ride dynamic models developed for
the candidate vehicle (Figures 2.4 and 5.2) -~ vertical and pitch degrees-
of -freedom associated with the vehicle sprung mass, an optional vertical
degree-of -freedom for the suspended driver/seat system, and "N-number" of
road wheel and axle assemblies represented by the unsprung mass lumped at
the wheel centre. However, the track geometric description has been
extended to account for "M-number" of hull wheels, where M is greater
than or equal to 1 (e.g. M=2 for the candidate vehicle), and speclal
vehicle configurations where not all the road wheels are confined by the
track. Subsequently, in addition to a conventional tracked vehicle
configuration as shown in Figure 6.1(b), varlous miscellaneous
configurations as illustrated in Figure €.2 can be conveniently modeled

using RIDSIM. It should be noted that a hull wheel located between the
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frontmost and rearmost road wheels, is automatically excluded from the
computational wheel-terrain dynamic interaction, since it would be
impossible for it to make contact in any way with the terrain profile.
For instance, intermediate hull wheels (roller supports) in Fligure
6.1(b), second hull wheel in Figure 6.2(b), and both hull wheels 1in
Figures 6.2(c) are excluded. Similarly, the road wheels not confined by
the track (Figure 6.2c) are free of dynamic track load.

The dynamic wheel-track-terrain interaction is formulated considering
the proposed wheel and track sub-models (idealized and adaptive
continuous spring wheel models, and track model #’s 1 and 2), and ones
proposed in the previous studies (Appendix I). The user specifies the
sub-models of cholce. The vehicle ride model can thus be conceived based
on a varying degree of complexity, which could assist the user |in
choosing optimum wheel and track sub-models for specified simulation
conditions (terrain profile roughness and vehicle speed).

The sub-model for vehicle suspension system is formulated considering
various suspension configurations commonly employed for off-road
vehicles. There are undoubtedly a greater variety of conventional passive
suspension systems for these vehicle, and recent trend is towards the use
of active and semi-active suspension controls. Whether passive or active,
the most commonly employed suspension configurations can be modeled using

the five basic models:

Unsprung/rigid suspension

Independent suspension

m Torsion bar/trailing arm suspension

Walking beam suspension

Bogie suspension
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Figure 6.2 Miscellaneous tracked vehicle configurations.

333



eSS

For instance, the ride model of a farm tractor is formulated using
unsprung or rigid suspension, since the large, soft wheels are rigidly
connected to the chassis. The independent suspension model is a realistic
representation of a commonly employed pillar suspension (with collinear
telescopic damper and coil spring), or even an idealized representation
of more complex suspension systems such as torsion bar/tralling arm
suspension (MODEL II). As discussed in Chapter 2, the high-speed tracked
military vehicles, such as the candidate vehicle, are generally fitted
with torsion bar/trailing arm suspension system to attenuate terrain-
induced shock and vibration. This suspension type has been modeled in
detail in Chapter S (MODEL III). The new generation of high-speed wheeled
military wvehicles (LAV's - light armoured vehicles) incorporate both
pillar as well as torsion bar/trailing arm suspension systems. The
walking beam and bogie suspension models are commonly employed to
represent the suspension systems fitted to the rearmost wheel set of
heavy wheeled vehicles such as cargo and dump trucks. Both suspension
systems primarily incorporate a set of wheel pair linked by a rigid beam,
and require more than one generalized coordinate to describe the
kinematic state. The kinematics of walking beam suspension 1is described
through vertical and rotational coordinates, whereas the bogie suspension
involves three degrees-of-freedom (two vertical and one rotational
coordinate). These suspension models are discussed 1in detail 1In
Appendix II.

RIDSIM is formulated based on a modular or building-block approach,
where the dynamic equation(s) governing the motion of each of above-
mentioned suspension types are derived in parallel with the assocliated

equations describing bounce and pitch motions of vehicle sprung body. All

334



equations are provided in Appendix II. Subsequently, the ride dynamics of
a wheeled/tracked vehicle with any mixture of suspension types can be
simulated using RIDSIM. It should be noted that the capabilities of
RIDSIM can be easily extended by incorporating newer speclialized

suspension models.

6.3 COMPUTATIONAL PROCEDURE

The ride simulation model (RIDSIM) is programmed entirely in FORTRAN,
and currently operated on a MicroVAX computer. The key elements of the
computational procedure are essentially the same as the ones discussed in
Section 2.7:

s Input,

m Initialization,

s Solution of equations of motion, and

m Output.

The input data, as discussed in section 2.7, includes simulation
control parameters, terrain profile description, and appropriate vehicle
parameters. The vehicle input information required for RIDSIM, however,
depends on user-speciflied suspensiocn, wheel, and track sub-models. RIDSIM
lets the user create vehicle and terrain profile data files with stacked
multiple data sets, where each set begins with an identifier name. The
desired vehicle and profile data sets are then selected based on the
matching of the user~specified search names with the identifier names.

The vehicle ride model is automatically formulated in conjunction
with the user-specified sub-models for suspension, wheel, and track,
where, the equations of motion are compiled based on equation (I1I.2). The

static analysis 1is carried out in the initialization phase, where the
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vehicle's zero-force and static equilibrium configurations are
established. The dynamic simulation then begins by Incrementing time with
the vehicle horizontally moving forward with specified speed. The dynamic
wheel, track, and suspension forces are computed based on the specifled
sub-models, and the right-hand-side generalized force vector is compiled.
The equations of motion are integrated based on Hammings Modiflied
Predictor-Corrector method (a variable time-step approach). All key
coordinates on the vehicle are then updated using the corresponding
displacements. This process continues until the pre-assigned maximum
simulation time is reached. The results are obtained as traces of
response variables of interest, which serves as an input to the post-

processor for a graphical display (animation), and FFT signal-processing.

6.4 APPLICATIONS OF VEHICLE RIDE ANALYSIS

In this section, applications of RIDSIM are demonstrated with
examples involving two different wheeled off-road vehicles - surrogate
fast attack vehicle (SFAV), and 5 ton cargo truck (M923). The ride
simulations are carried out using the proposed adaptive continuous spring

model for the dynamic wheel- terrain interaction.

6.4.1 Surrogate Fast Attack Vehicle (SFAV)

This vehicle 1is a cross-country utility vehicle (Figure 1.2b)
employed for military applications. The vehicle 1is supported on two
wheels on each side, where the rear wheel is slightly larger than the
front wheel. The suspension units fitted at front and rear wheel stations
are simple pillar suspension systems. The driver’s seat is considered to
be rigidly connected to the vehicle body. Subsequently, SFAV |is

represented as 4 degrees-of-freedom ride dynamic model incorporating the
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independent suspension sub-model, where the generallzed coordinate vector

(equation I1I1.3) is compiled as:

{a)Y={vy, 6,5, Y,} (6.1)

where, Yo and Y2 represent the vertical degrees-of-freedom associated
with the lumped unsprung mass at front and rear wheel centres,
respectively.

The vehicle simulation parameters are listed in Table 6.1. The force-
deflection and force-velocity characteristics for the pillar suspension
units, as shown in Figure 6.3, are input as look-up tables. The undamped
natural frequencies and associated deflection modes, predicted based on
the converged stiffness matrix (equation 2.88) corresponding to vehicle’s
static equilibrium configuration, are listed in Table 6.2.

The ride simulation 1is carried out for the SFAV crossing over a
triangular bump (height = 0.25 m, base =2 m) at 20 km/h. Figure 6.4
shows the animatlon snapshots, where the ride harshness is clearly
visible as the SFAV f{requently lost contact with the ground. The
simulated acceleration traces are shown in Figures 6.5 and 6.6, where the
trends are well-explained by the animation. The shock performance of SFAV
for the simulated condition 1s unacceptable as the peak value of ride
bounce acceleration (4.3 g) is much higher than the limiting value of
2.5 g. The shock-limiting speed (the speed at which the peak value =
2.5 g) can thus be established based on repeated simulation runs with
gradually-reduced vehlicle speed. Similarly, the vehicle suspension system
can be optimized in an effqrt to reduce the peak level transmitted at

desired vehicle speed.
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Table 6.1 Parameters of SFAV [72].

Description Symbol Value
Sprung mass/inertia:
Mass, kg mh 512
Inertin, ke.n? L, 449
Unsprung mass/inertia:
Front wheel/axle, kg mwl 41.7
Rear wheel/axle, kg mw2 69.4
Horizontal distance
from c.g. to:
Suspension # 1, m a, 1.791
Suspension # 2, n a, -0.775
Driver’s seat, m a 0.254
Vehicle’s front end, m a 2.159
Vehicle's rear end, m ag -1.524
C.G. height, m hcg 0.587
Vertical distance
from c.g. to:
Suspension # i, m bl -0.204
(1=1,2)
Driver’s seat, nm bo -0.178
Vehicle's top end, m b'r 0.304
Vehicle's bottom end, m bB -0.204
Radius:
Front wheel, m R"1 0.356
Rear wheel, m sz 0.389
Radial Spring Constant: .
Front wheel, N/m/rad Krw 622 193
Rear wheel, N/m/rad k2| 1272 748
Damping Constant: o 0.0
Front wheel, N.s/m rw )
Rear wheel, N.s/m Cf" 0.0
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Table 6.2 Predicted natural frequencies
deflection modes for SFAV.

Undamped Natural | Dominant Deflection
Frequency (Hz) Mode
1.37 Y.
1.71 o
h
11.2 ywl
12.5 y“2
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Figure 6.4 Animated snapshots of SFAV crossing triangular bump at 20 km/h.
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Figure 6.5 Ride acceleration traces for SFAV crossing triangular bump at
20 km/h.
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Figure 6.6

Time (s)

Wheel acceleration traces for SFAV crossing triangular bump
at 20 km//h.
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6.4.2 M923, 5 Ton Cargo Truck

The second example involves a military truck which looks similar to
the dump truck shown in Figure 1.2(b). This vehicle has mixed suspension
systems including pillar ard bogie suspensions. The pillar suspension ls
fitted to the single-wheel station in the front, whereas the bogle
suspension in the rear incorpora‘es a pair of dual-wheel set. The truck
ride model is then formulated as a 6 degrees-of-freedom dynamical system
considering independent suspension model in the front and bogle
suspension model in the rear. The equation of motion are compiled based

on the generalized coordinate vector given as:

[

v Yot Yoo Yaaor © ) (6.2)

{a)={ yh’ 6 wiz w22 w2

h

where, Y1 is the vertical degree-of-freedom assocliated with the

independent suspension. y

, Yy __, and ew2 are the three degrees-of-

wi2 w22

freedom required to describe the kinematic associated with bogle
suspension, where Yo and Y.» represent the vertical degrees-of-freedom
for front and rear bogie wheels, and 9"2 is the rotational
degree-of-freedom for the bogie beam. It should be noted that the
driver’s seat computations are excluded in the simulation due to the lack
of parameters.

The vehicle simulation parameters are listed in Table 6.3. The force-
deflection and force-velocity characteristics for the independent and
bogie suspension units are illustrated in Figure 6.7, where the 1linear
damping rate represent the dampers associated with both independent as
well as bogie suspensions. Table 6.4 1lists the natural frequencies and

dominant deflection modes predicted in conjunction with the vehicle's

static equilibrium configuration.
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Table 6.3 Parameters of M923 truck [72,30].

Description Symbol Value
Sprung mass/inertia:
Mass, kg mh 5 568
fnertis, rg.ns I, | 2076
Unsprung mass/inertia:
Wheel/axle mass, kg mwi 619
(1=1..3)
Beam inertia, kg.m2 I"2 19.4
Horizontal distance
from c.g. to:
Independent susp., m a, 2.972
Bogie suspension’s
Pivot point (C), m a, -1.575
Front damper (A), 12 -0.889
Rear damper (B), m 22 -2.261
Vehicle's front end, = a. 4.064
Vehicle's rear end, n aR -3.632
C.G. height, m cq 1.346
Vertical distance
from c.g. to:
Independent susp., m b1 -0.432
Bogie suspension’s
Pivot point (C), m b2 -0.819
Front damper (A), m b12 -0.432
Rear damper (B}, m b22 -0.432
Vehicle's top end, m bT 0.813
Vehicle's bottom end,m bB -0.432
Wheel radius, m R"I 0.643
(1= ...3)
Bogie beam length, m 12 0.686
122 -0.686
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(Table 6.3 - continued)

Table 6.3 Parameters of M923 truck (72,30].

Description Symbol Value
Bogie pivot point:
Torsional spring rate, KT2 0.0
N.m/rad
Equivalent torsional Ku ' KL 412 374
spring rate for bump T2 T2
stops, N.m/rad
Radial clearance for oY 20.0
upper bump stop, deg w2
Radial clearance for o" -20.0
lower bump stop, deg w2
Radial spring constant: .
Wheel # 1, N/m/rad Kru 1 148 730
Wheel # 2, N/m/rad k2 | 3324 143
Wheel # 3, N/m/rad K3 3 361 732
Damping constant: :"
Wheel # 1, N.s/m Cru 462
Wheel # 2, N.s/m cz 924
Wheel # 3, N.s/m C3 924
rw
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Table 6.4 Predicted natural frequencies &
deflection modes for M923 truck.

Undamped Natural Dominant Deflection
Frequency (Hz) Mode

1.58 Y eh’ Yur

1.82 Yy Gh. ywl

5.94 ywl

6.70 Yor2® Y22 eu2

7.62 Yur2' Yuz2

18.0 o

w2
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The ride simulations are performed for M923 truck traversing over the
triangular bump and the LETE48 random course at 15 km/h. Figures 6.8 and
6.9 show the acceleration traces for M923 truck crossing the bump. The
animated snapshots illustrated in Figure 6.10 assist in understanding the
vehicle dynamic responses shown in Figures 6.8 and 6.9. The beam angular
acceleration trace in Figure 6.9 exhibits high frequency fluctuations,.
The beam rotation within the specified permissible range is only
constrained by suspension units at each end, and corresponding natural
frequency 1is 18.0 Hz (Table 6.4). The beam’s natural frequency lis,
however, increased to 30 Hz beyond the permissible limits, where the bump
stops are engaged. Figures 6.11 and 6.12 show the acceleration spectra
for M323 truck traversing LETE48 random course. The bounce acceleration
spectra for all three wheels exhibit primary peaks occuring at slightly
higher frequencies than the one listed in Table 6.4. These frequencies
correspond to the bump stops incorporated in the suspension spring

characteristics (Figure 6.7).

6.5 SUMMARY

In this Chapter, a multi-purpose ride dynamic simulation model
(RIDSIM) is developed considering sub-models for primary suspension
systems which are commonly employed for wheeled/tracked off-road
vehicles. RIDSIM is formulated based on a modular or building-block
approach, where equations of motion are written considering individually
each of the basic suspension sub-models. Thus, RIDSIM can be conveniently
employed to simulate ride dynamics of wheeled and tracked vehicle
configurations with any mixture of suspension types. The dynamic wheel-

track-terrain interaction is formulated based on the proposed wheel and
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track sub-models as well as ones proposed in previous studies.
Subsequently, RIDSIM permits vehicle model formulation based on o varying
degrees of complexity, where the user specifies the sub-models of cholce.
Applications of RIDSIM are demonstrated with examples involving two

different wheeled off-road vehicles.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

As set out 1in Chapter 1, the overall objectives of this research
program have been (a) to develop a computer simulation model for ride
analysis of high mobility wheeled/tracked off-road vehicles, (b) to carry
out an extensive field testing of a typical off-road wheeled/tracked
vehicle, and (c) to validate and refine the computer simulation model.
The computer model, thus evolved, could be employed as an effective and
precise design tool to study and improve ride, and thus mobility perform-
ances of off-road vehicles. These objectives have been accomplished as
presented in the preceeding chapters. In the present chapter, highlights
of the work and main findings are summarized. Also, some recommendations

for future work based on the present research are presented.

7.1 HIGHLIGHTS OF THE PRESENT WORK

The proposed computer model, referred to as RIDSIM, is a time-domain
ride simulation model formulated considering an in-plane analytical
representation of the vehicle traversing over an arbitrary non-deformable
terrain profile at constant forward speed. The sub-systems of the basic
vehicle-terrain dynamical system, such as primary suspension, wheel and
track, are formulated considering common suspension types, and dynamic
wheel-track-terrain interaction sub-models of varying complexities.
RIDSIM thus permits a convenient vehicle model formulation based on user-
specified sub-models of choice. The input information required to operate
RIDSIM is basically minimal. The output data from RIDSIM constitute an
input to the post-processor, which is developed for data reduction and

conditioning to assess ride quality, and vehicle animation.



The development of RIDSIM has been primarily based on the modeling
strategies adopted for the ride model formulation of a conventional
armoured personnel carrier - M113 APC. The M113 APC, a high mobility
tracked vehicle, was selected as a candidate vehicle for present research
since it 1is a more complex dynamical system in view of analytical
modeling and validation. Subsequently, the main focus of this study has
been to carry out analytical and experimental ride investigations of the
candidate vehicle.

The M113 APC in its Al version was tested at LETE (Land Engineering
Test Establishment, Ottawa) for various test conditions: vehicle
configurations (loading conditions and track pre-tension settings), field
courses (discrete half round obstacles, sine course, and random courses),
and vehicle speeds. Prior to field testing, a test plan indicating
appropriate instrumentation/equipment, their locations and mounting
methods, and a detailed outline of test runs in view of specified test
conditions was prepared. The large amount of test data acquired during
the course of field testing was conditioned and reduced for the purpose
of ride quality assessment and ride model validation.

The ride dynamic model for candidate vehicle is conceived based on
three formalism of varying complexities: MODEL I, MODEL II, and MODEL III
The equations of motion written for these models are expressed from the
vehicle's free or zero-force position in order to incorporate the
influence of gravity in simulating the vehicle-terrain contact loss. A
procedure is devised for establishing the vehicle's =zero-force
configuration, which estimates initial static wheel and suspension loads,
and associated generalized deflections for shifting the vehicle upward

based on the calculated defelections. A further step was taken in order
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to assure the static equilibrium of the vehicle when settled under its
own weight from the zero-force reference. A procedure based on an
jterative stiffness approach 1is developed to compute the initilal
generalized displacement vector characterizing the vehicle’'s static
equilibrium, and associated undamped natural frequencies and mode shapes.

The preliminary ride dynamic model (MODEL I) was developed prior to
the field testing of M113A1 APC as a too) for devising appropriate test
plans. MODEL I 1incorporates: (i) an idealized Iindependent suspension
representation of the tracked wvehicle's ‘torsion bar/trailing arm
suspension system, (ii) an idealized continuous radial spring/equivalent
damper model for wheel/track-terrain interaction, and (iii) dynamic track
loads computed based on track belt extensibility and pre-tension.
Effective computational procedures are developed to establish wheel-
terrain and track-terrain contact patches, and wheel-track connectivity.
MODEL I was employed to carry out ride simulations of the field-tested
vehicle, and ride predictions were directly compared against field test
data. The MODEL I's ride predictions exhibited generally a good agreement
with field measurements. However, MODEL I was considered for further
refinements in order to achieve even a closer correlation between
simulated and measured responses.

The preliminary ride model, MODEL I, was refined in view of the sub-
system modeling strategies, and referred to as MODEL lI. The refinements
include: (i) an adaptive formulation of the idealized continuous radial
spring model for the wheel/track-terrain interaction, where the terralin
irregularities, if found within the contact patch, are accounted for
through the discretized local deformations, (1ii) dynamic track loads

evaluated based on an improved track model, which in addition to the
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track stretching, also incorporates track sag (modeled based on quadratic
polynomial approximation of the track segment hanging between hull
wheels), and enhanced wheel-track connectivity, track bridging and road
wheel-track-terrain separation, and (iii) equations of motion re-derived
based on an improved representation of the idealized independent
suspension unit. The ride predictions evaluated using MODEL II then
showed an improved correlation with the field test data.

In order to assess the relative performance of proposed wheel and
track sub-models, various other wheel and track modeling strategies
employed in previous studies were considered for simulation of the field-
tested vehicle. Previous wheel models [30], and track models [34,38] are
formulated in conjunction with MODEL II. Such a comparative analysis has
not been presented elsewhere in the 1literature. This comparative study
provided a detailed assessment of individual wheel and track models in
view of the accuracy of response predictions, and associated
computational time. In comparison, the ride predictions evaluated in
conjunction with proposed models exhibited a superior performance.

Finally, the ride model was re-formulated considering a realistic
representation of the vehicle's trailing arm/torsion bar suspension
system. The new ride model, MODEL III, incorporates the detailed
kinematics of trailing arm and shock absorber linkages in addition to the
refined wheel and track sub-models used in MODEL II. The relative
performance of MODEL II] was assessed based on an extensive field
validation of its ride predictions. In comparison with MODEL II, the
MODEL III's predictions generally exhibited a smoother ride and closer
correlation with the field-measured data. The field-validated MODEL III

was then employed to carry out a parametric sensitivity analyses for
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studying the influence of suspension parameters on the ride performance
of the test vehicle. In addition, the ride performance potentials of a
hydrogas suspension system exclusively developed for application with

M113 APC’s vere investigated.

7.2 GENERAL CONCLUSIONS
The present research work has demonstrated an effective use of a

modular building-block approach in formulating ride dynamic models of

varying complexities for off-road vehicle systems. It has been shown that

a simplified yet credible mathematical formulation of a complex tracked

vehicle-terrain dynamical system yields fairly accurate ride predictions.

There are two types of conclusions which can be drawn from the ride

dynamic study of the candidate vehicle (field-tested M113A1 APC). The

first set of conclusions are from the analytical modeling strategles and
their assessment based on the field validation of associated ride
predictions. The second set of conclusions comment on the ride dynamic
behaviour of the candidate vehicle in view of operational and system
parameters.

The first set of conclusions are:

[ ] The two-dimensional ride model formalism, while lgnoring roll degree-
of-freedom, yields fairly accurate ride performance predictions as it
has been demonstrated based on the field validation.

m The idealized representation of the torsion bar/trailing arm
suspension system in the ride model formulation is convenient and
sufficient for routine and repeated simulations. However, the ride
model in conjunction with the detailed suspension representation

yields relatively accurate predictions, and can be used as a design-
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oriented tool for detailed analysis of the suspension components.

Based on the comparative study of wheel models, following

observations are made:

(a) The proposed idealized continuous spring model requires the least
computational time in comparison with other models, and yields
ride predictions which exhibit a generally good agreement with
the field test data.

(b) The ride predictions evaluated in conjunction with the proposed
adaptive continuous spring model show even a closer correlation
with field test data. This model performs generally well in
comparison with other models. For instance, for the discrete
obstacle-crossing analysis, this model is as fast as the
idealized version, yet predicts very close in comparison with
other wheel models.

(c) The point <contact wheel model over-estimates the ride
acceleration levels for rougher profiles such as discrete half
round obstacles and sine course. However, for terrain profiles
(LETE48 random course and Belgian pavé), where the changes in the
elevation are gradual, the point contact model predicts as well
as other high resolution models.

(d) The adaptive foot-print, which is of highest resolution among the
different wheel models considered in this thesis, yields ride
predictions similar to those of the proposed adaptive model, but
requires large computational time.

(e) The performance of rigid tread band model is comparable to that
of the adaptive foot-print model, whereas the fixed foot-print

model yields slightly high ride acceleraion levels.
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Based on the comparative study of track models, following

observations are made:

(a) The proposed track model # 1 requires relatively simpler modeling
considerations in comparison with the proposed track model # 2

however, yields ride predictions which are comparable to those of
model # 2.

(b) In comparison with other models, the ride predictions evaluated
in conjunction with track model # 2 generally show a closer
correlation with field measurements.

(c} The quadratic polynomial approach employed in track model # 2
yields similar results as an ideal catenary-based approach [34]
used in track model # 3. However, track model # 2 permils direct
visualization of the track sag in relation with track tension.

(d) The ride predictions based on track model # 4 (38] exhibit the
least agreement with field test data. Although, this model
requires relatively less computer run time, the accuracy of ride
predictions obtained with track model # 2 outweighs the increase
in computer time.

The second set of conclusions are:

The vehicle ride deteriorates considerably with rougher terrain

profiles and higher vehicle speeds, whereas the vehicle loading

conditions as well as track pre-tension settings have little
influence on the ride dynamic behaviour.

The equivalent stiffness of road wheel/track pad has very little

influence, whereas lowering the torsion bar stiffness Improves the

ride performance.

A reduction in the suspension damping improves the vehicle's
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7.3

has

transient response to a half round obstacle, however, the ride
performance over a random course is deteriorated.

The ride performance is considerably improved by mounting shock
absorbers at all road wheel stations.

The rlde performance with hydrogas suspension units mounted at 1st,
2nd, and 5th wheel stations is comparable to that of the test vehicle
equipped with hydrogas suspensions units at all wheel stations.

The hydrogas suspension units mounted at 1st and 5th wheel stations
alone do not offer significant improvement over the conventional

torsion bar suspension configuration.

RECOMMENDATIONS FOR FUTURE WORK
The present research work yields a computer simulation model which

been shown to be an effective and precise tool to study the ride

dynamics of a typical high mobility tracked vehicle. There are a number

of recommendations which will enhance the potential usefulness of the

computer model, and are summarized as follows:

A successful field validation of RIDSIM has been carried out for the
case of a typical high mobility tracked vehicle. It is recommended
that the RIDSIM’s predictions should also be validated for wheeled
off-road vehicles simiiar to the ones studied in Chapter 6 (section
6.4). This will further increase the confidence in both the modeling
techniques emloyed in this study and their ability in predicting
accurately the ride performance. Also the validation will highlight

any shortcomings of the current models and the need for refinements.

The inclusion of sprung mass horizontal degree-of-freedom in

conjunction with an appropriate representation of the vehicle driving
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force will make the RIDSIM software to be a comprehensive 2D model.
The driving force should be modeled considering vehicle diive
unit (drive control, engine power, etc.), and traction forces. The
ride model would thus be able to accurately predict fore-aft r1ide
acceleration levels, and could also be employed to assess the power
requirements as well as mobility/tractive performance of the
vehicle.

The track representation can be further enhanced by taking into
account the track tensioning effects induced by the sprocket driving
torque and the track tension compensating linkage between idler and
ad jacent road wheel.

Active and semi-active controls are gaining prominence in the
suspension systems. Appropriate control algorithms integrated in
conjunction with the suspension model will expand the analytical
capabilities of RIDSIM.

The ride model formulation can be extended to study the ride dynamics
of multi-unit (i.e. articulated) vehicle configurations.

RIDSIM should be compiled as a PC-based user-friendly software with
menu-driven pre- and post-processors using WINDOWS and computer

graphics enhancement.
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APPENDIX I

WHEEL AND TRACK MODELS

1.1 WHEEL MODELS

Four basic wheel (tire) models, namely, point contact, rigid tread
band, fixed foot-print and adaptive foot-print, which have been employed
in previous studies [30], are formulated for performing ride simulations
of the field-tested vehicle. All four models are conceived based on the

assumptions made in the formulation of proposed model (section 2.4.1).

Point Contact Model

As lllustrated in Figure 1.1, the point contact model is represented
as a paralle]l combination of equivalent vertical spring and dashpot,
where the terrain contact occurs at a single point vertically beneath the
wheel centre. The net foot-print force resulting from the vertical motion
of wheel relative to the terrain, is assumed to act normal to the local
terrain surface. Consequently, a horizontal or fore-aft component of net
foot-print force is generated whenever the 1local terrain profile 1is
inclined to the horizontal, and 1is related to the vertical component
through the tangent of local profile angle.

The vertical and horizontal components of net foot-print force acting

at the ith road wheel centre are obtained as:

5 F' =F' tan 7 (1.1)
Wy P

wy rv rv wx

where, K:" and C:H are the equivalent vertical stiffness and damping
values for the ith road wheel. The relative displacement and velocity are

computed as:

d = YP - (Ywi— R“l) (1.2)



8 = Vx tan LA (1.3)

wi

where YP is the terrain elevation at X"l, and tan % is corresponding

local slope of terrain profile.

Rigid-Tread Band Model

The rigid tread band model is a modified point contact model, where
the point follower is replaced by a roller follower equal to the wheel or
tread band radius. Consequently, the terrain contact is not constrained
to lie vertically beneath the wheel centre, but is free to move fore and
aft of wheel centre depending on the local profile slope. With this
model, the motion transmitted to the wheel centre is in general different
from the terrain profile due to the geometrical filtering effects of
rolling wheel. Therefore, a rigid tread band model can be referred to as
an equivalent point contact model operating over a modified profile. The
filtering causes attenuation of rough terrain profile irregularities.
However, for gradually varying terrain profile, filtering becomes
insignificant, and the rigid tread band and point contact models yield
equivalent results.

As illustrated in Figure 1.2, the schematic representation of the
rigid tread band model is similar to the point contact model. Therefore,
the rectangular components of net foot-print force are obtained using
equation (I.1), and it is only necessary to find the‘modified profile
(YP and tan WP) and corresponding point of contact in terms of wheel
centre coordinate (le,le) and tread band radius (Rw‘). The criterion
for determining the modified terrain profile is that, at contact point,
the slope of the tread band and the terrain profile must be equal. For

this, the lower circumference of ith road wheel is divided into a number
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Figure I.1 Point contact model.
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Figure 1.2 Rigid tread band model.
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of radial segments, whose coordinates are given by (XN‘+ Rwlsln wk;
Ywi— Rwlcos wk' k =1...,2N+1; N=W/¢p; ¥=n2 and ¢ = segmentation
angle), where wk is the vertical inclination (positive 1if counter-
clockwise). The slope (tan wpk) and elevation of terrain profile (ka) at
each segmented point are computed based on the linear interpolation of
the look-up table containing cartesian coordinates of the terrain
profile. The modified terrain input (YP and tan 7P) is then computed at

the point of cecntact, where the following condition is satisfled,

| tan Yok ~ tan wkl
Gk = ka-(YHi-Rwicos wk) > 0 and < € (1.4)

| tan wkl

where € 1is the specified tolerance. It 1is possible that the slope
condition can be satisfied at several points on the lower half of tread
band. In such case, the highest value of ak will represent the physically
realizable condition. Once the point of contact (k = k) is established,

the relative displacement and velocity are then given as:
ak = YPk - (le- R"lcos wk) (1.5)

ak = Vx tan Yop ~ Y (1.6)

wi

This method, as discussed above, requires sufficiently high number of
radial segments for an accurate computation of net foot-print force.
Consequently, one needs to check for all radial segments, which 1s qulte
demanding on computer CPU time. This process can, however, be accelerated
if the radial portion of the wheel in contact with terrain (defined by Px
and Pz) is known such that the segments within the contact patch are only
to be checked in order to locate the desired terrain contact point. The

computational algorithm developed based on circle-line Iintersection
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(section 2.4.1), is used for computing first and last wheel-terrain

contact points.

Fixed or Constant Foot-Print Model

The fixed foot-print model (Figure I.3) represents the wheel-terrain
interaction through a foot-print of constant size. This model 1is
represented as a parallel combination of vertical spring and damper
elements distributed uniformly over the contact length (L), thus has the
ability to envelop terrain irregularities through local deformation
within the footprint. With equivalent values of stiffness (K:") and
damping (C:w). this model is a point contact model, where the local
terrain elevation (YP) is replaced by an elevation averaged over the
contact length. The fixed foot-print model also filters the terrain
irregularities like the rigid tread band model, where the filtering is
dictated by the the fixed foot-print length rather than the wheel radius.

Like rigid tread band model, the lower circumference of ith road
wheel is segmented, as illustrated in Figure 1.3. However, the range for

segmentation Is specified as:
¥ =sin (L/2 R ) (1.7)

The net horizontal and vertical components of net foot-print force

acting at 1*" road wheel are obtained as:

N,« N‘_
i i i 1
F = F. t iy Fo= F 1.8
wx kzl vk an 7Pk wy kzi vk ( )

where, Nr indicates the total number of discrete vertical spring and

damping segments within the wheel-terrain contact patch (defined by P1

|

and Pz)' ka is the vertical force due to k" segment, obtained as:
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ka =k & +c ak (1.9)

where, 6k and ék' the corresponding displacement and veloclty, are
computed using the mathematical expressions identical to equations (1.5)
and (I.6).

k:w is the vertical spring constant for each discrete segment of it

road wheel, and is established based on the contact patch formed on a

flat surface under a specified static load, P.

Nr
l —
krw—P/ZAk (1.10)
k=1
where, the static vertical deflection, Ak' is obtained as:
Ak = R"i(cos wk-l) + Aw (1.11)

where, AH is the maximum static deflection directly beneath the wheel
centre, given as:
A =P /K (1.12)
W rw
ciw is the viscous damping coefficient for each discrete vertical
segment of ith road wheel, and is estimated based on the assumption of
uniform distribution of equivalent damping coefficient, Clu, over the

static contact patch, given as:
c =C /N (1.13)

Adaptive Foot-Print Model

The adaptive foot-print model (Figure 1.4), 1is represented as
parallel combinations of discrete spring and damping elements, which are

radially and uniformly distributed over the lower circumference of the
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Figure I.3 Fixed foot-print model.
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Figure 1.4 Adaptive foot-print model.
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wheel. Like the fixed foot-print model, this model has the ability to
envelop terrain irregularities through local deflections. However, the
key features of this model are that: (1) the net foot-print force is not
vertical because of the existence of a nonplanar foot-print, and thus
fore-aft component is not related to the vertical component through the
local profile slope, and (ii) the foot-print size and orientation
relative to the wheel centre changes, depending upon the radial portion
of wheel in contact with the terrain profile (defined through P1 and Pz).

As 1illustrated in Figure 1.4, the lower circumference of im road
wheel is segmented like rigid tread band model, and all discrete segments
within the contact patch are checked for radial displacements and
velocities. The horizontal and vertical components of net foot-print

force acting at ith road wheel centire aie obtained as:

Nf Nf
i . R B
Fo= kZ1FPk sin g,  F, kZIFrk cos Y (1.14)

where, the radial force along kP segment is computed as:

=kx' 6, +c' &

Fok = K Sk * S S0k

(1.15)

where, Brk and érk are the corresponding radial displacement and

velocity, given as:

) ka - (Y"l— Rmcos wk)
S . = (1.16)
rk cos l/lk
§, = Y 20 Vo~ Y (1.17)
rk cos wk )

i

o’ the spring constant for each radial segment of 1*" road wheel,
w

k

is established based on contact patch formed on a flat surface under a
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specified static load, P, given as:

N
f
1 -
krN—P/ZArk (1.18)
k=1
where, the static radial deflection, Ark' is obtained as:
R (cos y,~1) + A
A= M k " (1.19)

rk cos wk

Similarly, c:H, the wviscous damping coefficient for each radial
suspension segment of i*" road wheel, is estimated as:

f
1
c —C"/ZCOS wk (1.20)

rw r
k=1

The wheel models, as discussed above, have been formulated to
represent the dynamic wheel/track-terrain interactions. However, these
models are also to be incorporated for establishing vehicle's static
equilibrium (vehicle settlement). As discussed in section 2.6, the
initial generalized displacement vector (equation 2.84) associated with
the static equilibrium of the vehicle settled on a flat surface, are
established based on an iterative stiffness approach (equation 2.79),
where t‘he stiffess matrix (equation 2.80) is updated based on the
generalized displacement vector. The structure of the stiffness matrix
remains unchanged except the spring constant for 1*" road wheel, K. is

obtained In view of the specified wheel models, given as:
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(
K:_H ;  point contact and
rigid tread band
Nr ;
K, = [ka ak] /A, i fixed foot-print (1.21)
k=1
N
4
[ krw 5rk] / 15wl ; adaptive foot-print
k=1
\

where, Am' the static deflection of the wheel centre, 1is given In

equation (2.83).

I.2 TRACK MODELS

In this section, two track models, referred to as track model #'s 3
and 4, are developed for ride dynamic simulation of field-tested vehicle.
Track model # 3 is identical to the track model employed in MODEL I1
(track model # 2), however, with the exception of track inextensibility,
which is nodeled based on an ideal catenary equation as proposed by
McCullough et al {34). Track model # 4 is developed based on the track
model employed in VEHDYN II [38], where dynamic track tensioning effects
are simulated through hypothetical linear springs Interconnecting

adjacent wheel pairs.

Track Model # 3

McCullough et al [34]) proposed a catenary-based approach to compute
track tension in a hanging track segment between two hull wheels. The
proposed method is based on the assumption that the lowermost point,
C (Figure 4.2), is located at the mid-point of hanging track, and thus
tension at both ends is equal (i.e TA= TB). To solve catenary equations
efficiently, a nondimensional form of <catenary (equation 4.6) was

proposed, given as [34]:
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_ cosh X [ _sinh X
7 and [ a ] = =5 (1.22)
where, X = a’/c

and, T is the maximum tension at hull wheels, ¢ is half of the total
track hanging length, Lh. and a is half of the distance between hull
wheel centres and is considered to be equal to d/2 for this study. The
functional relationship between T/aw and &/a is given in the form of a
look-up Table 1.1, where intermediate points can be 1linearly inter-
polated. Figure 1.5 1illustrates the linearly-interpolated functional
relationship in reference to the actual catenary function, where the
track tension for intermediate values of track hanging length is always
over-estimated.

The tension based on track inextensibility 1is computed using the
proposed quadratic polynomial approach and the ideal catenary
method [34]. Figure 1.6 exhibits the relationship between track tension
and length for Diehl 213G track hanging between the sprocket and the

idler of M113A1 APC, where the data is exhibited from the point of track

1

Lr). For ideal catenary approach [34], the point of

stretching (L;, T
track stretching (where dT/dL = Ktr) is also established, where dT/dL is
the absolute value of slope computed based on two consecutive values of
track tension, T, and length, £, given in Table 1.1 along with
appropriate multiplications. Based on quadratic and catenary approaches,
the point of track stretching is characterized by similar I"rl;' but
relatively different Tlr, which 1is computed as 10.5 kN and 12.5 kN,
respectively. As shown, the 1ideal catenary appreoach [34] vyields

relatively higher values of track tension for given track hanging length.

The procedure for computing track tension based on track model # 3 is
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Table I.1 Ideal nondimensional catenary solutions (34].
= | B[
aw a c
1000.00 | 1.0000001 | 0.001
100.01 | 1.00002 0.01
10.05 | 1.002 0.10
3.48 | 1.015 0.30
2.26 [ 1.042 0.50
1.976( 1.061 0.60
1.793] 1.084 0.70
1.672| 1.110 0.80
1.592} 1.141 0.90
| 1.54 | 1.175 1.00
% 1.52 | 1.214 1.10
1.51 | 1.260 1.20
1.52 | 1.306 1.30
1.54 | 1.360 1.40

Actual Function

|

\

. Linearly Interpolated
! Function

1

{

P ¢

Figure 1.5 Catenary approximation of hanging track.
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Figure 1.6 Track tension characteristics based on track inextensibility

(-o—o— Catenary [34), —o—o— Quadratic).
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very similar to track model # 2. Prior to simulation, initial track

0

’

hanging length, Lg, corresponding to specified track pre-tension, T
distance, a, and weight/unit length, w, 1is obtained from Table I.1. In

1

addition, the point of track stretching (L;. Ttr) is computed as

discussed atove. During simulation, the overall track tension is computed

as:

T@ £=L1,/2 (Table I.1) ; L > L: (Track Inextensibility)

T = (1.23)

tt ok (L -L% )T : L = L' (Track Extensibility)
r tr tr h h

t o]

where, To' Ltr. and Lh are obtained from equations (4.22), (4.23), and
(4.24), respectively. The overall track length, Ltr, is obtained from
equation (4.26). The horizontal and vertical components of the overall
track tension, T, , acting at the 1" road wheel and the k'" hull wheel
centres are computed using equation (2.14) and (2.18) respectively, where
the horizontal inclinations of intermediate track segments, c} (j=1,2),
are computed in view of improved track bridging effects (section

4.2.2.3), and the horizontal inclinations of wupper track segment are

specified as:

® =2n + © - 06
A h
(1.24)

® =nTt+0 +806
B h
where, Qh is given in equation (2.49), and 8 corresponds to the hanging
track inclination with respect to the longitudinal axis assumed to be
parallel to the line adjoining the tops of drive sprocket and ldler, and

is computed from Table 1.1 for given value of ¢ (= Lh/2) as:
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-

tan (&/¢c) ; L
9 = (1.25)

>
-4

Track Molel # 4

The model described in this section is based on the track model
employed in VEHDYN 11 [38], where the dynamic track tensioning effects
are modeled as local tensioning effects, while neglecting the overall
track tension. The intermediate track segments (between road wheels) are
modeled as vertical springs interconnecting each adjacent road wheel pair
(Figure 1.7), which restricts the relative vertical motion of the road
wheels. The springs are linear bi-directional springs, which effectively
generate a vertical force proportional to the relative displacement
between adjacent road wheel pair. Consequently, when the road wheel
centres are all lined-up on the same horizontal axis, there is no force
contribution due to the track tension model. Total vertical force acting
at the 1th road wheel centre due to adjacent track segments, is given as

(refer Figure 1.7):

[

<
Al
[

"
[y

|
<
[
n
[\
=
!
-

(1.26)

1
<
fate

I
=

where, J =i+

where, k:. the vertical spring constant of jth intermediate track
segment, is determined based on the weight of each road wheel against the
track, and is equal for all track segments if road wheels are equally
spaced.

The Iinteraction of the track feeler with the terrain profile is
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modeled by a linear spring placed perpendicular to the undeflected feeler
at the point of maximum deflection, amax. Consequently, a normal froce
proportional to Smax is imparted to the feeler by the terralin profile,
which increases the tension in the feeler to balance this force.
Subsequently, the track feeler tension is applied to both hull wheel and
the nearest road wheel. Figure 1.8 illustrates the front and the rear
track feeler-terrain interactions. The magnitude of track feeler tension

is thus obtained as:

Front Track Feeler (j=1):

k:.a:m
T = - X - (1.27)
sin A + sin A
1 2
where, A1 = cl -0 +7n and Al =8 -¢!
1 1 1 2 1 2
Rear Track Feeler (j=N+1):
!
T = (1.28)
M1 gin aAM' 4 sin M
1 2
where, AN*I = s:m1 -0 and AN'I =0 -n - cN”
1 1 2 2 2 2

where k: {(j =1 and N+1) is the perpendicular spring constant, and bia

x

is computed using equation (2.53).

The horizontal and vertical components of dynamic track load acting

at ith road wheel and kth hull wheel aie obtained as:
T cos e{ Tl + T sin eJ for i=1,N
. ) o W) J
T = : T = (1.29)
WX Wy i
0 T for i1=2,..,N-1

wy
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yuH»l

J (J=1+1)

Figure 1.7 Tension model for track segments between road wheels.

Road Wheel # 1

—_— .\
[ye—— —

(a) Front track feeler

(b) Rear track feeler

Figure 1.8 Tenslon model for track feelers.
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It
—

1 1 for i
where, j= and j =
+1

N 2 for i =N
™ =T cos e’ : ™ =T sine? (1.30)
hx 3 J hy J J
1 2 fork =1
where, J = and j =
N+1 1 for k =2
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APPENDIX 11

RIDSIM: EQUATIONS OF MOTION

RIDSIM is a time-domain ride simulation model formulated as a non-
linear, in-plane dynamical system having "3+ND" degrees-of-freedom, where
"3" accounts for the bounce and pitch motions (yh,eh) of vehicle sprung
body and an optional bounce motion (yo) of the suspended driver/seat
system, and "ND" indicates total number of degrees-of-freedom associated

with the specified suspension types, computed as:
ND = NI + NT + 2 NW + 3 NB (11.1)

where, NI, NT, NW, and NB indicates the user-specified numbers of

independent suspensions, torsion bar/trailing arm suspensions, walking

beam suspensions, and bogie suspensions, respectively. The unsprung/rigid

suspension (NU) is not included in equation (I1.1) since it has no

degree-of -freedom.

The equations of motion are expressed in its general form as:

[MKaqa}={F) (11.2)

where,

[ M ] = the mass/inertia matrix of size (3+ND x 3+ND),

{F}

the generalized force vector of size (3+ND x 1), and

{ @ } = the generalized coordinate vector of size (3+ND x 1),
specified as
{a)r=A{y.6,. ..y, .08, ....v } (11.3)

where, Yo and ew‘ indicate translational (vertical) and rotational
degrees-of -freedom associated with the general description of an ittt

suspension unit, and are compiled in an order based on the specified



suspension type which are indexed from front to back of the vehicle. For
instance, the independent suspension model (Figure 2.4) requires vertical
degree-of ~-freedom (yw‘) only; the torsion bar/tralling arm suspension
model (Figure 5.2) requires rotational degree-of-freedom (e"‘) only; the
walking beam suspension model requires bcth Yo and BH‘; and, the bogle
suspension model requires three degrees-of-freedom (y“!i.ywzl.ew|)
The equations of motion are written considering individually each of
the specified suspension type. Similarly, the vehicle's zero-force
configuration (section 2.5) and static equilibrium (section 2.6) are
established in view of each suspension type. The suspension forces, in
general, are modeled using the nonlinear spring characteristics, Coulomb
friction damping to account for loading-unloading hysteresis loop, bump
stops, and nonlinear force-velocity characteristics of shock absorber. It
should be noted that, a common set of description variables are used in
the modeling of each suspension type. As mentioned earlier 1in Chapter 6,
the wheel and track are represented based on the user-specified sub-
models, which are selected among the ones proposed in this study and

previous studies.

Unsprung/Rigid Suspension

This suspension type is conceived as a simple rigid link between the
wheel centre and the vehicle frame as illustrated in Figure 11.1(a).
Consequently, the wheel or unsprung body 1is the main suspension medium.
This suspension has no degree-of-freedom, and is assumed to remain
perpendicular to the vehicle frame. The equations of motion are written

as (refer to Figure I11.1(b)):
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Figure II1.1 Unsprung/rigid suspension.
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Vehicle Bounce:

.._v _ _
my, = Z_ F"y WHL wh (I1.4)

Vehicle Pitch:

NU
16 = Y alF's +(F -w.)c| +blFc - F-w.)s | +n
h h 1] wx 6 wy wi’ 9 1 wx O (wy wi)e HW
i=1
(11.5)

where, the net moment due to the forces acting at the centre of hull

wheels (only for tracked vehicles) is given as:

k k k k
HH %k [thse+ thce] * P [thce thse] (11.6)

1

=
1l
gl

It should be noted that the sub-script " i " is the identification of
the road wheel associated with the ith unsprung suspension, and 1is
consistent with other suspension models. The net horizontal and vertical
forces acting at the road wheel centre are expressed based on equations

(2.11) and (2.12) as:

F F ; Wheeled

('. WX L Wy
F~ = i Fo= (11.7)
nx i i "y i i
F- -T F- +T ; Tracked
WX (4 wy wy
As mentioned earlier, the wheel forces (F* ,FL .Fk ,Fk ), and the track
wx Wy hx hy

forces (TL,T& ,'l"k,'I‘k ) are evaluated based on the user-specified wheel
wx Wy hx hy
and track sub-models.
The instantaneocus location of the road wheel centre associated with

the unsprung suspension is simply computed as:
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P. - = (II.8)

The suspension deflection, A?, required for evaluating 1initial
vertical deflection, 5: (equation 2.73) and pitch angle, 9: (equation
2.74), and thus establishing vehicle’s =zero-force configuration, |is

expressed as:
A" =R, -h, (11.9)

The 1initial generalized displacement vector characterizing the
vehicle's static equilibrium configuration is computed based on the
iterative stiffness method (equation 2.79), where:

ol -

NU NU
-IZIK"‘: -izlxui.al
[ Ki—] ] = - - (II.10)
NU
Yxa
L = Wi 1]
{u;>=(3..9 (11.11)
Y 0 i g x
Wh+lzl [wwl+ Kwi,(ywi— Rni)— Twy]_kzl'rhy
and, {F )= NU (I1.12)
0
—Ma+iZi[wuL+ Kei(Yei™ Bl
where, Ki ° the spring constant for the road wheel, is evaluated in

conjunction with the specified wheel sub-model (equations 2.83 and 1.21),

where the vertical deflection of the wheel centre is computed as:

_ _ 0
8.,=R, (Yh+ b+ + aieh) (II.13)

The applied moment vector due to the static track forces is computed as:
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NU
_ i i L
M_ = > al[wase+ T"yce] + bi[T"xCe T"yse] M (11.14)

i=1

where, the net moment due to the statlic track forces acting at the centre

of hull wheels is given as:
M
_ k k -
Mt-r = E: ahk[Tthe+ ThyCe] + bhk[Tth9 Thyse] (I1.15)

Independent Suspension

This suspension type, as illustrated in Figure 2.4, is employed as an
idealized representation of the torsion bar/trailing arm suspension
system of the candidate vehicle (MODEL I & II). The equations of motion
written for MODEL II 1incorporate a realistic representation of the
independent suspension, where it is considered to remain perpendicular to
the vehicle frame underside with no flexure (section 4.2.3).
Consequently, this model representation is employed for RIDSIM, and the

equations of motion are summarized as below.

Vehicle Bounce:

NI M
“ "
my, = Z [Fs1+ Fdi]ce + Z th wh (11.16)
i=1 k=1
Vehicle Pitch:
NI
. _ L _ L _ -
Iheh = [[Fsl F ]a1 b [ o (Fwy wwé)uel] + Muu (11.17)
1=1
Road Wheel Bounce:
. i
mYa = (F, ~ W)~ (F, +F )G (11.18)
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The procedure for establishing vehicle's zero-force and static
equilibrium configurations in conjunction with the independent suspension
is discussed in Chapter 2 (sections 2.5 and 2.6). The governing equation
for establishing the vehicle's statlc equilibrium (equation 2.79) Iis,

however, summarized as below.

NI
_ _ 2
[K,, 1= :Z1K‘a‘ K a, (11.19)
8 _(Kl Kui.) ]
?
{u;}=(5,86,3 1} (I1.20)
( M \
Wy o LT
k=1 Y
and, { Fa } = ¢ —Ma > (I1.21)
W, +x (Y-R,)-T
\ Wl wi wi wy )
where,
NI
M =) b Itfc-1is. | +n (11.22)
a wil wx O wy O tr ’

Torsion Bar/Trailing Arm Suspension

This suspension model has been already formulated, and details are
given in Chapter S (section 5.2). The governing equations are, however,

summarized here. The dynamic equations are given as:

Vehicle Bounce:

NT . NT . NT W T ]
[mh+lzlmwi]yh * [lllmwi(alce_ bxse* dxl)]eh * ’Zl[muldxl]ewl - Z [(Fwy-
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N
.2 . -2 k
w"L) + mm:[(anse+ blCe)eh+ dyl(9h+ Bul)]] + Z FF - W (11.23)

Vehicle Pitch:

NT NT
- . 2 2 - .
[i;mui(aice blse+dxi)]yh * [Ih+lZ1(I"'+ mui(a1+ bl+Ral(Ra| ch)))]eh *

NT

NT , .
I3 _ L l _
,Zx[l"l‘. mwl'.(Ral(Ral Cl))]eul B Z [wa(alse+ blc9+ dyl) * (Fwy wwi)
B 1=1
’ ‘ . . .
(3,Cq= P,Sg* 4,,) = MR, (a,;Sg= b, Cg)(28,+ em)eu:] * M (11.24)

Road Arm-Road Wheel Rotation:
. . 2 ol
[mwl',dx!]yh * [le+ mwi(Rai(Ral—cl))leh * [le+ muiRal]em = F.a4,."
[F-Ww.Jd +Fd +M +n R (asS'-bco? (11.25)
wy wl' xi S i T wi at* 1@ 1 87°n )

The governing equation for establishing the vehicle's static

equilibrium (equation 2.79) is summarized as:

[ NT NT ]
- z 4 - Z kK .a . -x .V
wi wi wi wi |
i=1 1=1
NT NT 2
[K;, 1= 'lzl‘u{“ua _lleHLawi LTLALW) (11.26)
uix1 it x1 %l wi 1ox1
k. -k S d
i Ti 1 at l‘
(ui)=(6h' eh, 6"1 } (11.27)
and,
( P & i o )
wh- Xth- ): [wwi-Tuy+Kwi(ch+bl-Rui.)]
k=1 i=1
o i 0 i
(F }y={-M + ;_E(w“-"r"yﬂwé(ch»fbl-Rwi))d“-rwdw] ! (11.28)
i { o 0 0
\_wadyl+[wwi-Twy+KuL(ch+bl Rwi.)]dxl K’rlewl-xlsaldlowl )

397



Walking Beam Suspension

This suspension type, as illustrated in Figure 1I1.2(a), comprises of
a parallel spring-damper combination rigidly connected to the frame
underside in a perpendicular manner (like independent suspension}, a
rigid beam with wheel set mounted at each end, and optional outboard
shock absorbers mounted between beam and frame. The beam is usually free
to rotate about the pivot point C within certain permissible range, and
bump stops are mounted to restrict the rotation beyond the specified
radial clearance. The walking beam suspension has two degrees-of-freedom:
vertical displacement of the pivot point C (y“). and the rotation of the
beam about the pivot point (em).

The equations of motion for a vehicle fitted with walking beam

suspension system are expressed as (refer to Figure II.2(b)):

Vehicle Bounce:

NW
2
my, = Z [(Fsi«» Fdi)ce«»nzlrdmsm cm] -V (I1.29)
1=1 -

Vehicle Pitch:

NHW

i+1
= J _ J _ _
Iheh Z [(Fsl+ Fdl)al * leJZL[waCB (Fuy WHJ)SG]
1=1

2
|
nZ1de[aMSin(9h- cm)- bwicos(eh- t’;m)] + M'r] _ (I1.30)

Pivot Point Bounce:

i+

2
* .. _ J _ _ _
PYu = Z [Fuy qu] (st+ Fdl)ce Z [desin cm] (I1.31)
=i n=1

where, m =m, + m,
wi wi wi+l
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(b) Forces and moments

Figure I1.2 Walking beam suspension.
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Walking Beam Rotation:

i+1,2 2
. J ol ) _ 1 _ ol
Iuleul B z [FHxSG +(Fwy wwj)cellnl * Z [FanSin(ewl cni]lsnl MT
J=i,n=1 n=1

(I1.32)

where, F‘sl and Fdi. spring and damping forces due to the suspension unit
between plvot point C and frame, are evaluated based on instantaneous
values of relative displacement and velocity computed using equations,
which are identical to (4.34). Similarly, Fdnl (n=1,2) is the damping

force due to the outboard shock absorber evaluated based on the relative

velocity, gliven as:

ro=[y -y+

. l - .
nt wi “h lsnlewlce- annehc9151n cnl * [banhCG]COS Cnx (11.33)

The resistive moment, M;. due to the beam rotation, is computed based on
the nonlinear torsional stiffness and frictional damping characteristlics.
Similar to the torsion bar/trailing arm suspension (Figure 5.4), piece-
wise llnear spring characteristics are incorporated in the computation of

M;. which is then expressed as (refer to Figure I1I.3):

K. (6°-6)+K (8 -6) ; 6. >8°
TI® wi h T1 wi h wi wi
t _ _ . L u
Mo=1{ K. (8 eh) ; 6,6 =86 (I1.34)
L L L
KTl(eui eh) * KTl(ewl eh) ’ ewl < ewl

The instantaneous location of the pivot point C with respect to the

global reference system is given by:

Xey 3,Ce= b, Sg * Xcg
PCI = = . (I11.35)
Yo Yot Y
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(a) Beam description and bump stops
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(b) Torsional spring characteristics

Figure I1.3 Beam model.
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where,

=t <9 (11.36)
(2]

and sz indicates the elevation of the pivot point associated with
vehicle's zero-force configuration. Similarly, the coordinates of the
road wheel centre at each end of the beam is obtained using:
X X +1 C
cl n1 6
P = = s J=i,n=1 & j=i+l,n=2 (11.37)
1
Y Yc1+ lnlSB
As 1illustrated in Figure 11.2(b), angles ?;“ and czx indicate the
horizontal inclinations of the outboard shock absorbers mounted between

points A-D, and B-E, respectively, and are evaluated using:

cu = ATANS((YM- Ym).(XM- Xm))
(11.38)
ca: = ATANB((YBI— Ym).(xm- Xm))
where, the coordinates of points A, B, D, and E are given as:
{ 3 f - 3
XM allCG bilSG+ xcg
Al = 4 > = 4 > (II.39)
\ YM / \ a“SG-b b“C9+ ch J
( ) ( _ )
XB: azxce b2159+ xcg
PBl = 4 = 4 > (11.40)
\ "By / \ aZ‘SB+ b21C9+ ch J
¢ \ 4 i
xm xcx+ lsuce
Pm = 4 = 1 (11.41)
\ Ym s \ Yc1+ lsﬂse
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El Ci s21 O
PEl = = 1 (11.42)
YEi Yc1+ lsaxse

The vehicle's zero-force configuration in conjunction with the
walking beam suspension is established very similar to the independent
suspension except the static suspension force between the pivot point C

and the vehicle frame is evaluated using (refer to equation 2.70):

° - -
Fsl - (Fui wwl',) + (F

+1

,) (11.43)

wist wuL+1) ¥ (T:y+ T:
The spring deflection, A?, is then computed based on F:|' and employed to
establish the vehicle’'s zero-force configuration. The elevations of road
wheel centres at each end of the beam are considered equal for zero-force
reference, which implies that beam is horizontal. Subsequently, the zero-

force elevation of the pivot point C is computed equal to that of the

road wheel, given as:
Y =h. +d, (I1.44)

The vehicle's static equilibrium 1is established based on the
iterative stiffness method, where the governing equation (2.79) |is

expressed via:

NW NW -
-1ZIK' -,Z1K’a' K, 0
st
-) (x.a/+x_) K a K
[k, 1= iz T v T (11.45)
i+1 i+1,2
-(KI’ Z.KHJ) —. Kwjlnl
J=1 j=4, n=1
iv1,2 2
L
. wj ni
| j=¢, n=1
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{ ul } ={ ah, eh, aui l } (I1.46)
{ X 3
k
W -)T
-M
a
and, { F } = 1ie1 b (11.47)
YW +x (YO-R )-T
j=i w) wJ Ci wJ wy
iv1,2 o ]
Z W +x (Y -R )-T' 11
_ . ¥ wj® Ci w) wy® ni
kj—l—,!‘l—l J

th walking beam suspension, is

where, K, the spring constant for i
evaluated using equation (2.82). K"J. the spring constant for the

attached road wheels, is computed based on:

=R - (V° C iei e it oo
8, = R,- (Yo + 8+ 1.6.) i J=i,n=1 & j=i+1,n=2 (11.46)

L

The torsional spring constant, KTl' is given by:

— i -
KTI = MT / (9"‘ Gh) (I1.47)
and,
NW ,
L+1 5 3
M= M+ Z b,, [jZL[TuxCe' TWSG]] (I1.48)
1=1 -

Bogie Suspension

The schematic of a bogie suspension unit is illustrated in Figure
IT.4(a). Like walking beanm suspension, the bogie suspension system
involves a set of wheel pair and a rigid beam. However, the road wheels
are connected to the beam through springs, where springs deflect along
the lines which remain perpendicular to the beam. The bogie beam itself
is directly pivoted to the vehicle frame, and is modeled identical to the

walking beam (Figure I1.3). The outboard shock ubsorbers are directly
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linking the road wheels to the vehicle frame. The kinematics of bogle
suspension involves three degrees-of-freedom: bounce motion of front
bogie wheel (y"“). bounce motion of rear bogle wheel (y‘m). and
rotation of bogie beam about the pivot point, C (6“).

The equations of motion for a vehicle fitted with bogle suspension

system are expressed as (refer to Figure 11.4(b)):

Vehicle Bounce:

NB
mh.};h - Z [nil[anicg ¥ Fdnlsh‘ cm]] B wh (11.49)
i=1
Vehicle Pitch:
NB
Ihéh = z [nz:l[l"mlcos(em-eh)al - Fdnlsin(eh—cm)am] + M;] (11.50)

i=1

Front/Rear Bogie Wheel Bounce:

. _ J _ l _ _
mujyunl - Fuy anICO FdnlSin cnl wwj (11.51)
where, J=i,n=1 & j=i+1,n=2
Bogie Beam Rotation:
i+1,2
I 6 = F 1 +b [Fcl- @ -w)si-wu (11.52)
wi wi sni ni wni" wx O wy wi’ 0O T
j=4,n=1

where, the spring and damping forces, Fsm and Fdnl (n=1,2), are

evaluated based on:

11 |
r, = (ywj- yh- aise- lmSe)Ce blSBSO (11.53)
r, = (y”- Y~ anlehCe)sin ¢, * (bmehce)cos <. (11.54)
where, n=1, j=i & n=2, j=i+1
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Figure I1.4 Bogle suspension.
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and, the resistive moment, M;_, is computed using equation (11.34). The
perpendicular distance between the road wheel centre and the beam is

given by:

n=1, j=i & n=2, j=i+l (11.55)

wnl 1 '

where, the coordinates of pivot peint C, and road wheel centre are given

as:
X\ aCg ~bSg* xcg
o = = (11.56)
YCI alSe + blCe + ch
i i
ij Xeo * i ~ BuniSe
ij = = ; J=i,n=1 & J=i+1,n=2 (11.587)
Y Yo 4y
wj wj wnl

The horizontal inclinations of outboard shock absorbers, (.;“ and CZI' are
computed using equation (II.38), where the coordinates of point A and B
are given by equations (I11.39) and (I1.40), and the coordinates of points
D and E which colncide with bogie wheel centres, are thus given by
equation (II.57).

The zero-force configuration of a vehicle fitted with bogle
suspension is established based on the static deflectlion of plvot polnt

C, given by:
0 0 A?x_ Agi
Al = All - ].11 I—-T (11.58)

where, A‘:l and A:’, deflection of front and rear spring units, correspond

to the static suspension loads, given as:
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o

1

F
(] - _ 81 21 o = F° - [
Fl., = T -L) and F__ =F_-F_ (I1.59)

where, F:l is the combined suspension load given by equation (II.43). The
zero-force elevation of bogie wheels 1s then computed considering a

horizontal orientation of the beam, as:
(I1.60)
where, 3 =4

The vehicle's static equilibrium is established based on (equation

2.79):
[ NB NB 2
- Z (R *) - Z (k) %02, K Ko - Z Koilns
=1 1=1 n=1
NB . 2
- ): [(k,,*k,)J)a+ k& K& ! z xmlm]‘:“ﬁ
=1 n=1 .
~ Ti] T4
[Kj_ll‘
(k%) O Kl
-(KH£+1+K21) Ko 1lay
Z 2
- Z T L
L n=1
(I1.61)
(ui }=A 6h’ eh' 6"“, auzx‘ aul ) (I1.62)
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-M
tr
= o _ —
and, { Fa } =4 w"i+ KuL(YwL R"L) Twy s (11.63)
o i+1
+ - -
wi+l Kw(',-o-i( wiel ui,+1) Twy

- )] _ ) el
[Tu x C TwySO ] bwn i

where, the spring constant, xnl(n=1.2). for the front and rear spring

units is computed based on:

A =26 —Owl ~6h— ehal ; n=1,2 (11.64)

ni wni i ni

The torsional spring constant is given by equation (II.47}. The spring

constant for bogie wheels is computed based on:

A, =R - (Y +s8 ) ; Jj=i,n=1 & j=i+1,n=2 (11.65)

wj wj wni

Driver’s Seat Suspension

There are three user-specified options concerning the type of
driver’s seat computations:

(a) no computations at all, or

(b) computations without driver/seat dynamics, or

(c) computations with dynamics.
The option (b) means that the driver's seat is rigidly connected to the
vehicle sprung body, and the ride motion is thus computed based on the
kinematic relationship (equation 2.5). The option (c) implies that the
driver is sitting on a suspended seat, which is modeled as a dynamical

system having vertical degree-of-freedom (Figure 6.1). The seat/secondary
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suspension is modeled as an independent suspension unit. The dynamic and
static equations for the suspended driver’s seat have been already
written In conjunction with the models developed for the candidate
vehicle, and are summarized here. The dynamic equations are given as (see
section 4.2.3):

Vehicle Bounce:

my, = —(Fs°+ F‘do)C6 - wh (11.66)
Vehicle Pitch:

Iheh = —(Fso+ Fdo)ao (11.67)
Driver's Seat Bounce:

moyo = (Fso+ Fdo)ce - wo (11.68)

The instantaneous location of the suspended driver’'s seat is given by

aoce_ (bo+bds)se+ xcq

ds
P - = (I11.69)
ds 0
Yds Yds+ yo
where,
Yd -Y =-a S9
b =29 °° _p (11.70)
ds (04 o

and YZS, the zero-force elevation, is given by equation (2.78).
The vehicle's static equilibrium in conjunction with suspended

driver's seat is established based on (refer to equations 2.79 and 2.81):

-K -K a K
(] [ I+ ] (o}
_ . .2
[ Ki—l ] = ka Ka (11.69)
-K
]
{ u, } = { Gh, 6, 60 } (11.70)
and, (F ) ={(¥,0 W) (11.71)



