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ABSTRACT

RIDE DYNAMIC ANALYSIS OF TRACKED VEHICLES

Manuel F. R. Afonso

Tracked vehicles, such as military battle tanks and personnel
carriers, designed for mobility over rough terrains impose severe ride
environment. The driver and the crew members of such vehicles are
exposed to a comprehensive magnitude of low frequency ride vibrations
arising from the vehicle-terrain interactions. Large amplitude J]ow
frequency ride vibrations of tracked vehicles limit the performance
abilities of the driver and thus the vehicle mobility. Furthermore,
prolonged exposure to such ride vibrations imposes health and safety
hazards to the driver and the crew members. In this thesis, the ride
quality of a military armoured personnel carrier (M113 APC) s
investigated through a systematic study of the ride dynamics of the
tracked vehicle.

The ride dynamics is investigated through four mathematical models
characterizing the dynamics of the wheeled as well as tracked vehicles.
The mathematical models include nonlinearities due to damping
characteristics of the shock absorbers, Coulomb friction and bump stops.
The kinematics and dynamics of the independent trailing arm road wheel
suspension is incorporated in the mathematical models, assuming smail
angles. The ride dynamics of multi-wheeled and tracked vehicles Is
investigated for deterministic and random terrain excitatlons.

Transient acceleration response at the driver's location is evaluated



for deterministic excitations, arising from semicircle and biock
obstacles, via direct integration of the nonlinear dJdifferential
equations of motion.

A frequency dependent linearization technique, based on Jdissipation
of energy, is employed to represent the suspension nonlinearities by an
array of local equivalent linear coefflicients. The linearized system of
equations is solved in the frequency domain to determine the vibration
transmission performance of various configurations of road wheel
suspension. The random roughness of various terrains Is expressed in
terms of their displacement and acceleration power spectral density and
the ride response of multi-wheeled and tracked vehicles due to the
random terrain excitations is evaluated, using local equivalent
linearization technique. The sensitivity of response characteristics of
the vehicle models to variations in running gear parameters is
investigated. Ride quality due to random excitation is assessed based

on absorbed power at the driver’'s location.
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Sp

si
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Sp

NOMENCLATURE

DESCRIPTION

Horizontal distance between huil c.g. and driver's location,
(m)

Horizontal distance between hull c.g. and idler, (m)

Horizontal distance between hull c.g. and road wheel 'i’,
(m)

Horizontal distance between hull c.g. and sprocket, (m)

Horizontal distance between hull c.g. and shock absorber '{’
at hull chassis, (m)

Horizontal distance between hull c.g. and torsion bar '{°,
(m)

2

RMS acceleration at frequency 'Jj', (m/sec?)

Vertical distance between hull c.g. and driver’'s location,
(m)

Vertical distance between hull c¢.g. and idler, (a)
Vertical distance between hull c.g. and sprocket, (m)

Vertical distance between hull c.g. and shock absorber at
hull chassis, (m)

Vertical distance between hull ¢.g. and torsion bars, (w)
Bump stop contact factors

Viscous damping coefficient of '1'th shock absorber,
(N'sec/m)

High/low damping coefficients of the 'i’th shock absorber,
corresponding to the 'j’th gradient of the force-velocity
power curve, (N-sec/m)

Equivalent damping coefficient representing nonlinear damp-
ing of 'i’'th shock absorber at a frequency mJ, (N*g0:/m)

Damping matrix, (N x N)

Equivalent damping coefficient matrix representing nonlinear
damping at a given frequency wj. (N x N)

Permissible clearance between road wheel and bump stop, (mj
Clearances of the leading and trailing portions of Lhe rrack,

respectively, with reference to the ground, (m)
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Forces due to tension of the track acting on the lef't and
right of road wheel 'i’, respectively, (n)

Forces due to tension of the track between road wheels '5' &
idler, and between sprocket & road wheels ’1’, respectively,
(n)

Torque due road arm/bump stop contact, (N-m)
Transformation matrices
ions representing relative displacements
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(n x N)

Transformation matrices established from constraint equat-
ions representing road arm/wheel absolute and relative
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Transformation matrix established from constraint equations
representing longitudinal response, (nxx N)
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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY

1.1 INTRODUCTION

The performance of off-road vehicles, either wheeled or tracked, is
assessed by their power and mobility. In view of rough off-road
terrains, an increasing demand on larger power-to-weight ratloc and
higher speeds, research and development efforts have been mounted to
improve suspension systems to achieve efficlent utillzation of power,
and safety and ride comfort of the wvehicle operator(s]). Tracked
vehicles, such as military battle tanks and personnel carriers, designed
for mobility over rough terrains, impose severe ride environment due to
vehicle~track-terrain interactions. A typical armoured personnel
carrier (APC), as shown in Figure 1.1, comprises of a hull supported by
a number of road wheels and suspension. The number of road wheels,
enveloped by a track driven by the sprocket, are selected depending upon
the power required for combat. The operating performance of the
armoured tracked vehicle depends primarily on the power and mobility of
the vehicle.

In view of the increased power—to-weight ratio and mobllity
requirements, the driver and the crew are inevitably exposed to a
comprehensive magnitude of ride vibratlons, arising from dynamlc
terrain-vehicle interactions. The crew members are affected adversely
due to the low frequency nature of the terrain-induced vibratlions,
transmitted to the hull through the track and vehicle suspension.
Prolonged exposure to such low frequency and large amplitude ride
vibrations of tracked vehicles causes operator bodily discomfort,

physiological damage and increased inefficlent performance, and thus the
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mobility performance of the vehicle is limited. Poor performance rate
of the vehicle operator has been attributed to various effects cof
vehicle wvibration; namely, operator's slow reaction time, errors in
compensatory tracking, loss of foot pressure constancy and visual acuity
{1].

In view of detrimental effects of ride vibration on the health and
safety of vehicle drivers, the ride dynamics of wheeled vehicles has
drawn extensive research and development efforts [2,3,4]. However, only
a few similar studies on the ride dynamics of tracked vehicles have been
reported in the literature. A number of experimental and analytical
studies have been conducted to develop effective wheel suspension to
achieve improved mobility performance of the tracked vehicles. A brlef
review of the relevant literature is presented in the following sectlon.
1.2 REVIEW OF RELEVANT LITERATURE

Recent trends toward increased power-to-weight ratio and mobility
of military ground vehicles has drawn significant efforts In development
of effective running gear for such vehicles. However, the requirements
of increased vehicle mobility performance have lead to considerable
increase in the magnitude of ride vibrations due to
vehicle~track-terrain dynamics. Previous investigations on these
vehicles include a diversity of emphasis concerning the tractive
performance, gradability, steering response, stablility, braking, etc.
Numerous analytical and experimental studies have been carried out to
assess the performance of running gear and vehicle mobility. However,
the studies on ride dynamics of these vehicles have been limited.

Investigations on dyuamics of tracked vehicles in view of the

running gear have established that dynamics of tracks contribute



considerably to the dynamic response of the vehicle. Eppinger et al.
{8] developed and analyzed an in-plane model of the tracked vehicle to
illustrate the effects of the track loads on the dynamic respmonse ot the
vehicle. A  six-wheeled tracked wvehicle 1is modeled as a
two-degree-of-freedom (hull ©bounce and pitch) dynamical system,
incorporating suspension bump stops, wheel lift-off, and nonlinear
suspension damping, as shown in Figure 1.2. Influence of running gear
components, such as the road wheel suspension and the track on the
dynamic response of the hull is investigated. The analytical mode! was
validated against the laboratory measured response of a prototype
vehicle with and without the track. The analytical and experimental
acceleration response at the hull center of gravity of the vehicle with
and without the track tension, due to excitation from a
trapezoidal-shaped bump revealed that the addition of the track
increases the severity of the ride.

Lessem and Murphy [6] developed a mathematical model based on data
compiled from field tests of four tracked vehicles of different weights
and running gear. The mathematical model incorporates the degrees-
of-freedom associated with the bounce and pitch motion of the hull as
well as the vertical motion of each road wheel. The number of degrees
of freedom of the system depends on the number of wheels of the vehicle
considered. Figure 1.3 illustrates an eight-degree-of-freedom model of
the six~-wheeled M60 Al battle tank. Dynamic tension of the track |is
represented by interconnecting linear springs between each road wheel,
where the spring constant is determined based on the weight of each road
wheel against the track. The spring constant of the track segment

between the sprocket and the first road wheel is determined using three
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Figure 1.1 The M113 (APC) Personnel Carrier (COURTESY OF FMC).
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Figure 1.2 Schematic Representation of an In-Plane Tracked Vcehicle
Model [5].
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massless feelers placed against the track. The road wheel tires are
modeled as radial springs, and the horizontal tire forces are used to
determine the longitudinal response at the hull. Results obtained via
computer simulations are compared to the experimental results ilnvolving
M29, M113, M114, and M4 vehicles. The test vehicles with and without
the track were towed over an array of half-round rigid obstacles and a
sequence of ditches, and the corresponding acceleration response was
recorded. The analytical and experimental studies revealed that the
interactions of the track are strongly dependent on vehicle speed. The
track produced a smoothing effect at low speeds while the ride quallty
at higher speeds is deteriorated due to track interactions.

Hoogterp [7] developed a mathematical model of a two-wheeled
vehicle for evaluating the ride dynamic response of a4 tracked vehicle
due to terrain undulations, as shown in Figure 1.4. The ride dynamic
response of the vehicle is evaluated in terms of pitch and vertical
motion of the hull, and the vertical motion of the road wheels, while
the dynamic interactions of the track is neglected. The model may be
adapted for a multi-wheeled vehicle. The road wheel tlres are
represented by ’'point-follower’ springs and dampers. Driver comfort
limiting velocity, the velocity at which the absorbed power of vibration
levels at the driver’s location approaches six watts is determined as a
function of terrain roughness. Results showed that comfort limiting
velocity, decreases for rougher terrains.

The above studies describe linear mathematical models wusing
vibration theory at its most basic. The primary objective of the
studies conducted by Eppinger et al. (5], and Lessem and Murphy [6], was

merely to determine the contribution of track tension to the dynamic
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response of the vehicle. However, the model developed by Hoogterp (7],
emphasizes on the ride comfort and ride quality of tracked vehicles. A
number of analytical techniques have been proposed to describe the
complex phenomena associated with the vehicle-track-terrain
interactions. Lee [8] presented a method of analysis for describing the
cyclic chordal action of the track, defined as variation in velocity of
the track as it passes over a sprocket or the road wheel, using a
receptance technique. It has been established that low frequency nolse
and vibration is experienced in the vehicle compartment when the track
leaves the last road wheel to engage with the idler and the sprocket due
to cyclic chordal action of the track [9]. These studies on dynamic
forces acting on the idler supports have been employed to describe
favourable idler wheel configuration, compliance of the idler arm and
geometry of the track shoe assembly to minimize the vibrations arising
from the track-idler interactions. Galaltsis [10] outlined a method for
predicting dynamic loads due to the track, that occur in high speed M113
vehicles. A mathematical model was developed emphasizing the
interactions between the track shoes and road wheels of the tracked
vehicle. The two-dimensional model incorporates dynamics of all the
road wheels, the track loop, rigid suspension and flat ground profile.
The equations of motion for the track loop were developed by considering
the inertias of the shoes, and stiffness and dJamping characteristics of
the rubber bushings inserted between each shoe as shown in Figure 1.5.
The shoe-wheel interactions are taken into account by considering the
properties of shoe pads and the friction forces exerted by the wheel on
the pads. The track tension and track bending moment established by the

analytical model are validated via experimental investigatlons.
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Direction of Travel

M_ = 12 the sprung mass of the vehicle

J, = 172 the sprung pitch moment of inertia of the vehicle Y‘ » the hull reference position of wheel |
M, = the mass of wheel i Ywu = vertical position of wheel i
K = the spring raie at wheel § 0 = the pitch angle of the vehicle (front end up is positive)
D = the damping rate ac wheel i Y, = the vemcal position of the CQ
Km = the spring rate of wheel 1 A = the temain clevation at wheel 1

Dws = the damping rate of wheel i L‘ = the honzonwl distance from the CG 10 wheel {

Figure 1.4 Schematic Representation of Vehicle Model with Two Wheels
per Side [7].
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m = mass of shoe

I = moment of inertia of shoe

k. = shoe-shoe coupling spnag rate

C. = shoe-shoe coupling damping rate

T_. H = tail and head displacement on ath shoe
LA angular displacement of ath shoe

q = shoc-shoe coupling torsionul spnng rate

Y = shoe-shoe coupling 1orsional damping rate
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Figure 1.5 Track Shoe and Bushing Models [10).
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Garnich and Grimm [11] developed an in-plane model of the M60 Al
tracked vehicle with trailing arm suspension. The M60 Al battle tank
is modeled as an elight-degree-of-freedom discrete dynamic system,
incorporating the motions of each road arm and road wheel assemblles,
and vertical and pitch motions of the main frame of the vehicle, as
shown in Figure 1.6. The torsion bars connecting the road arm and road
wheel to the hull chassis are modeled as constant rate torsional
springs, while the shock absorbers mounted at the first and last road
wheels are represented by linear torsional dampers. The tires are
represented by radial springs and dampers while overloading springs are
used to represent bump stops. The contribution of the track loads to
the vehicle dynamics is accounted for by considering four different
types of track tension (Figure 1.7): global track tension, drive
sprocket induced tension, track bridging effect, and tension due to
track compensating linkage. The global track tension is determined from
the change in the overall track length and thus the irack tension |s
assumed to be uniform over the entire track. The bridging effect
involves the track creating a flexible bridge spanning ‘terrain
concavities. The drive sprocket induced tension is determined from the
sprocket torques as the vehicle passes over an obstacle, while the slack
in the track is taken up by the compensating linkage next to the lidler.
The analytical results established for deterministic excitations are
validated via an array of experimental investigations, varylng from
simple static deflection checks to track effects which influence the
individual road wheels. Simulation inputs included undeformable level
ground and discrete rigid half round obstacles.

McCullough and Haug [12] extended the concept of superelement
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(a) . M60 battle tank
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E q(0)
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q0), g(1) = wranslational and rotational motion of the
hull, respectively

qi), i=1,...7 = rotational motion of road wheel assemblies
relative to the hull

(b) . Generalized coordinates and frames of reference

Overload Spring

<\\ Damping Momen

Spring Moment
I ‘Torsion Bar
‘-‘-—

-

Hull Road Arm

@ €=  Rudial Spring and Damper Pairs
. Obstacle

Road Wheel

(c) . Road wheel model

Figure 1.6 Schematic Representation of the M60 Tank Model [11]

10

Joai 0

gt

S

TN,

i T e meas R Ay
o Feg. Sy R e

e 3 d R A

A e 0o X TNVIY
JERRY - Sk



representation of recurring subsystems in mechanical system modeling tc
a military vehicle. The running gear subsystem, including the
track, sprocket, idler, road wheels and road arms, is defined as a
superelement. The model incorporates the track forces, suspension
forces, track-wheel-ground contact forces, and connectivity and bridging
of the track. The track tension is approximated by catenary equations.
The absorbed power of the vertical accelerations at the driver's
location is established via simulation and experimentation, when the
vehicle is traversing obstacles. The absorbed power due to drliver
acceleration indicated that track bridging contributes to an improved
ride quality. Krupka [13] developed a comprehensive three-dimensional
mathematical model for the tracked vehicles. The equations of motlon
for a military battle tank, are derived using Lagrange's formulation.
The tank is represented by three distinct bodies; the hull, turret and
main gun, each having six degrees of freedom. The gun bending effects
are also included in the model.

Numerous computer programs have been developed (o carry out the
dynamic analysis of military tracked vehicles. Galaitsis {10] developed
the TRAXION software to compute the dynamic trark loads. Hoogterp [7]
developed an integrated computer package consisting of four modules:
vehicle parameters and terrain characteristics; request of output
information; dynamic simulation over cross-country terrains; and dynamic
simulation over discrete obstacles. Wheeler [14] developed &
comprehensive simulation package to simulate for in-plane dynamics of
the vehicle subjected to terrain inputs. The program was developea for
the XM1 tank although it has been applied to a 3/4-ton truck and tnr

combat tracked vehicle signature duplicator, CTVSL. The <simujatliorn
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model considers two degrees of freedom (pitch and bounce) associated
with the vehicle sprung weight with an additional degree of freedom tor
each road wheel, as shown in Figure 1.8. The package employs MIMIC
simulation language for the solution of equations of motion, and thus
allows for variation in parameters such as; number and location ot road
wheels, spring rates, damping characteristics, road arm lengths, vehicle
speed, sprung weight, pitch moment of inertia, etc.

A comprehensive analytical and experimental study of track dynamics
was undertaken by Meachom et al. {15]. Analytical techniques are
developed to predict vibration modes of the track, chordal effects,
dynamic track tension and path, energy dissipation, tension during
negot iation of an obstacle, distribution of track tension, plin/bushling
stresses and deflections, temperature buildup, and end connector
tightening effectiveness. Various computer codes, developed to simulate
for track dynamics are listed in Table 1.1. Of the various computer
software developed, the TRACKOB, based on finite-element methods, Is
perhaps the most comprehensive one, which predicts the dynamic tension
of the track. TRACKOB 1II simulates an in-plane vehicle model,
formulated to predict track tension when the track 1is deflected
uniformly across its width by an obstacle. The model ls formulated for
the M0 tank, based upon the track segment that crosses over the
obstacle, as shown in Figure 1.8. A three-dimensional model, TRACKOB
III, was developed to simulate the instance when an obstacle falls under
only one euge of the track.

Beck and Wehage (16} conducted a study to investigate the use of
force feedback servo control mechanisms to improve the man-machine

interaction and the response of an articulated tracked vehicle. The
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(b) Drive sprocket
(a) Track forces (T) due to global induced tension

track tension forces (T')
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Roadwiieal
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(c) Track forces (T") due to

Bridging Effect (d) Track tenslon compensating
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Figure 1.7 Track Forces due to Global Track Tension, Drive
Sprocket Induced Tension, Track Bridging Effect, and
Track Compensating Linkage [11].
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F = forces due to road arm 4 5’ P :uch (
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F. = forces due to tire ground contact
F. = forces duc to track resistance

F

k k,

WT = weight of unsprung mass

T. F, = torques and verucal forces at roud wheel statiom
i=l,... 7

F i honzontal forces at road wheel statons 1s},7

F . F_ = verucal and honzonal forces at sprocket

F.'. Fh = vertical and honzontal forces at wler

Figure 1.8 Schematic of a Multi-Degree-of-Freedom XM! Tank Model [14]
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TABLE 1.1

TRACK DYNAMICS ANALYSES SOFTWARE (15]

T

———

Q)
(2)

(3)

(6)

n

(&)

(9

(10)

(11)

Analysis
BUSHSTRESS

PINSTRESS 1L

TRACKOB 11

TRACKOS IIT

TRACKVIBE

CHCRDACT

TRACKCENT

TRACKDYHNE

WEOGEND

SHOETEN? II

SHOETEMP I[II

Tvpe

Computer

Hand

Compucer

Computer

Computer

Computer

Hand

Computer

Hand

Compucer

Computer

Rubber bushing
stresses

Pin scresses and
deflections,
bushing deflec-
ctions

Localized track
pacth and Zension

Locallzed track
path and tenstion

Vibracion frequen-
cies and ampli-
tudes

Localized tensions
and defleccions

Overall track path
and tension

Localized tension,
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Figure 1.9 Model Representation of M60 Tank used in TRACKOB i
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general purpose DADS (Dynamic Analysis and Design System) Sot’tware, was
utilized to formulate the equations and geometric constrainis describing
two identical M113 tracked vehicles coupled by an electro-hydraulic
servo-controlled articulation joint. The primary objective in this
study was to investigate the potential of the controlled articulatlon
and to compare mobility performances of the articulated and the single
vehicle, specifically in view of obstacle crossing characteristics. In
view of improving suspension performance of tracked vehicles,
feasibility analyses involving fluidically-controlled suspension systems
have also been conducted by various researchers [(17,18].

A comprehensive computer code, referred to as NRMM (Nato Reference
Mobility Model), is extensively used by the military to evaluate the
off-road mobility performance of armoured vehicles. Selected submodels
are integrated to predict maximum cross-country spaed of tracked or
wheeled vehicles in any terrain environment [18]. The NRMM package
includes the VEHDYN (Vehicle Dynamics} module to simulate dynamics of
the tracked vehicles with rigid, independent, walking-beam, and bogle
type suspensions. VEHDYN [(20] describes the state (accelerations,
velocities, and displacements) at any point of the vehicle as it travels
over a given profile. The U.S. Army Engineer Waterways Experiment
Station (WES) [21] has employed the AMC (Army Mobility Code) to predict
cross-country vehicle performance and to investigate effects of design
changes on the performance of existing vehicles, namely the M35 A2, 646
2% ton truck and the M113 Al personnel carrier. The AMC model, an
earlier version of the NRMM, was specifically designed to predict
mobility performance of ground vehicles for various terrains [(22]. The

influence of suspension characteristics on the vehi:le mobillty s
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investigated for three types of suspension: the standard torsion bar,
hydropneumatic, and modified torsion bar suspensions. The results
revealed that these suspension systems have only insigniilcant etftects
on the mobility performance.

Maclaurin (23] described a computer system used by Britlish
researchers for military tracked vehicle simulation. The AD (Applied
Dynamics) digital computer with multiprocessing capability, specitlcally
designed for high speed simulation of complex dynamic systems was used
which allows for analysis of suspension models including active
suspensions. The vehicle is modeled in the pitch and bounce plane and
accounts for the various nonlinearities 1in springs, dampers, Coulomb
friction, tire stiffness, wheel/terrain separation, sprocket and idler
terrain contact. The track is modeled by equating the peripheral
length, catenary action and track tension. The vehicle models can be
simulated for deterministic as well as random profiles. Maclaurin [23]
conducted analytical and experimental studies to determine the influence
of suspension characteristics on mobility performance of battle tanks.
An MCV (Mechanised Combat Vehicle), fitted with torsion bars and rotary
vane hydraulic dampers, and the Challenger, fitted with the hydrogas
suspension were tesied for various terrains. Results revealed that the
Challenger exhibited nigher limiting speeds with acceptable vibration
levels than the MCV.

A number of experimental studies on vehicle suspensions have been
carried out by various researchers [24,25,26,27}. Murphy {24]
investigated the experimental ride and shock response of a tracced
vehicle fitted with improved suspensions. Ride and shock responses were

obtained for an M60 tank fitted with three types of suspensions: A
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hydropneumatic suspension (HSS); an advanced torsion bar suspension
(ATB); and a combination of hydropneumatic and advanced torsion bar.
The experimental study concluded that the MB0 HSS/ATBE hybrid vehicle
offers better ride quality. Austin et al. [25] conducted tests on shock
absorbers installed on IFV (Infantry Fighting Vehicle) tanks and M113
personnel carriers to establish the force-velocity characteristics of
the various shock absorbers. Giguere [26) investigated five different
suspension configurations as possible solutions to track/suspension
interference problems, which 1is often encountered in M113 A2 APCs
equipped with Diehl tracks. The track/suspension interference primarily
arises {from the repetitive hitting of track end connectors against tLhe
suspension guards due fo excessive relative dynamic motion, thus leading
to rapid track wear. The track/suspension interference performance of
an M113 AZ APC, fitted with the stiffer Al torsion bar, has been
evaluated in relation to conventional M113 Al and M113 A2
configurations, via field tests. Field tests involving the ride and
handling characteristics were conducted for an unladen and combat-loaded
vehicle traversing various test courses. Kesults showed that tLhe
M113 A2 fitted with Al torsion bars can eliminate the Lrack/suspension
interference problen. Mobility performance evaluation of the new
M113 Al% vehicle configurations revealed that average maximum speed on
selected test courses is similar to that of the M113 Az vehicle [27].
Terramechanics involving track-ground interactions such as sinkage
and ground compaction for military tracked vehicles has also drawn
considerable attention in the study of vehicle mobility Vodyanir 28]
developed a set of force equations describing the soil-track intersctiorn

Kogure {28] dealt witn the external motion resistance of o Lrackes
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vehicle caused by rut formation (sinkage! or compaction ot soi! unded
the tracks. Kitano and Kuma [30] presented a theoretical analysis ot
non-stationary motion of a tracked vehicle on level grounds. An
analytical model that includes track slippage. inertial torces, and
moment of inertia was develcped to analyze and predict steering dynamics
and steerability ..«f the vehicle. Bekker {31,32] presented 1nsight on
the theory of soil mechanics and the interrelationship with tracked
vehicles such as rut making and ground compaction including snow, and
how these constraints result in higher locomotive resistance which
lowers fuel economy. More recently, Wong et al. (33| presented an
analytical framework for predicting the ground pressure distribution and
tractive performance of tracked vehicles. The prediction ot ground
pressure distribution under the track has become of vital importance
since vehicle sinkage and motion resistance 1is critical to vehicle
mobility. It is also important to the steering dynamics of the vehicle
since turning resistance depends on the ground pressure. The above
terramechanics studies have concentrated on vehicle mobility and
environmental protection, howeve;-, information pertaining Lo
track-terrain interactions may be acquired and may be useful to ride
dynamic response analysis of the vehicle crossing over deformable
terrains.
1.3 SCOPE OF THE PRESENT RESEARCH WORK

The primary objectives of this thesis research are to evaluate the
ride dynamics of a tracked military personnel carrier (M113 APC) via
computer simulation and to investigate the significance of the running
gear in view of the ride vibration levels at the driver's location. The

specific objectives of the proposed research are as follows:

19

PRe 2 SAPER T AN AT RS-~ 7 Wt o £y

TR



1) To develop a comprehensive mathematical model of o
multi-wheeled and tracked vehicle to carry out the ride

dynamic analyses.

2) To analyze the vibratirn transmission pertformance of
various multi-wheeled/tracked vehicle suspension

configurations.

3) To evaluate the ride vibration response ot the multi-
wheeled and tracked vehicles subject to deterministic

obstacles and random terrains.
4) To assess the ride quality at the driver's location.

5) To carry out parametric sensitivity analyses to
illustrate the influence of vehicle suspension and track
parameters on the ride dynamics of the multi-wheeled and

tracked vehicles.

In Chapter 2, various conflgurations of the tracked vehicle,
M113 APC are described. Mathematical models of the multi-wheeled and
tracked vehicle are formulated based on a building block approach.
Dynamic loads arising from the track, road wheels, gsuspension, and
terrains are identified and incorporated into the mathematical models to
determine the ride vibration levels at the vehicie hull. Ma jor
assumptions associated with model formulations are dlscussed.

In Chapter 3, the military test courses are briefly reviewed and
the excitations arising from the deterministic as well as random
terrains are discussed. The roughness of selected random terrains is
expressed by its displacement and acceleration power spectral densitles
(PSDs) as a function of vehicle speed. The deterministic excitations
arising from half-round and block obstacles are presented.

In Chapter 4, the analytical techniques for solving the

differential equations of motion characterizing the dynamics of the
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multi-wheeled/tracked vehicle models are discussed. Eligenvalue analysis
of the vehicle models is carried out to evaluate the free vibration

response. The various techniques for solving the nonlinear ditterential

equations are summarized. The nonlinear equations of motion are
linearized using local equivalent linearization -rhnique based on
dissipation of energy. Transmissibility characteristics of the

linearized system are obtained and compared to that of the nonlinear
model established via numerical integration. The sensitivity ot the
hull response to variations in suspension and track parameters s
investigated. The ride dynamic response of the multi-wheeled and
tracked vehicles to random terrains, and discrete semicircle and block
obstacles is presented.

In Chapter 5, the proposed ride assessment techniques are dlscussed
and the ride quality of the tracked vehicle is presented in terms of
absorbed power of the vibration levels at the driver's seat locatlon for
M113 vehicles traversing selected terrains. Parametric sensitivity
analysis is carried out to study the influence of running gear
parameters on the ride quality of M113 vehicles.

In Chapter 6, the conclusions and recommendations for future work

are presented.
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CHAPTER 2

DEVELOPMENT OF VEHICLE RIDE MODELS

2.1 INTRODUCTION

The dynamic behaviour of tracked vehicles is primarily dominated by
the track-terrain interactions and vehicle suspension. Thus, a
comprehensive mathematical model of the tracked vehicle must identify
and characterize the dynamics associated with the track and wheel
suspension. During the modeling stage, it is usually desirable to
develop a simple and credible model such that the dynamics of the
vehicle is fully described. Simplicity of the model is determined by
its degree-of-freedom whereas the credibility of the vehicle model |is
demonstrated by its capability to simulate the vehicle behaviour
realistic=ally within the desired accuracy.

In the case of tracked vehicles, there exists a high degree of
complexity associated with track-terrain interactions, track pull,
suspension spring loads, Coulomb and viscous damping forces, and road
arm linkage mechanisms. A building block modeling approach is used to
develop four ride dynamic models of the tracked vehicle with varying
complexities. Various suspension forces and track loads are identifled
and incorporated in the mathematical models to evaluate the ride
vibration response. In this chapter, the running gear of an armoured
personnel carrier (M113 APC) is described and dynamic loads arising from
the track, road wheels, suspension and terrains are identifled. The
systematic development of various multi-wheeled/tracked wvehicle models
is presented along with underlying assumptions.

2.2 THE M113 APC PERSONNEL CARRIER

Figure 2.1 illustrates a typical M113 armoured personnel carrier
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(APC) supported by five road wheels on each track, The M113 tracked
vehicle consists of a sprung crew compartment, referred to as the hull,
and a running gear. The running gear consists of drive sprockets,
idlers, independent road wheel suspension and tracks. The road wheels
are attached to the hull through a trailing arm suspension while the
tracks are extended around the wheels by the sprocket and idler wheel at
the front and rear ends, respectively, on each side of the vehicle.

The hull 1is the primary superstructure of the vehicle which
contains the engine room, driver's chamber, and the personnel
compartment. Figure 2.2 shows the various cross-sectlons of the tracked
vehicle. The engine room, located by the side of the driver’'s chamber,
contains the 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 river's chamber contains Lhe steering,
braking, and fuel controls. The personnel compartment of the hull has a
capacity of twelve persons not including the driver. The compartment
also allows fri- stowage of ammunition and other cargo necessary for
combat. On top of the hull, a machine gun and turret is mounted near
the commander’s cupola.

The suspension for the M113 APC is an independent tralling arm
torsion bar type. Each road wheel is mounted on a road arm splined to a
torsion bar. The torsion bars extend over the width of the chassis, as
shown in Figure 2.3. The shock absorbers are mounted between the road

arms and the hull chassis at an inclined position. At the upper and
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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 schematics of suspension components are presented in
Figures 2.4, 2.5. and 2.8.

The M113 APC, in general, employs three types of suspension
configurations, referred to as Al, A2, and Al%. All the three
suspension designs consist of a trailing arm toirsion bar suspenslon,
however, the number and location ~f shock absorbers differ in each
design. An Al suspension design utilizes inclined shock absorbers at
the first and fifth road wheel per track; A2 and Al% cont'igurationy
employ shock absorbers at the first, second and {ifth road wheels.
Apart from the different number of shock absorbers utilized, the
M113 Al, M113 A2 and MI113 Al% vehicles exhibit certain variations in
vehicle geometry, and considerable variations in the torsion bar
stiffness and shock absorber damping characteristics, wheel mass, and
total vehicle weight. The Alé suspension configuration is identical to
that of the M113 A2 vehicle with an exception that A2 torsion bars are
replaced by the Al counterparts.

The tracks of M113 APCs are of steel construction with detachable
rubber pads. Two types of track, the single-pin and the double-pin
track, are used extensively in military vehicles. The single-pin track
is made up of adjacent track shoes which partially overlap like door
hinges, and are connected by a single pin, as shown in Figure 2.7a. The
double-pin track is constructed of adjacent track shoes joined by a set
of connectors and two pins, as shown in Figure 2.7b. Most M113 vehlicles
are equipped with the German-made double-pin Diehl track, as shown in

Figure 2.7c. The right track on the M113 APC consists of 64 metal truck
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Figure 2.3 Schematic of the Tracked M113 APC Suspension System
(COURTESY OF EMC).
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Figure 2.7 Schematic of the Track and Road Wheel [10,44).
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shoes while the left track consists of 63; the track shoes have rubber
pads on the 1inner and outer surfaces. The inner pads prevent
metal-to-metal contact during shoe-wheel interaction, while the outer
pads soften shoe-ground interaction and protect paved roads from
premature wear during vehicle operations. 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 Flgure 2.7d. To
prevent track disengagement, the track consists of track guides which
mesh into the circumferences of the road wheels, sprocket and idler.
The idler stabilizes the motion of the upper track strand and maintains
the track segment past the last road wheel at a desirable slope.
Adjustment of the idler wheel position can be achieved by a hydraulic
actuator to increase or reduce track pre-tension. The sprocket, which
is connected to the vehicle engine through a drive train, develops the
track tension necessary to set the vehicle in motion.
2.3 DEVELOPMENT OF RIDE DYNAMIC MODELS FOR THE M113 TRACKED VEHICLE

The development of a ride dynamic model involves the identification
of suspension elements such as the springs and shock absorbers
connecting the wheels to the vehicle superstructure; unsprung and sprung
masses and inertias; and elastic properties of tires, bump stops, etc.
In the case of tracked vehicles, the track effects such as track pull
and track pad elasticity are taken into account to study the ride
dynamic behaviour of the tracked wvehicle. The track loads along with
the various suspension forces are then incorporated to develop u ridc
dynamic model to evaluate the ride vibration levels at the vehicle hull,
and driver and crew compartments. Four vehicle ride models of varying

complexities are developed using 2 building block modeling approach
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The mathematical ride models along with the associated simplifying
assumptions are presented in the following subsections;

2.3.1 Development of Ride Dynamic Model of a Multi-Wheeled Vehicle with
Idealized Suspension (MODEL I)

The initial model in the development process 1s formulated, whlle
neglecting track loads and the kinematics of the linkage suspension.
The generalized coordinates of the seven-degree-of-freedom model, thus
formulated, comprise of the vertical motion of the vehicle hull, pitch
motion of the wvehicle hull, and the vertical motion of each road wheel,
as shown in Figure 2.8. Various assumptions associated with the model
are as follows:

(a) The trailing arm road wheel suspension is idealized by a
parallel combination of a linear spring and a viscous
damper. Thus, the kinematics of the road arm and shock

absorber linkages are neglected.

(b) The suspension springs and dampers are constralned to

translate along the vertical coordinates wnly.
(c) Nonlinearities due to orifice damping are neglected.

(d) Road wheel tires are represented by point contact

springs.

(e) Bump stops, which prevent the road wheels from hitting
the hull chassis, are represented by springs in parallel

to the road wheel suspension.
(f) Dynamics due to the track are neglerced.

(g) The road wheels are assumed to be In contact with the

ground at all times.

(h} Magnitude of vehicle motion along the generallzed

coordinates is assumed to be small.

The damping and stiffness characteristics of the roau wher]
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suspension are established from the force-velocily and
force-displacement relationships., respectively. The spring rate due to
torsional springs is computed using basic theory of torsion. The bump
stop stiffness coefficlient is determined from the typilcal
force-displacement characteristics shown in Figure 2.9. An ldealized
model of the suspension bump stops s presented In Figure 2.10. I'he
damping coefficient of the wheel suspension is determined from the
force-velocity characteristics of the shock absorbers. Typical
force-velocity characteristics of the shock absorbers employed in M113
vehicle suspensions are presented in Figure 2.11. The cross-sectlion of
a typical shock absorber 1is shown in Flgure 2.12. The force-velocity
power curve shown in Figure 2.11 is composed of two segments:
bleed-control, and blow-off region. The force-velocity characteristics
of the shock absorbers indicate high damping constant corresponding to
low piston velocities and the damping <coefficient decreases
significantly as the piston velocity exceeds certain break velocity.

The differential equations of motion of the vehlcle model are
derived by identifying the various forces acting on the hull and the
road wheels. The static deflections of the suspension springs, tlres
(and track pads where applicable), due to the vehicle sprung and
unsprung weights are computed from the static force balance, assuming
that the sprung weight is uniformly distributed over the ten road
wheels. A free body diagram of the multi-wheeled vehicle is shown in
Figure 2.13. The equations of motion, derived using d’Alembert’'s
Principle, are expressed as follows:

Bounce Motion of the Hull

n N
MYn ¥ ?ZI(F01+ Feid ?Zle (V™ 28,7 Vu* Vs
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Figure 2.9 Force-Displacement Characteristics of the Bump Stops.
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F= ton! suspension damping forces
Fx.' total suspension spring forces

Fua total tire forces

Figure 2.13  Free-Body Diagram of the Multi-Wheeled Vehicle (Model 1).
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n
+ 2{ Fbl = m g (2.1)
i=1

Pitch Motion of the Hull

n n
Ly ?Zlax(Fox+ Feod = ?Zlale(yh_ 38T Yt Vi)
n
-2 alFbl = 0. 2.2)
i=1

2.7 R skt X S o
Sty Pgass

N s -t -
I :~5:W¢?d%‘?.§9§zj‘wng‘-gy.

Bounce Motion of the Road Wheels

Ym et W e

MY - FDI- Ffl_ Ki(yh— a\¢h_ ywl+ yhs)

wi” wi
- Fbi+ Kwi( ywl- ’yol+ yws) = mulg ; :
(i =1,2,....,n) (2.3) i
.E{'L
where 1&
¢
m = sprung mass of the hull %
m = mass of the road wheel 'i’ ?k
wi %{i‘
Ih = pitch mass momenl. of inertia of the hull about its ;‘}5
£
I(1 = stiffness coefficient of the suspension at road ;
wheel '1{’ i
a2
S stiffness coefficient for the tire of road wheel '1’ fﬂ‘;;
3o
a, = horizontal distance between the hull center of i
gravity and the road wheel 'i’ (al is positive when gq.
4
the suspension is located ahead of the c.g. and i
negative when the suspension is located behind the 5;3
kR
c.g.) 0
|
Y, = vertical motion of the hull c.g. gj‘
f
6, = pitch rotation of the hull 1?5;.;
i,
i 8
Yy ° vertical motion of the road wheel '1i’ I3
Ao
v, = input displacement at road wheel '1i’ }s*
4
g = gravitational constant A
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y = static deflection of the wheel suspension

hs
Y = static deflection of the tires
n = number of road wheels
d
(‘) = a-t-
Fbl = force due to wheel-to-bump stop contact at road
wheel '1i’

o S force due to suspension damping at road wheel '1°'

= force due to friction of the suspension at road

wheel '1’

fi

The bump stop force is expressed as:

F
bi

Kb- <, [yh- ai¢h - yw‘- dcsgn(yh- ax¢n_ yw‘)] (2.4)

where Kb is the bump stop stiffness coefficient, dc is the permissible
wheel travel, and <, is the contact factor given as:

{ 1 if th— ai¢h - yull = dc

[ < d
wi [

0o ; if |yh- a¢ -y
and the function sgn (o) is expressed as:
1 if o z 0.
sgn(o) =
-1 if o < 0.

The damping forces Fox are determined from the force-velocity power

IR R R

curves of the shock absorbers, presented in Figure 2.11. In general,
the power curve for a particular shock absorber on the M113 vehicle can

be approximated by the following relation:

oy

2!
 C v +C [v -v ] if vo>uwu 5{
11 p1 21 i pl i pl %.
v, if O0.s v v ég
SR P (2.5) B
Cwv if v sv<QO. ﬁ
31 1 p2 i 8

C.v +C [v - v ] if v <¢wv

a1 1 p2

~ 31 p2 i p2

e g

-
e

39

-
A



where CJl represents the high/low damping coefficients corresponding to
the ' j’th gradient of the force-velocity curve, and v, {s the relative

velocity across the shock absorber given by:

v =" al¢h- 7 (2.8)
Friction forces due to shock absorber and suspension 1inkage, Frl'

are expressed as:

fo = (Fsa+ FL) sgn(v&) (2.

o
~}

where Fsa and FL are the magnitudes of friction force of the shock
absorber and suspension linkage, respectively.

Equations (2.1), (2.2), and (2.3) describe the motion of Lhe
seven-degree-of ~freedom multi-wheeled vehicle model with Iideallzed
suspension, while neglecting the dynamics of the track and the
suspension linkages. For a ten wheeled vehicle, equation (2.3) ylelds
five coupled differential equations of motion. The equations of motlion
for the in-plane vehicle model are developed assuming that each road
wheel is equipped with a shock absorber. However, the ride dynamics of
M113 Al and M113 A2 vehicles can be simulated using equations (2.1) to
(2.3) by setting the damping coefficient at the undamped road wheel
stations to zero.

2.3.2 Development of Ride Dynamic Model of the Tracked Vehicle with
Idealized Suspension (MODEL [I)

The previous model (Model I), described in section 2.3.1,
represents the ride dynamics of a multi-wheeled vehicle with idealized
suspension. Although the dynamics of the track are entirely ignored,
significant information pertaining to the road wheel and hull dynamics

due to suspension forces can be achieved. The track does however,
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provide a cushica under the road wheels by virtue of the track pads and
thus the elastic properties of the track should be incorporated into the
model. Furthermore, a number of analytical and experimental studles on
the dynamics of tracked vehicles have established that dynamic track
tension influences the vehicle dynamlcs, considerably [6]. The ride
dynamics model of the tracked vehicle is developed assuming the track
tension as restoring forces acting on the road wheels, as shown In
Figure 2.14. Various simplifying assumptions associated with the
tracked vehicle model are as follows:

(a) The track is assumed to be a continuous belt, which

remains in contact with the terrain at all times.

(b) The elastic properties of the road wheel-track interface

are represented by point contact springs in series.

(c) Inertia due to the track is neglected, however, a
portion of the mass of the track 1s lumped with the

sprung mass of the vehicle.

{(d) The road wheels are assumed to be in contact with the

track at all times.

Tension due to each track segment between consecutive road wheels
is represented by a restoring force due to 1linear relative springs
placed between the consecutive road wheels, as shown in Figure 2.14.
The track tension caused by the relative displacement of a road wheel
with respect to the adjacent road wheel, is thus modeled as a restoring
force proportional to the relative motion of the wheel. The spring
constants due to each track segment is established from the suspension
forces acting on the road wheel and the unsprung weight, as shown in

Figure 2.15. The spring constant, M, is expressed as:

p o= Faur® M8 (2.3)
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T T e T,

where Fsu‘ is the resultant suspension force acting on the road wheel,
and Y, is the relative displacement with respect to the adjacent road
wheel.

Track forces due to the leading and trailing portions of the track
may be considered when there is track/terrain contact along these track
segments. It is safe to assume that the forces due to tension In the
leading and trailing segments of the track influence the tirst and last
road wheels, respectively, since any tensile force acting near the
sprocket or idler or both take up slack from the upper strand of the
track between the sprocket and the idler. Spring constants for track
tension of the leading and tralling portions of the track are
established by computing the vertical component of tension due to the
maximum deflection of the track in contact with the terrain profile.
Measurement of the spring constants due to leading and tralling segments
of the track are usually performed through massless feelers positioned
on the surface of the tracks (6,20]. The restoring forces due to the
track acting on the road wheels, sprocket and idler are illustrated |in
the free body diagram presented in Figure 2.16. Using d’Alembert’s
Principle, the differential equations of motion of the tracked vehlcle
model with idealized suspension are expressed as follows:

Bounce Motion of the Hull

n n
MY 321(F01+ Fe) * ?lel(yh— 21207 Yt Ve
n
+ ?Zf"‘ = mg (2.9)

Pitch Motion of the Hull

n n
Loy = ?Zlax(an+ Fod = ?Z1aiKl(yh- 3% Yt Ve
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Figure 2.15  Schematic Representation of the Track Segment Model.
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Figure 2.16  Free-Body Diagram of the Tracked Vehicle (Model I1). !
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Bounce Motion of the Road Wheels

MYy Fpy~ Foym K Oy- a - v,t yhs)

- Pyt Ko Yor* Yirs!

- T, - T = nmg 211

where ytrsrepresents the static deflection of the tires/track lnterface.
The forces generated due to the wheel-terrain interactions are expressed
in terms of the equivalent stiffness coefficient Ktr\ given by:

KpKHl
Kt.ri= F—KH—‘ (2.122)

where Kp and wa are the spring rates of the track pads and road wheel
tires, respectively. Vertical forces due to tension of the track , Tf

and Tf , acting on the left and right of each road wheel are expressed

as:
Tl ) - Ts for i =1
1 - pw(y“— yw1-1) for i =2, , n
(2.13)
. uw(ywi*l- yw‘) ter L =1, ..., n~1
i - T for i=n

where K, is the spring coefficient of the track segments between
consecutive road wheels. For equally spaced road wheels, the spring
constants are all equal reflecting uniform track tension.

TS is the vertical component of the tension of the leading portion
of the track (sprocket~to-first road wheel), when in contact with the

terrain profile or obstacle. It may be expressed as:
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'1'5 = us(yos- ywl) (2.14)

where Mg is the spring constant of the leading track segment. and Yo is
the corresponding vertical deflection.

Similarly, 'I‘I is the vertical component of the tension of the
trailing portion of the track (last road wheel-to-idler), when In

contact with the terrain, and is expressed as:

TI = ux(yol— yws) {2.15)
where K is the spring constant of the trailing track segment, and
Yo is the corresponding vertical deflection.

Equations (2.9) thru (2.15) yield seven coupled, second order,
non-homogeneous differential equations of motion characterizing the ride

dynamics of the trackeod vehicle model assuming idealized suspension.

2.3.3 Development of Ride Dynamic Model of a Multi-Wheeled Vehicle with
Trailing Arm Torsion-Bar Suspension (MODEL III)

In previous models, the suspension system of the M113 APC vehicle
is modelled as a parallel combination of spring and damping elements,
constrained to translate along the vertical coordinate alone. The road
wheels are assumed to experience vertical motion only. The M113 APC
suspension comprises of the M113 APC road wheels supported by swing
arms individually splined to torsion bars which extend over Lhe width of
the hull chassis, as illustrated in Figure 2.4. The shock absorbers are
mounted at inclined positions 1linking the road arms to the chassis.
Thus, the road wheels will not only experlience vertical motion but also
rotation. Therefore, a vehicle model incorporating the kinematics and
dynamics of the trailing arm torsion-bar suspension is vital for a more

realistic and accurate simulation of ride behaviour of MI113 tracxed
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vehicles.

A seven-degree-of-freedom ride dynamic model of the multi-wheelod
vehicle is developed, incorporating the kinematic relations as implled
by the linkage assembly comprising of the torsion bars, road arms, and
shock absorbers, while neglecting the dynamics of the track . Figure
2.17 illustrates the seven degree-of-freedom ride dynamic model of the
wheeled M113 vehicle. The model is very similar to that of Model !
except for the kinematics and dynamics of the trailing arm suspenston.
Various simplifying assumptions associated with the vehicle model are
specified as follows:

(a) Each road wheel is attached to the hull chassis through a

trailing arm suspension.

(b) Kinematics of the road arm and shock absorber linkage are
taken into consideration and the suspension elements are
characterized by linear or piecewise linear stiffness

and damping coefficients.
(c) Nonlinearities due to orifice damping are neglected.

{d) The elastic properties of the road wheel tires are

represented by point contact springs .

(e) Bump stops are represented by equivalent torsional

springs in parallel with the torsion bar springs.
(g) Dynamics due to the track are neglected.

(h) The road wheels are assumed to be in contact with the

ground at all times.

(i) Magnitude of vehicle motion along the generalized

coordinates is assumed to be small.
The tracked vehicle suspension configuration (Figure 2.17) reveuls
that the trailing arm torsion bar suspension induces spring torques s

w.ll as vertical and horizontal damping forces to the sprung mass of the
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vehicle. The differential equations of motion for the in-plane seven
degree-of ~freedom vehicle model incorporating hull bounce, hull pitch
and bounce motion of each road wheel are developed using Lagrange's
energy method. For convenience of analysis and comparison purposes, the
vertical motions of the road wheels are selected as the generallized
coordinates. The rotational and longitudinal motions of the rowad arm
and road wheel assemblies are described by constraint equatlons
involving road wheel bounce, hull bounce and hull pitch. Using
Lagrange's technique, the equations of motion for the vehicle Model III
are formulated as follows:

Hull Bounce Motion

n n
2 .
[mh+ ?Zimwltan Go]yh - [?Zlm"’(b‘+ a“tan eo)tan eo]th

n n
2 - § cos 7y
ZZ m‘dtan 9o ywl ¥ 22 (Fm+ Ffsl) R cos 6
I=1 1=1 0
n n
+ 22 Kel(¢h ewx es) + 2z (Fb9‘+ Fru) = mg (2.186)
i—

=1 R cos 8 i1=1
[+]

Hull Pitch Motion

n n
2] - o
[Ih+ ?am“i(bt+ autan 90) ] q)h [?;lmm(bt+ a“tan eo)tan 90] Y,

n
Sa cos vy
+ ZZI(F°‘+ Ffsi)[(a“ asl)sin Bo+ (b$ bt)cos [30 g ot 555'5:]
n a“
* 22 Kel(¢h- e“-es)[l ~ R cos 8]
i=1 o
n aU
-— | = . 2.17
+1Z1(F°b‘+ Fm)[l R cos 90] 0 ( )

Road Wheel Bounce

2 . 2 .. .
[mwl(l + tan eo)] Yo" [mwitan 901 y,* [m_ﬂ(bt'r a“tan eo)tan 601 ¢,

Scosy _ K (¢-6 -06) _ -
- P F) Reos o Ol h wi s Foi™ Friy
o R cos 90
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where,

K
o1

a
ti

si

+

K
w

‘(y“- Yoty ) = m g 12.18)

wSs wi

Stiffness coefficient of torsion bar i’

horizontal distance from torsion bar '{' to the hull

center of gravity

herizontal distance from shock absorber end 'Bl’ to

the hull center of gravity
vertical distance from torsion bars to the hull ¢c.g.

vertical distance from shock absorber end °'Bi’' to
the hull c.g.

road arm length

distance from road arm hinge to the shock absorber

end 'Ai’

initial angle of inclination of road arm to the hull

chassis

n
Br8,r ¢ -3

initial angle of inclination of shock absorber to

the hull chassis

angle between the road arm centerline and the line
bisecting the road arm hinge and shock absorber end

DAit

Assuming small motions, the pitch and longitudinal motion of the

arm and road wheel assembly, as shown in Figure 2. 18, are derived

the following constraint equations:

[++}

wi

wi

X
fl

(ywi_ yh+ a ¢ )

ti'h
R cos 6 (2.

o]
- (2.
bt¢h + (ywl yh+ a“¢h)tan 9o 2
(2
bt¢h 2
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Figure 2,18  Schematic of the Linkage Suspension Model.
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where 9‘“ is the rotation of the road arm, X, is the longitudinal
motion of the road wheel and x“ is the longitudinal motion at the hull
floor. The static deflection of the road arm, Bs. is computed from the

static suspension deflection:

y
hs
= ———— o T Ta)
es R cos 6 (2.22)
o
The damping force F'm is expressed as a function of the relative
velocity across the shock absorber mounted at road wheel '1'. The

damping force due to the shock absorber is assumed to be asymmelric, as

illustrated in the force-velocity curve (Figure 2.11):

’ - - -
Cllup1+ Czi{vm UM pr) if {vat U.u] > Upl
C[U"U] if O.S[v-u]su
- 1i{ Bi Al B1 Al pl
D1
C [u - v ] if v = {v -v ] < 0.
3i1| Bi Al p2 | Bt Al
L Cv +C [v -V - v ] if [v - v ] <wv
3i p2 41| "Bt At p2 Bl Al p2

(2.23)
where v and v are the break relative velocities, and v and v are
pl p2 Bl Al

the velocities of the damper links, established from the kinematics of

the linkage presented in Figure 2.18:

UAI = (ywl- atl¢h)31n Bo * bt¢hcos Bo
sy ~y+a $128 Y, (2.24)
R wi h ti'h cos E)o ’
v, = (yh- as’gthsin Bo + bs¢h°°S Bo (2.25)

Friction forces due to shock absorber and suspension linkage,

respectively, are expressed as:

) 12 26

F - Fsasgn(vm- v

fs
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FIL1= FLsgn(¢h - 9u1) (2.27)

where Fsa and FL are the magnitudes of friction force of the shock
absorber and suspension linkage, respectively.

The forces due to bump stops are derived from the schematic
presented in Figure 2.18. The force cue motion limiting elastic stop is

expressed by an equivalent torsional spring at the road arm hinge:

g
F - bt
ebi R cos eo

where ?gbxis the torque due o road arm/bump stop contact given by,

= . - - - Y )
ebi Kebx Ceb[ ¢h ew: ezsgn(¢h ewl)] (2.

where ec is the permissible angular clearance between the road arm and
elastic stop, Kebis the equivalent torsional stiffness coetflclent

representing the elastic bump stop, and o is the contact factor given

by,
1 for |p-8 | =8

c
0. for |¢h- 9"‘| <8

Equations (2.16), (2.17) and (2.18) provide seven second wurder
coupled differential equations of motion describing the ride dynamics of
a multi-wheeled vehicle with trailing arm suspension (Model I!l1). The
rotational and longitudinal motion of the road arm and wheel assembly 1o
determined from constraint equations (2.19) and (2.20), respectively

2.3.4 D2zvelopment of Ride Dynamic Model of the Tracked Vehicle with
Trailing Arm Torsion-Bar Suspension (MODEL IV)

In the previous model (Model III), described in section 2.73.3, the

dynamics of the track are assumed to be negligible, thus the nude.

represents the ride dynamics of a vehicle with linkage suspensiun The
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dynamic effects of the track on the ride performance of the tracked
vehicle are investigated by introducing the track model. similar to that
discussed in section 2.3.2. Dynamics of the track are modelled via
relative springs between the feeler and first road wheel, between
ad jacent road wheels, and between the last road wheel and the feeler, as
illustrated in Figure 2.19. The differential equations of motion for
the tracked vehicle incorporating dynamics of the trailing arm
suspension and the track (Model IV), are derived using Lagrange's
formulation and are expressed as follows.

Hull Bounce Motion

n n
2 . .
[mh+ ?Zlmwitan eo]yh - [?Zlm"‘(bt+ a“tan eo)tan eo]qph

n n
_ 2, - S cosy
zz mwitan 9o ywl * 2Z (FDI+ Ff‘sl) R cos 6
i=1 i=1 o
n n
K (¢ -8 -908) ~ _
#2Y Pat®hT w5 ?L(Fbel* Fo) = mg (2.30)

1=1 R cos 90

Hull Pitch Motion

n n
21 - "
[Ih+ ?Emﬂ(b; autan eo) ]¢h [?);lmwl(bt+ a“tan Bo)tan Bo]yh

n
+ 2 m“!(bt+ a“tan eo)tan e, v,

i=1
+2§:(F+F )[(a. - a )sin B+ (b- b )cos B - 2 2 S957,
L L1 st ° s ot o R cos 8

n a
ti
* zz K91(¢h- Bwi-es)[l " Rcos @ ]
i=1 0
n

a
ti =
+1Z1(Fw+ Fm)[1 - —-—] 0. (2.31)

Road Wheel Bounce

2 . 2 . .
[mwl(l + tan (90)]31"1 [mwltan eolyh + {mwl(b'f autan eo)tan Go]¢h
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! cos eo R cos 6
[\
- obi - I:.!‘l.l-. Kt.ri (ywl - yoi+ ytrs)
_ r_.1 s A
Tx 'I'l m .8 {2.32)

The static and dynamic angular deflections of the road arm (0s and
Gw‘). are described by equations (2.22) and (2.19), respectively, and
Yirs is the static deflection of the track and tires. The veloclities of
the shock absorber links, v,, and v, . are computed from equations
(2.24) and (2.25). The forces due to damping, elastic limit stops and
track tension are computed from equations (2.23), (2.26) thru (2.28),
and (2.13) thru (2.15), respectively.

2.4 SUMMARY

In this chapter, four mathematical models of the wheeled and
tracked vehicle are developed to study the ride dynamic performance of
the vehicle. Each model represents a seven-degree-of-freedom dynamic
system comprising of generalized coordinates: vertical motlon of the
hull, pitch motion of the hull and vertical motion of each road wheel.

The highlights of each model are summarized as follows:

Model I: The trailing arm road wheel suspension Is
idealized by a parallel combination of linear spring and
viscous damper. The Kinematics due to suspension linkage and
dynamics due to the track are neglected. The ride dynamic
performance of a multi-wheeled vehicle can be investigated

using this model.

Model II: The kinematics and dynamics due to suspension
linkage are neglected, however, the dynamics of the track are
incorporated via restoring force generated by relative springs
between the sprocket and first road wheel, adjacent road

wheels, and idler and last road wheel. The elastic properties
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of the track are represented by point contact springs in

series with road wheel tire springs.

Model III: Kinematics of the trailing road arm linkage
suspension are taken into consideration involving torsional
stiffness due to the torsion bars and damping force due to
inclined shock absorber. The dynamics due to the track are

neglected.

Model IV: This suspension model is similar to Model [I1,
however, the dynamics due the to track and elastic propertlies
of track pads are incorporated via the track model established

for Model II.

In the tracked vehicle models the track is assumed as a continuous
belt, and to remain in contact with the road wheels and terrain at all
times, while neglecting inertia due to the track. For the multi-wheeled
vehicles, the road wheels are assumed to remain in contact with the
ground at all times. Damping characteristics of the shock absorbers are
represented by plecewise linear power curves, and friction forces due to
suspension linkage and shock absorber are modelled as ideal Coulomb
friction. The torsion bars are represented by torsional springs for the
vehicle models with trailing arm suspension and by equivalent linear
rates in the models with Iidealized suspension. The bump stops ure
represented by symmetric contact springs for Models I and [I, and by

equivalent torsional springs for Models IIl and IV.
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CHAPTER 3

DESCRIPTION OF TERRAIN EXCITATIONS

3.1 INTRODUCTION

Ride vibrations of tracked vehicles, primarily, originate from
random terrain undulations. Thus evaluation of ride performance
characteristics of the vehicle models developed in Chapter 2., requires
description of vibration excitations arising from the terralns. The
input data must be representative of the terrain and it must also be
concise in order to minimize computations. Vibration excitatlons
arising from random terrain profiles are often expressed in terms of
their displacement and acceleration power spectral densities (PSDs) as
well as cross spectral densities (CSDs), assuming the lerrain to be
undeformable. Input excitations may also be expressed in the form of
deterministic undeformable obstacles and deformable soll models
incorporating soil compaction and sinkage due to vehicle-terrain
interaction.
3.2 DETERMINISTIC INPUTS

Discrete undeformable ground profiles, such as half round
obstacles, sinusoidal course, granite blocks etc., have been used to
assess the vibration isolation performance of vehicle suspension and
track dynamics [6,12,20,25,26]. The various researchers have used these
ground profiles to evaluate vehicle mobility performance. In most
cases, the deterministic ground profiles have been used for comparison
of computed and measured results to validate their analytical models.
Table 3.1 gives a summary of profiles wutilized by the various
researchers for simulation and fleld testing of wheeled and tracked

vehicles.
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TABLE 3.1

STATE OF THE ART SURVEY ON

GROUND PROFILES UTILIZED FOR SIMULATION SOFTWARE AND TESTING
OF TRACKED VEHICLES

Reseatcheris)

Study

fest Vehicle

Obstacle

Tottaln

Eppinger et al (5]

Ride simulation
4 prototype testing

tuper.mental
sin-whesl
tteched vehicle

Trapegsoidal bLump

Mild, 1ough, pluwed
tivlde

U 5. Amy Engineer
Waturways Exper.
station (21}

Nutall et al (22)

Mobility perfurmance,
AMC (ANC’ 11, ANMC*' 1Y)
moasl simulation &

vehicle field testing

MiSA2, Nil1IAL

Tettain units 2910
tine gselned, 100
Loatae yralned sulle

Lessem & Murphy
{3

Hide potformance madel
simulation & vehidle
fleld tenting

ne, ML), MIDA
MY

saniatrcle obetaclet
6-,0-,12-,04-,16- 1
18-inch heights;
Ditchest! 8 lInch desp
and 12-,38-,36- 4
40-4n, wvide

Whealer [14]

Hide purformance
simulation & testing

AN1, CTVsD,
3/4-ton truch

Random obstacle,
bump courses (see
Filgure ). 6)

Livss countiy lecs
ain

Hoogtecp (7}

Ride pucfogmance
simulation & testing

HneOALl, HiICV

Semicitols bumpn
3-,8-,8-,8 12-tuch
heights
Trepeaoidal busps:
I~ 6 6-inch helghts

spectial denslry
giound protlles and
sutveyed oouises;
tist Javel r1wed.
hoad Lietl, & Aru
tUvL e

Meachom et al. {15}

TRACKOH 11 & 1.l
obstacle negotiation
test and slmaletion

HeO, XMl

Bluck obstaclies 3,
& 9-inch helght

Husphy (24)

Ride parformance fleld
testing

Sealclrole obstaclel
12- ¢ lé-inch
heights

Teitaln vuulsas uf
vetying sutlace
toughnese: 1.0, 1 9,
2.8, 5.0 NMR luchas

Beck & Hehage [16])

Tast & grephics
simulatlion of articul-
ated vehicles

nild

Water obstacles

Plat testaln

Austin et al (25)

Shock absorber &
vehicle (1eld testing

IFv, mil)

Remp obetacle coutes

Washbuatd tersain

wout be

Petrick et al [19)
crefghton [?0]

KNMM, VEHDYMW (VEHDYN
15) mobility models of
tracked vehlicles

Me0, Hill, xM)

Disciete slgid obst-
acles, ditches, &
streame

Liusa cuuntiy tleld,
tuad, ahd Leall

cuvises

Giguere [26)

Hide purloimence tield
testing ot tracked
vehicle with different
suspsnslon conliqurae-
tions

LIRE

Granite Viock ubst-
ecle coutse

Selectad standeasd
CuMEBOBl LivER-

countsy, sinsvave

Maclaurin [23]

Hide pecfocmance AD-
Model simulation, ¢
vehicle fleld testing

dritish MCV,
Chellenqer

Ramp couise

Kandum, 1uchy and
slnewave Luuises

Garnich & Grinun
(11}

Hide performence mode!
simalatiovn, & vehicle
fleld twsting

Semlcircie obatacle;
8-, 12-1nch heights

Lalattsis (10]

Track modul simulatlion
4 vahicle tiuwld test-
ing

M1}

Fiat gruund picliile

McCullough & Haug
112)

Supetelement mudel
simulatiun and vehicle
testing

LIN ]

Semiciccle obstecle
#-fnch helgin

sotl si1traye m.dui

pruliing
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Lessem & Murphy [6] and Garnich & Grimm [11] conducted tield tests
with semicircle and ditch obstacles to validate the analytical models.
Eppinger et al. [S5] used the trapezoidal bump to test a six-vheeled
prototype model. Meachom et al. [15] validated the TRACKOB I[I and
TRACKOB III with block discrete obstacles. Simpler ground protlles were
flat terrains as used by Galaitsis [10] to study the track dynamics and
by Beck & Wehage [16] for analyzing dynamics of coupled vehicles. Fleld
research on dynamic performance of tracked vehicles traversing discrete
obstacles was conducted by Murphy [24]., Austin et al. [25] and Glguere
(26]. Murphy (24] studied the ride and handling characteristics ot g
vehicle traversing over semicircle obstacles. Figure 3.1 illustrates
typical vehicle test runs over semicircle and ditch obstacles. Flguresy
3.2 and 3.3 illustrate the washboard and ramp courses used to evaluate
the shock absorbers for military vehicles (25]. Giguere [20] conducted
field tests of an M113 tracked vehlcle, with different suspunsion
configurations using the granite block course, shown in Figure 3.4.

For analysis of the vehicle models presented in Chapter ., the
semicircle and block obstacles are selected as deterministic inputs for
transient response analyses. Figure 3.5 depicts the schematics of the
semicircle and block obstacles. Displacement input due tao
wheel/track-obstacle contact is characterized by the obstacle geometry.
The displacement excitation due to a semicircle obstacle {s computed as
a function of the obstacle height (ho). obstacle diameter (DO) and the
location of wheel/track contact point. In the case of a block obstacle,
the displacement excitation is expressed as a function of block neigh!

(ha)’ length (LB) and the location of wheel/track contact point
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Figure 3.3 Diagram of Spacing for Ramp Course [25).

62

N NN

on wee

»pom
xt’:am ey,

pres

g
Iab et

B N e LR



_~Gravel Beg

(a) Technical specifications for the Granite B8lock
Course - The course is 200 m long and is designed
to provide shock inputs alternately to opposite
vehicle suspension corponents. The effect on
the vehicle varies with speed and suspension
design.
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(b) The Iltis on the Granite Block Course.

Figure 3.4 Granite Block Course (COURTESY GF LETE),
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3.3 RANDOM TERRAINS

While deterministic inputs have been utilized to determine maximum
speeds for vehicle mobility and ride dynamics, various studies have
emphasized the significance of realistic terrain conditions. Numerous
studies on mobility performance of tracked vehicles have been conducted
on random off-road terrains (6,24,26]. Hoogterp (7], Wheeler [14], and
WES [21] used elevations of various random terrains to validate thelr
models. Hoogterp [7] utilized hood trail and surveyed courses while
factors representing the roughness of various courses have been asslgned
by WES [21]. A bumpy terrain course, as shown in Fligure 3.6, was
established by Wheeler [14] to evaluate vehicle mobility.

Terrains which are random in nature are corveniently expressed In
terms of power spectral density. Generally, terralns traversed by
vehicles are assumed rigid and the profiles measured under no-load
conditions, represent the disturbances to the vehicle running gear. It
has been established that terrain roughness is normally distributed and
can be accurately represented as a stationary random process [(36].
Since the power spectral density of the input random process is a
quantity suitable for analysis of the dynamic behaviour of the vehicle,
the disturbances due to irregular terrains are readily described by
power spectral densities.

Various profliles of random undeformable terrains have been reported
in the form of PSDs. Bogdanoff et al. [34] provided an atlas of
roughness of various off-road grounds representing the test areas for
military tracked vehicles. Maclaurin [23] established PSD
representations of random course and rocky terrains. The MVEE (Military

Vehicles & Engineering Establishment) random course is utilized for ride
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Figure 3.5 Geometry of Semicircle and Block Obstacles.
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Figure 3.6 XM1 Speed Record Over Terrain Profile [14).
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and mobility performance analysis while the rocky course is suitable tor
vehicle durability testing. The spatial power spectral densities of
typical terrains, used to evaluate the tracked vehicle performance are
shown in Figure 3.7. Power spectral densities ot roads and agriculturai
terrains, suitable for ride performance testing of wvarious vehicles
including military tracked vehicles, have also been established. Wong
[38] established the spatial spectral density of pasture and plowed
fields, as shown in Figure 3.8. The spectral densities of various road
surfaces, which have been established by MIRA (Motor Industry Rescarch
Association) ([35], are shown in Figure 3.9.

Ordinarily, power spectral densities of road or oft-road terrains
are established via measurements of the terrain protiles, statistical
manipulation of the random data, and analytical techniques converting
the statistical data io power spectrum quantities, Measurements are
performed by means of rod and level instruments or profilometers which
provide ground elevations over certain wavelength. Most of the terrains
overrun by tracked vehicles are of deformable nature and signitlicant
amount of sinkage is experienced by the track and road wheels. Wong et
al. [33) conducted a study on ground pressure distribution under the
running gear of the tracked vehicle establishing track-terrain sinkage
relationships. McCullough & Haug [12] made use of soil models for the
simulation of their superelement model. Soil models may represent sand,
snow, or mud including muskeg. However in this study, the influence of
sinkage on ‘terrain-track interactions 1is neglected and the ride
performance of multi-wheeled and tracked vehicles is evaluated {or

selected undeformable terrains, represented by their PSDs.
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3.3.1 Description of Random Terrains
Spectral densities of various road and off-roac surfaces that
closely approximate the experimental terrain roughness Jdata are

described by [36,37]:

Q1°®
a (Q) = o (Q) [ = ] (3.1)
p p o Q
[+ ]
where

op(ﬂ) = spatial spectral density  of the terrain
roughness

QP(QO) = roughness coefficient (value of the spectral
density at the discontinuity frequency, Qo)

Q = gpatial frequency of road roughness

Qa = gpatial frequency at which a discontinuity occurs
(Q°=l for continuous spectral density)

w = waviness of the terrain

Four terrain profiles, namely, the Belgian pavé [35], the MVEE
random test course (23], and pasture and plowed flelds (38], are
selected to evaluate the ride dynamic response of the vehicle models.
It has been established that the cpectral density of the measured random
road/of f-road terrains can be expressed by equation (3.1), where Lhe
roughness coefficient, op(Qo). and waviness of the terrain w, are
estimated frcm the spectral density curve. The spectral density of the
Belgian Pavé reveals two discontinuities, as shown in Flgure 3.10, thus
the equation (3.2) is modified to represent the spectral density of

three continuous bands:

-0
( Q1 1
a (nol)[_ﬂ— for O = Qol
ol
Q 1%
a () = { a (R )|— for Q@ < Q =0 {3 .2)
p p ol Qol- ol a2
-
<x(§2)—&-1 3 for Q> Q
\ 02 Q 02
02
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TABLE 3.2

ROUGHNESS PARAMETERS OF SELECTED ROAD AND OFF-ROAD TERRAINS

Texrrain Waviness Qo ol )
Number ©
Belgian w. =0.0 Q = 0.0656 ol )=7.113x10 °
1 ol ol
Pavé i
w_ = 5.664 Q = 0.207 o( )=1.295x10
2 02 02
m3 = 1,290
Pasture w=1.6 1 3.0x10"*
Plowed -4
Field w=1.6 1 6.5x10
MVEE -4
Random w = 2.27 1 3.1622x10
Course
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The spectral density of unprepared terrains, such as the pasture
and plowed fleld, and the MVEE random test course are expressed by
equation (3.1) with no = 1. The spatial spectral density ot these
terrains along with the road surface Belgian pavé is presented in Flgure
3.10. The values of roughness coefficients and waviness of the terrains
are listed in Table 3.2.

3.3.2 Input Spectral Density Matrix

As the M113 vehicle traverses along a randomly rough course, it is
subjected to five vertically imposed spatial displacement functions, one
at each road wheel per track. Temporal frequency of vehicle vibration,

f, is related to the spatial frequency and the vehicle speed:
f = QV (3.3)

where V is the vehicle speed. The temporal spectral density, aoff), Is

then related to spatial spectral density as:

a (Q) (3.4)
p

<|—

a (f) =
P

where ob(f) is the spectral density of direct input displacement to the
vehicle at the road wheel and track contact point. The Input

acceleration power spectral density is then expressed as:
o (f) = (2nf)* o (£) (3.5)

vhere ca(f) is the spectral density of acceleraticn input to the vehicle
at the road wheel and track contact point. Figures 3.11 to 3.14 present
the displacement and acceleration spectral densities of Belgian pave,
pasture and plowed field, and MVEE random course profiles, respectively,
for various vehicle speeds.

Assuming that all the road wheels follow the same path and are
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Displacement and Acceleration Spectral Densities of
MVEE Random Course for Various Speeds.
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#

subjected to the same profile as

the

first

road

wheel, the

cross-spectral densities can be established as a function of the time

delay. The time delay is related to the vehlcle speed and spacing of

the road wheels, given by:

rjk I_jk sV

where Tt
jk

distance between road wheels 'Jj' and 'k’

wheels 'j’ and 'k’, is given by [(38}:

= - /
o)k(f) on(f) exp ( j27rf‘LJk V)

where °ju(f) is the cross spectral density and °,

direct power spectral density determined from equation (3.4).

is the time delay of road wheels

g

and 'k’,

(3.6)

Is the

The cross spectrum of road

spectral density matrix for the M113 vehicle models

from equations (3.4) and (3.7),
cross-spectra:
»
o}k(f) = okj(f)
and in matrix form:
1 e M2 e7I%3
el 1 e Y23
[5/’ (f‘)] = o) el e¥32 1
w v
% etz el%s
L el%1 elVs2  e’Uss
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B

where uJk = ZquJk/V; J=12,...,5 k=12,...,5,
and '#’ denotes the complex conjugate.
3.4 SUMMARY

The ground profiles utilized by various researchers for simulation
and field testing of military vehicles are reviewed. The excitation:
arising from deterministic as well as random terrains are discussed.
The semicircle and block obstacles are the deterministic inputs selected
for transient response analyses of the vehicle models. Displacement
input due to wheel/track-obstacle interaction 1is characterized by
obstacle geometry and location of wheel/track contact point. The
Belgian Pavé, pasture, plowed fields and MVEE random course are
selected as random terrain excitations for dynamic analyses of the
vehicle models. The roughness of the selected terrains is expressed by
its displacement and acceleration PSDs which are dependent on vehicle

speed.
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CHAPTER &
RESPONSE EVALUATION OF MULTI-WHEELED/TRACKED VEHICLE NMODELS
4.1 INTRODUCTION

A number of options are available for solving the differential
equations characterizing the dynamics of the wheeled and tracked vehicle
models, presented in Chapter 2. The usual approach is to obtain the
dynamic response of the vehicle, when the vehicle is traversing a
non-deformable terrain, as a function of time. However, off-road
terrains used by tracked vehicles are deformable in nature and thus
significant amount of track and road wheel sinkage may be experienced.
Although the road wheel and track sinkage is the primary factor that
affects the mobility performance of the vehicle, the sinkage also
influences the track-terrain interactions and thus the vehicle ride.
Objective of this study is to establish an understanding of the tracked
vehicle ride in view of dynamics of the vehicle and its suspension
systems. Thus, the ride response of vehicle models is evaluated for
undeformable terrains, while neglecting track and road wheel sinkage.

In this chapter, the analytical techniques employed to simulate the
vehicle models, developed in Chapter 2, are described. The dynamic
response of the M113 vehicle subjected to non-deformable terrains,
described in Chapter 3, is evaluated. The relative ride performance of
M113 A1, M113 A2 and M1i3 Al% vehicles is evaluated via comparing the
bounce and pitch response characteristics of the vehicle models.

4.2 ANALYTICAL TECHNIQUES

Two options are available for simulating the vehlcle models

developed in Chapter 2, namely: the time-domain and frequency-domain

techniques. The time—-domain analysis utillzes variables as functions of
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time and uses numerical integration algorithms to solve the differential
equations of motion of the tracked vehicle. The frequency-domain
approach utilizes Fourier transform to represent the time dependent
variables as frequency dependent variables. Frequency-domain technique
is suitable for either linear or linear equivalent models, whereas the
time-domain technique can simulate both linear as well as nonlinear
models. Both analytical techniques are described in the ftollowing
subsect ions.
4.2.1 Time Domain Analysis

Time-domain analysis is primarily a direct solution of the
equations of motion, such as differentiation or integration of the
equations. Numerous numerical integration algorithms exist to soive
either linear or non-linear set of differential equations [40]. In
particular, the Runge-Kutta fourth order method is utilized to solve the
coupled differential equations of motion of the .racked vehicle.

The differential equations of motion of the vehicle models,

developed in Chapter 2, may be represented in the following matrix form:
(m] {y} + {F} + {F} + {F } = {F}+ {F} (4.1)

where [m] is the (N x N) mass/inertia matrix. (FC). (FK}. (Fu), {F.}
and {Fo} are (N x 1) vectors of suspension damping, suspension
stiffness, track/tire, gravitational and excitation forces,
respectively. N is the number of degrees of freedom and {y} is the
vector of response coordinates, given by,

{yb = {yh’ ¢n’ Yo' Y2t Yz Yue yus)T

Equation (4.1) is re-arranged as

v - -1 - - -
{y} = (m] {(FG) + {F} = {F} {Fx) (F"}} (4.2)
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The set of N second order differential equations are then transtormed

into 2N first order differential equations utilizing the following

substitution:
" — [+N .
y = y i=1....N (4.3)
yoo= g i=1,....N

The resulting first order differential equations are thus expressed In

the following form:
[P] {y} + (Q) {y} = (F} (4.4)

where (P] and [Q] are coefficient matrices of {).') and {y}, respectively,
and {F} 1is the forcing function matrix. Equation (4.4) 1is then
rearranged into a prescribed numerical integration format by

premultiplying by the inverse of matrix [P] as,
{y} = -(P17 Q] {y} + (P {F} (4.5)

The first order expressions are then solved for velocities and
displacements using the Runge Kutta Order-Four algorithm [40]. The
differential equations of motion of the vehicle models Incorporating
nonlinearities arising from shock absorbers and bump stops are solved in
the time domain.
4.2.2 Frequency Domain Analysis

In the frequency domain analysis the time dependent equatlons of
motion are Fourier transformed to frequency dependent variables. In
general, the linear or linearized equations of motion for the venicle

models are expressed in matrix form as:
(m] 4y} + [C] {y} + K] {y} = K] {y} (4 6)

where [C] and (K] are (N x N) damping and stiffness matrices,
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respectively, and [Kr] is (N x n) forcing matrix. Equation (4.6) s

Fourier transformed to yield:

{(Y(jw)} = H(jw)] (Yo(jw)) (4.7)

T ST ket < R Z "
MR, R PRI

where
{Y(jw)} is the Fourier transform of vector containing
response variables. 4
{Yo(jw)} is the Fourier transform of vector containing ki
4
excitation variables. 1
and i
(H(Jw)] 1is the complex matrix representing the frequency ??
1y
response function of the system, given by: gﬁ
&
(H{jw)] = [[K] - w’m] + Jw et [Kfl] (4.8) %{
i
Equation (4.8) yields the frequency response characteristic of the %;
vehicle model along the generalized coordinates. The dynamic ég

s

characteristics of the multi-wheeled/tracked vehicle along ‘the

coordinates other than generalized coordinates, such as fore-aft motion

L Sun D TR o T S
[Sohuppel A B

.
R

of the hull, road arm rotation, and fore-aft motion of the wheels, are

o, et

el

determined via constraint equations. The longitudinal response of the

T
T3 e

DTS s

%S a0

vehicle hull and the road wheels and the road arm rotation are {

determined from the following:

(Xw(Jw)} = [Tx] {Y(jw)} (4.9)

{e(jw)} = [Te] {Y(jw)} (4.10)

where [Tx] and [Te] are transformation matrices of dimension (nxx N) and
(n x N), respectively, (nx= 1, for Model I & II, n = 6, for Model Il &

Iv). {8(jw)} is (n x 1) vector of the Fourier transform of road arm r

;
b

23

&

rotational coordinates.

Py S

Bt 3oy

The frequency domain solution technique thus reduces simulation
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time considerably as compared to the time domain analysis. However, the
frequency domain method is limited to linear or linearized systems of
equations only. Therefore, the nonlinear differential equations of
motion characterizing the multl-wheeled/tracked vehicle models, must be
linearized to be solved in the frequency domain.

4.3 VEHICLE PARAMETERS

Vehicle parameters, such as vehicle geometry; masses and inertlas;
static characteristics of torsion bars, road wheel tires and track pads;
force-velocity characteristics of shock absorbers; and
force-displacement characteristics of bump stops, are determined from
the design drawings [42], published literature [6,20], and experimental
studies carried out by Ford Motor Company {43], DEW Engineering and
Development (44], and Austin et al.(25].

Table 4.1 lists the mass/inertia and running gear parameters of the
M113 Al and M113 A2 vehicles. Sprung mass of the vehicle hull
represents the gross vehicle weight less the road wheel masses,
suspension masses and half the weight of the tracks. Jdoad wheel mass
includes half the mass of the road arm. The torsional stiffnesses of Al
and A2 suspension systems are represented by their equivalent spring
rates to be employed in the vehicle Model I and II with ideallzed
vertical suspension.

Force-velocity power curves for Al and A2 shock absorbers have been
established via laboratory testing [25]. The force-velocity
characteristics of shock absorbers used in Al and A2 suspension
configurations, as shown in Figure 4.1, reveal a power curve composed of
segments of varying slopes associated with the damping generated through

bleed-control, blow-off, and orifice control. The force-velocity
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TABLE 4.1

PARAMETERS OF MULTI-WHEELED/TRACKED M113 VEHICLE MODEL
(25,42, 43)

Vehicle Configuration

Description Symbol
M113 Al M113 A2
Mass/Inertia
Hull mass, kg (lb)
untracked vehicle mh 8351 (18380) 8484 (18653)
tracked vehicle 8869 (19520) 9006 (19790)
Hull pitch moment of
Inertia,
kg*m2 (lb*sec 2+ n)
untracked vehicle Ih 17360 (153664) 14155 (125359)
tracked vehicle 18437 (163195) 115026 (133000)
Roa’d wheel mass,
kg (1b);
wheel station 1 mwl 113.5 (250) 92.6 (204)
wheel station 2 mw2 113.5 (250) 92.6 (204)
wheel station 3 mwJ 113.5 (250) 87.0 (192)
wheel station 4 mw1 113.5 (250) 87.0 (¢192)
wheel station 5 m 113.5 (250) 92.6 (204)
Tire Parameters
Tire spring rate, KW1 612900 (3500) ] 612900 (3500)

N/m (lb/in})

(Table 4.1. ..cont’ Q)

Note: Kunning gear parameters

independent suspension properties, etc.)
single units from both sides of the vehicle,
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TABLE 4.1

(continued)

Vehicle Configuration

Description Symbol
M113 Al M113 A2
Suspension
Parameters
Torsion bar
spring rate, Kei 9884 (87462) 8350 (73888)
N*m/rad (lb*in/rad)
Equivalent vertical
spring rate, Ki 115675 (660) 97722 (558)
N/m {1b/in)
Shock absorber C11 22520 (128.6) | 55629 (317.71)
damping rate,
N*sec/m (lb*sec/in) C21 5126 (29.27) 7135 (40.74)
C31 22520 (128.6)] 39146 (223.5)
{i=1,5 for Al;
1=1,2,5 for A2) qu 4187.5(23.91) 4536 (25.9)
Breakpoint velocity*, vp1 0.4064 (16) 0.216 (8.0)
m/s tin/s) vy -0.4064 (-16)| -0.216(-8.0)
Friction Force
Magnitude,
linkage, N (lb) E‘L 222.4 (50) 222.4 (50)
shock absorber,
N (lb) Fsa 222.4 (50) 222.4 (50)
Bump stop
stiffness coef.,
N/m (lb/in) Kb 1500000 (8565) 1500000 (B8565)
Bump stop
equivalent torsional
stiffness coef., Keb 151250 151250
N'm/rad (lb*in/rad) (1338400) (1338400)

*Yelocity at which transition from high value of damping
coefficlent to a low value occurs.
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characteristics exhibit high damping coefficient corresponding to low
piston velocities and the damping coefficient ls reduced considerably
when the piston velocity exceeds certain velocity, as shown in Flgure
4.1. Coulomb damping due to dry friction within the linkage suspension
and shock absorber is also listed in Table 4.1.

The geometric parameters of M113 Al and M113 A2 vehicle models are
presented in Tables 4.2 and 4.3, and the properties of the track are
presented in Table 4.4. Mass, stiffness and damping properties of the
running gear, listed in Tables 4.1 and 4.4, represent individual
independent suspension road wheel assembly, and the track on each side
of the vehicle,

The Al% suspension configurations employ shock absorbers used in
A2 suspension and torsion bars of Al suspension system. Thus, the
parameters of M113 Al% vehicle are identical to those of M113A2 vehicle
with the exception of torque-deflection characteristics of torsion bars.
4.4 FREE VIBRATION ANALYSIS OF THE VEHICLE MODELS

Multi-wheeled/tracked vehic.# vibrations comprise of various
deflection modes associated with the hull, chasslis, road wheels, tracks
and the driver. The amplitude, frequency and the direction of rlde
vibrations are strongly related to the free-vibration characteristics of
the vehicle models. Hence an eigenvalue analysis (41] is carried out to
establish the natural frequencies and principal deflection modes of the
vehicle models.

4.4.1 TFree-Vibration Analysis of the Undamped Vehicle Models
The equations of free-motion of the undamped vehicle models are

expressed in the matrix form as:

[ml{y} + [Kl{y} = {0} (4.11)
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Resistive Damping Force (ibs)

Blow-Off

7000 T
Power-Curve 6000 <=
Break-Over
5000 -+ -
w21
”
Bleed 4000 - "P’
Control N Al
3000 -+ W
Comprassion {
2000~+_ /| o |

50 |40 30 20 30 40 50 60 70 80
Rebound
‘\‘\SP“ *
‘“‘,-:‘;,-— Piston Velocity (IPS)
a2 - 3000
- 4000

Figure 4.1 Force-Velocity Curves for M113 Al and M113 A2 Shock
Absorbers, [25].
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TABLE 4.2

VEHICLE GEOMETRY - MODEL I & ITI

Description

Vehicle Configuration

M113 Al M113 A2

Suspension Location

sprocket, m (s;)
idler, m (in)
suspension 1, m (1in)
suspension 2, m (in)
suspension 3, m (in)
suspension 4, m (in)
suspension 5, m (in)

Bump stop clearance,
m (in)

Driver position

horizontal, m (1in)

vertical, m (in)

<939 (76.35)| 1.942 (75.
.037 (80.18)] 2.047 (80,
.285 (50.6) 1.288 (50.
.618 (24.35)]| 0.621 (24
.048 (-1.90)]-0.046 (-1.
.715(-28.15) |-0.712(-28.

.382 (-54.4)]-1.379(-51.

L1254 (4.9) 0.1254 (4

1b)

60)

1

L4h)

80)

05)

30)

. 9)

.9997 (32.4)] 0.9652 (38.0)

.356 (-14.0)]-0.356 (-14.0)

(42}
Symbol

a 1
Sp

a -2
1d

a 1
1

a 0
2

a3 -0

a -0
4

a -1
5

d 0
(64

a 0
dr

b -0
dr
89




TABLE 4.3

(42,43)

Description

Vehicle Configuration

M113 A2

Suspension Location

Horizontal distance

from c.g. to:

sprocket, m (in)

idler, m {in)

torsion bar 1, m (in)
torsion bar 2, m {in)
torsion bar 3, m (in)
torsion bar 4, m (in)

torsion bar S5, m (in)

shock absorber
end Bl1, m (in)

shock absorber
end B2, m (in)

shock absorber
end B3, m (in)

shock absorber
end B4, m (in)

shock absorber
end B5, m (in}

Vertica} gistaggg
grom c.g. to:

sprocket, m (in})
idler, m (in)
torsion bars, m (in)

shock absorber

VEHICLE GEOMETRY - MODEL III & IV
Symbol
M113 Al

a 1.939 (76.35)
sp

a -2,037(-80.18)
Id

a 1.577 (62.10)
tl

a 0.911 (35.85)
t2

a 0.244 (9.60)
t3

a -0.423(-16.65)
t4

a -1.089(-42.90)
ths

a
s1 1.048 (41.27)

a 0.381 (15.02)
s2

a ~0.286(-11,23)
sJ3

a -0.952(-37.49)
s4

a -1.619(-63.73)
35

b 0.518 (20.40)
Sp

b 0.650 (25.61)
Id

bc 0.606 (23.84)

bs 0.506 (19.93;

ends Bi, m (in)

1.942 (76.45)

-2.047(~80.60)

1.580 (62.20)

0.913 (35.995)

0.246 (9.70)

-0.420 (16.55)

-1.087(-42.80)

1.051 (41.37)

0.384 (15.12)

~0.283(-11.13)

-0.949(-37.38)

-1.616(-63.63)

0.518 (20.40)
0.617 (24.31)

0.606 (23.84)

0.518 (20.40)

{Table 4.3...cont’d)
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TABLE 4.3

{continued)

Vehicle Configuration

Description Symbol
M113 Al M113 A2
Bump stop-road arm
radial clearance, Gc 0.401 (23) 0.401 (23)
rad {(deg)
Road amm length, R 0.3175 (12.5)| 0.3175 (12.5)
m {an)
Arm overhang length;
point At to road s 0.198 (7.81) | 0.126 (4.95)
arm hinge, m (in) L
point Ai to road arm
centerline, m (in) SP 0.175 (6.90) 0.139 (5.47)
Road arm inclination, 0 0.401 (23) 0.401 (23)
rad (deg) o
Shock absorber
inclination, Bo 0.698 (40) 0.524 (30)
rad (degqg)
Road arm overhang
angle, rad (degq) Co 0.724 (41.5) 0.834 (48)
Diameters
sprocket, m (in) S 0.498 (19.6) 0.498 (19.6)
road wheel, m (in) " 0.610 (24) 0.610 (24)
idler, m (in} : 0.498 (19.6) 0.498 (19.6)
Driver seat location:
horizontal, m (in) adr 0.9997 (39.4)} 0.9652 (38.0)
vertical, m (in) bdr -0.356 (-14.0)]1-0.356 (-14.0)
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TABLE 4.4 &
TRACK GEOMETRY & PROPERTIES [6,33,42,44)

..

92
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Vehicle Configuration i
Parameter Type symbol M113 Al M113 A2 '
Track pad stiffness, K 1500000 | 1500000 g
N/mo b/imy| P (8565) (8565) 2
}'s
Track effects equivalent H
stiffness coefficient; ki
leading portion of track, M, 105075 105075 i
N/m {(lb/in) (600) (600) {
portion between wheels, H, 65672 65672 ’
N/m (lb/in) (375) (375)
trailing portion of track, ® 51622.5 79857 N
N/m (1b/in) (295) (456) B
p
Track length between; -
¥
sprocket and adjacent wheel, Ls 0.654 0.654
m (in) (25.75) (25.75)
consecutive road wheels,| L 0.667 0.667
moam | " (26.25) | (26.25)
idler and adjacent wheel, LI 0.655 0.668 7
m (in) (25.78) (26.30)
v,
Track inclination to Ground: i
3
leading portion of track, @ 0.419 0.419 .ﬂ
rad (deg) (24) (24) o
trailing portion of track, @ 0.209 0.314 ‘
rad (deg) (12) {18)
Track weight per :7it(i:??t? m 560 560 ;%
" i (3.2) (3.2) %
S
Track clearance: =
leading portion; midpoint ds 0.146 0.146 f;
to ground, m {(in) (5.73) (5.73) ;
trailing portion; midpoint dI 0.0696 0.120 !
to ground, m (in) (2.73) (4.73)



The eigenvalue problem for the undamped vehicle model is rormulated as:
[A - AT{¥} = {0} (4. 12)

where [A] = [m]7'[K] is the system matrix, and (I] is the identity
matrix, As are the eigenvalues, {Wl} is the eigenvector corresponding to
eigenvalue Ai. The undamped natural frequencies, w . are then computed
from the eigenvalues:

2

Al =W (4.13)

4.4.2 Free-Vibration Analysis of the Damped Vehicle Models
Assuming linear damping characteristlics, the damped f{ree-vibration
system of equations for the multi-wheeled and tracked vehicle models |s

presented in matrix form as:
[ml{y} + [Cl{y} + (KI{y} = {0} (4.14)

The damped resonant frequency and deflection modes are established from

the following damped eigenvalue analysis:

[AD - ADlI]{le) =0 (4.15)

where [A] = m 17! (kK'1, and

[I]1 1 O . 0 ¢+ (1]
ml=|-c<—c-| 5 [Kl=|--=lmoo
0 : (m] -(K] + -(C]
]
AD! are the complex elgenvalues, and {WDI) are the elgenvectors
corresponding to the damped eigenvalue ADl' The damped natural

frequency, Wy of the 'i’'th deflection mode is determined from the
corresponding complex eigenvalue. The damping ratio, Ex' of the

underdamped 'i’'th mode of vibration is then determined by:

wm 2
= - f—_— 4.1
€, 1 [ - ] (4.16)
al

a3

2
a

< gn v



4.4.3 Free-Vibration Response Evaluation

Free-vibration analyses of vehicle Mode! [ thru [V are carried out
by solving the eigenvalue problems of equations (4.11) and (4.14). The
undamped natural frequencies and the dominant deflection modes of the
tracked vehicle models are presented in Table 4.5a. Undamped natural
frequencies of the hull bounce and pitch modes of the vehicle models
incorporating suspension linkage (Model III & IV) are quite close to
those of the vehicle models with idealized suspension (Model I & II).
The pitch resonant frequency of the A2 and Al% vehicle models |is
slightly larger than that of the Al vehicle models, while the hull
bounce resonant frequency of A2 and Al% vehicle models is slightly lower
than that of the Al vehicle models. Hull bounce and pitch resonant
frequencies of Alé vehicle models are larger than those of the A2
vehicle models due to stiffer Alé torsion bars. The principal
deflection modes of multi-wheeled and tracked vehicle models are quite
similar as shown in Figures 4.2 and 4.3, respectively. The damped
natural frequencies for the A2 vehicle are given in Table 4.5b which
depicts overdamped wheels for heavily damped shock absorbers.

4.5 DYNAMIC RESPONSE OF MULTI-WHEELED/TRACKED VEHICLES SUBJECTED TO
DISCRETE OBSTACLES

Dynamic response of a tracked vehicle due to excitations arising
from discrete obstacles, such as semicircle, block and ramp inputs, Is
evaluated via direct integration of the coupled differentlal equatlons
formulated in Chapter 2. Transient response of the vehicle is useful in
evaluating mobility and ride performance of the vehicle. Maximum level
of vibrations perceived by the driver or the crew is among the factors

limiting the maximum vehicle speed (mobility), when a vehicle |Iis
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negotiating a specified obstacle.

4.5.1 Dynamic Response Analysis of the Multi-Wheeled/Tracked Vehicle
Sub jected to Semicircle Obstacle

A semicircle obstacle is characterized by its diameter and height,
as shown in Figure 4.4. The displacement excitations at the road wheels
(yoi), and the leading (yos) and trailing (yol) segments of the track
are determined from the coordinates of the obstacle, vehicle speed and
initial vehicle position. The instantaneous horizontal locatlon of a
road wheel (xoi), leading track segment (xos) and tralling track segment
(xol), with respect to the vertical center line of the obslacle are

expressed as,

X =Vt -x (4.17)
[ 3] st
x =Vt -{x +L/2+{i-1)L]; 1=12,...,n (4.18)
ol st S W
=Vt - [x + (L+L)/2 + 4L ] (4.19)
ol st S I w

where Ls, L“, LI are the horizontal distances between the sprocket and
the first road wheel, consecutive road wheels, and ldler and the last
road wheel. The horizontal positions of the road wheels, and leadling and
trailing portions of the track, are separated by the time delays

expressed as:
t. =L/(2v) ; T =L/V ; =< =L 7(2V) {(4.20)
S s W W b4 I
The road wheel ’'i’ is considered to have a contact with the obstacle if:
-hs%x sh or -h/V=<1t sh/v (4.21)
0 o} 0 0 ol [o]}
where ¢t = x /V = t-t -1 - (1 -1 ,
oi ol st g w

and tst = is the starting time. The corresponding vertical displacement

of wheel 'i’' iz expressed as:
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yoi = h0 - Xol (d.22)

Similar expressions may be derived for the displacement excitatlons
caused by the obstacle contact at the leading and the trailing portions
of the track:

* Leading portion of the track

- hOS X s s ho or -ho/V = tos H hO/V {d4.23)

where t =t -t
oS st

+ Trailing portion of the track

- h = x =h or -h/Vst = h /V (4.24)
8] ol 0 0 ol 0

n

where t t -t -T. -4t - T
S "]

ol st I

The corresponding vertical displacements are expressed as:

= - - -
Yos h0 X s ds (4.25)

- 2_ 2 - e
Yor ho on dI (4.26)

where ds and dI are the clearances of the leading and trailing segments
of the track, respectively, with reference to the ground.

4.5.2 Dynamic Response Analysis of the Multi-Wheeled/Tracked Vehicle
Sub jected to Block Obstacle

A block obstacle is characterized by its height (ha) and width
(La)’ as shown in Figure 4.4. The displacement excitatlions occurring at
the track and the road wheels due to block excitatlons are determined as
follows:

* Road wheels

- - 2
LB/Z = X, s LB/Z or LB/(ZV) s tol s LB/(ZV) (4.27)

+ Leading portion of the track

-LB/Z = X.s s LB/Z or —LB/(ZV) = tos s LB/(ZV) (4.28)
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« Trailing portion of the track

-LB/Z = X1 = LB/2 or -LB/(ZV) = tOI s LB/(ZV) (4.29)

¥
I
&
¢

The corresponding vertical displacements of wheel 'i', and leading and

trailing portions of the track are expressed as:

Y., = by (4.30)
Yo = hg 4 (4.31)
v, = hg - d (4.32)

4.5.3 Transient Response of the M113 Vehicle Models

Transient response characteristics of the M113 vehicle models with
Al, A2, and Alé suspension parameters are carried out for discrete
obstacles presented in sections 4.5.1 and 4.5.2, using direct
integration techniques. The numerical integration is initiated at time
tsc with the vehicle starting position at x = X At each time
step, the horizontal positions of the road wheels and the track segments
are evaluated and the corresponding vertical displacement excitatlons
are computed from eqns. (4.21}) thru (4.32). The dynamic response of the
vehicle models is then evaluated via numerical integrations employlng
Runge Kutta's fourth order algorithm.

Semicircle obstacles, 20.32 cm (8 in) and 30.4%3 cm (12 in) high,
often used in test evaluation of nmilitary vehicles, are considered as
the source of excitation. Blocks of 6.35 em (2.5 {n) and 12.7 cm (5 in)
are selected to compute the vehicle response to block obstacles. The
transient vehicle response to discrete obstacles is expressed in terms
of bounce and pitch acceleration of the hull, while the vehicle speed ls
held constant at 15 km/hr.

Response of Vehicle Models to Semicircle QObstacles

The bounce and pitch acceleration response characteristics of the

101




multi-wheeled M113 Al, M113 A2 and M113 Alé vehicle models with
idealized suspension (Model I), due to semicircle obstacle excitations,
are presented in Figure 4.5. The transient response characteristics
reveal large amplitude bounce and pitch acceleration at the hull c¢.g. as
the vehicle negotiates the obstacle. The response accelerations decay
gradually after the obstacle has been negotiated. The peak bounce and
pitch transient accelerations of hull c.g. increase considerably with
increase in obstacle size. Compar.son of response characteristics of
Al, A2 and Al% vehicles subjected to 20.32 cm obstacle reveals that the
pitch and bounce acceleration response of A2 and Al% vehicles are almost
identical, and slightly larger than that of the Al vehicle. However,
the Al vehicle exhibits slightly larger amplitude transient response
than its counterparts when subjected to the larger obstacle.

The bounce and pitch acceleration response characteristics of the
hull c¢.g8. of the tracked vehicle models with ldealized suspenslion
(Model I1) negotiating semicircle obstacles, are presented in Flgure
4.6. The peak transient bounce and pitch response accelerations of the
Al, A2 and Al% tracked vehicle configurations increase with larger
obstacles. The M113 Al vehicle exhibits faster settling times and
smaller amplitudes of oscillations after negotlating the obstacles as
compared with the M113 A2 and M113 Al% vehicles. The bounce and plitch
acceleration response characteristics of the A2 and Al% tracked wvehicles
are quite similar, as in the case of Model I, and larger than that of
the Al tracked vehicle. A comparison of the translent response of the
untracked (Model I) and tracked (Model II) vehicle models reveals that
the ad¢l.ion of the track reduces vertical and pitch acceleration at the

hull c.g. The initial transients to obstacle negotiation and amplitudes
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of steady state oscillations af'ter obstacle negotiation are
significantly reduced with the addition of the track.

Figure 4.7 presents the bounce and pitch acceleration response at
the hull c.g. of the M113 Al, M1i3 A2 and M113 Al% mult i -wheeled
vehicles with linkage suspension (Model III) traversing the semicircle
obstacles at constant speed. The peak transient response acceleratlions
increase with increase in the obstacle size. Amplitudes of oscillations
after the vehicle has negotiated the obstacles, vary with obstacle size
and vehicle configuration. Amplitude of bounce acceleration
oscillations of the M113 Al vehicle increases with larger size obstacles
while the amplitude of pitch response oscillation decreases. A
comparison of transient responses of the Al, A2, and Al% vehlcle models,
as shown in Figure 4.7, reveals almost identical results for the A2 and
Alé, while the Al vehicle yields high transient response. The A2 and
Alé vehicles exhibit significantly faster settling time than the Al
vehicle. Further comparison of the transient response characteristics
of the idealized (Mode! I) and linkage (Mode! III) suspension vehicle
models, reveals lower bounce transients but higher pitch transients of
the linkage suspension model.

The transient hull c.g. bounce and pitch acceleration response
characteristics of the tracked vehicle model with linkage suspenslion
(Model IV) due to semicircle obstacle excitations are presented in
Figure 4.8. The tracked vehicle models with linkage suspension provide
similar transient response characteristics as the multi-wheeled vehicle
model (Model III), however, the addition of the track vylelds
significantly smoother transient response. A comparison of transient

response of tracked vehicles with linkage suspension to those with the
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idealized suspension reveals that the tracked vehicle model with linkage
suspension yields improved bounce response and interior pitch response.
The M113 Al vehicle provides superior transient response as compared
with its counterparts when traversing the smaller obstacle.

Response of Vehicle Models to Block Obstacles

Transient response analyses of the vehlicle models with linkage
suspension are carried out for excitations arising ftrom a block
obstacle. The transient bounce and pitch acceleration response at the
hull c.g. of the vehicle models negotiating block obstacles at constant
speed, are presented in Figures 4.9 and 4.10. The bounce and pitch
response accelerations of the wheeled as well as tracked vehlicle
increas: as the obstacle height is increased. A comparisoen of transient
response characteristics of the wheeled (Mode! [I!I) and tracked vehicles
(Mode! IV) reveals that the tracked vehicle provides superior response
than the multi-wheeled vehicle.

4.5.4 Transient Response at Driver’s Location

Assessment of the vehicle ride quality requires determination of
the intensity of vibrations transmitted to the driver and the crew.
Assuming small rotations, vertical and longitudinal acceleration at the

driver's location can be obtained from the following constraints:

Yo =Y T adrqb (4.33)

(4.34)

>

1}
o
o

vwhere a and bdr are the horizontal and vertical coordinates of the
driver with respect to the hull c.g., respectively. The longitudinal
and vertical acceleration response at the driver's location of M11il

vehicle models traversing the 20.32 cm high semicircle and 12.7 cm high
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block obstacles are evaluated to establish the relative rride pertormance
of Al, A2 and Al% vehicles. The transient response at the driver's
location is evaluated for vehicle speeds of 1S km/hr and 25 km/hr.

Figures 4.11 and 4.12 illustrate the vertical and horizontal
transient acceleration response at the driver's location of the
multi-wheeled and tracked M113 Al, M113 A2 and M113 Alé vehicle with
linkage suspensions (Model Il & 1IV), respectively traversing the
semicircle obstacle (20.32 cm) at various speeds. The vertical and
horizontal transient accelerations at the driver's seat location are
closely related to hull c.g. bounce and pitch response characteristics.
Amplitudes of initial transients and the number of oscillatlions of the
wheeled vehicle, after the vehicles have negotiated the obstacle,
increase significantly with increase 1in vehicle speed, with the
exception of the M113 A1 vehicle which exhibits smaller bounce
oscillations at higher speed, as shown in Figure 4.11. A comparison of
the response characteristics of the wheeled and tracked vehlcle models
indicates that the tracked vehicles yield improved ride quality at the
driver’'s seat location.

The transient response characteristics at the driver’s location of
the multi-wheeled and tracked vehicles subjected to block obstacle
excitations are presented in Figures 4.13 and 4.14, respectively. The
ride quality of the vehicle models is considerably deteriorated when the
vehicle speed is Iincreased. A comparison of the response
characteristics reveals that the addition of the track deteriorates the
transient response at higher vehicle speeds. The M113 A2 and M113 Al%

vehicles exhibit superior transient response than the M113 Al vehicle,

111




. (mysecd®)

Ya

Vertical Accelerution at Driver's Location,

, (mysec®)

Yo

Verntical Acceleration at Driver’s Location,

vV = 15 km/hr

00 04 08 12 16 20 24
Time  (sec)

3 NODEL Il )
- Al a7 Al
81 =
SJ A2 " SJ
) Ao e e - B o
] § “ \
% g T
3 b
4 o ~ - | A *
& "
; N
‘ 30.49 cm. (12 in.) '
3 VvV = 25 km/br scmicircle obstucle “
2* # Al "g B Al
. l ﬂ W’*MMWM '.‘ ﬂ"w WI'M‘WWW
3 a :
:: A2 . - A2
B L 2]

] M«A WWMMM g (MWW i
') i
3 § 2
: a1l 5 ° Al
Q 2 < 2
a‘ \lN N”l‘l"f” WA, 'g o) 'WMIHHN" H'l'l'l'l'l|l'
3 2|

—

00 04 08 12 16 20 24
Tane (e

Figure 4.11  Vertical and Horizontal Acceleration Response at the
Driver's Location for M113 (MODEL 1Ill) Negotiating
Semicircle Obstacles at Various Speeds.

112




. (mysec®)

Ventical Acceleration at Driver's Location, y,

. (mysec®)

Ya

Vertical Acceleration at Driver's Location,

g{ Vo NODEL IV ,,—g z
1 MN113 ] Al
8: w lu\ T A-]:.v« E mj»- "\r . 'v‘\W\A,WV\'\\ (EVIVIVAVAY
2] | M L M
s: § 2
3! o
1 » ] A2
g*/A\ . AZ § " ‘
] jk{ o ‘\IN PP N R 5 i \\r m»‘r \I\/\f\:V\NW\,\,
a| o
[ ] :
3 :
J 1 !
All w Al
i : :
. A ' !
g n
. 30.49 cm. (12 in.)
V- 25 K/t semicircle obsucle “
s‘ = m/hre ';“ Lol
) 4 al
Al "
oL T g
a W el
2] 5 2
i
8: A2
al AZ '§ " AA
8. MWM‘M%W--HM & - i ~1 M(
] -
S g7
§n
Sj 1 § ] M%
S'M Al; <
‘V‘A o W
3 It g <P
i 2.
31 1
U —— [ , _
00 04 08 12 16 20 24 00 04 08 12 16 20 21
Time  (sec) Time  (se)
Figure 4.12  Vertical and Horizontal Acceleration Response at the

Driver’s Location for M113 (MODEL 1V) Negotiating
Semicircle Obstacles at Various Speeds.

113




MODEL III

| V = 15 ka/hr 04
«; Rj Al N113 Ng | Al
S o
E - MANANNA E ‘\M\NMMMMMMAAMM’V
=4 )
:‘31 5 »qj
§ R g °
" 9_? A2 '; ~ A2
el
g =1 o
' CI.
; -1 § ¢
- § e
[ 5 A1l § o~ Al
ST [T
3s 3 “
E‘H 12,7 em. (5 in.)
I block obstacte
Vv = 25 kn/hr Lu. ZhL
R & = Al
® L A
;-.'q N \
- & o
g é g o
g =1 A2 P N: A2
3 -*"t uﬁ"""m%wwwwm £ . ‘ﬁ'ﬁ'MWm»wmm
g < S o
" s ?
$s % o
% ' a1l § ] Al;
(=) ~
= , . J Illllll WL
; EJMW T w.l.w -g W”h\wﬂ hmm AN
- 3
" 8 2
.
ol,o 04 08 12 16 20 24 00 04 08 12 16 20 24

Time  (sec) Time  (sev)

Figure 4.13  Vertical and Horizontal Acceleration Response at the

Driver's Location for M113 (MODEL III) Negotiating Block
Obstacles at Various Speeds.

114




- ij vV = 15 km/hr MODEL IV e
g iz |-
T = Al 3 o Al
‘: 4 ‘\/vx,r\*-'v\'\\'\'n\m~--v\w < 1 '\/*,\,J\"\’\!\’\/\N\N\/V\/\I\'\ﬁ v\
s 2 3o
ot ; ]
g & § o
gz g .
[ iy i }\2
.g = - l. ANNS - G‘ZA?' § N* '\N\/V\ AAANVV\MNV\/\/\/\/\AIU\“
5 el Wit 8 o
s 5
g § 9
HE - |
<§: 9_4 Al% g ~ Al
.,_MA A A .- | 1 NN\V\%Y\WMW/\N\/WV\IV\N\MW.
g 2 37
a. é 94
. 12.7 cm. (5 in.)
bluck vbatucle O Al
- / Ln. 2hn 1
- QJ v 25 km/tr Al = ~
% g 1V \
RSy l | E o
. a"— U' ' ﬂ‘ﬂl‘l v 1
?‘ ] tR\D
% * e
§ & g )
K- © As
5 gj A2 % o
> 24 B \
E e . o
- ;J " u.:j
g V] §_ :
§ g g o Al';'
- !
g =3 AlZ < o
{- '})N %l{h,,“w,.'l.-, " % Wiy
.'g =F ! § o
g 8
3 ?
00 04 08 12 Ts 20 23 0004 0F 12 e 20 14
Tune  (see) Tune  (>ev)

Figure 4.14  Vertical and Horizontal Acceleration Response at the
Driver’s Location for M113 (MODEL V) Negotiating Block
Obstacles at Various Speeds.

115




4.6 FREQUENCY RESPONSE EVALUATION OF NONLINEAR VEHICLE MODELS

Track-terrain interactions and ride dynamics of military off-road
vehicles often predominate in the frequency range to which the human
body is most fatigue sensitive. The frequency response characteristics
of the multi-wheeled/tracked vehicle models provide the essentlial
understanding of the sensitivity of vehicle ride response to the terrain
excitation frequencies. The frequency domain technique can be applied
to either linear or linearized vehicle models to evaluate thelr
frequency response characteristics. Thus the nonlinearities arising
from bump stops, Coulomb friction and force-velocity characteristlics of
shock absorbers, must be characterized by their linear equivalents to
carry out the simulation in the convenient frequency domain.
4.6.1 Linearization of Multi-Wheeled/Tracked Vehicle Models

The nonlinear restoring and dissipative forces within a nonlinear
mechanical system are expressed in terms of equivalent stiffness and

damping coefficients, such that:

{Fc(y.y,t)} = [Ceq]{y} (4.35)

(Fy,t)} = (K Hy) (4.36)

where the stiffness and viscous damping coefficient matrices are
computed such that the response behaviour of the linearized system does
not deviate significantly from the response behaviour of the original
nonlinear system. A number of linearization techniques have been
developed to determine the equivalent viscous damping coefficients for
randomly excited nonlinear systems [45,46], However, often critical
effects of nonlinear damping mechanisms, such as shock absorber and
Coulomb friction, are not accurately characterized by the linearization

theory. It has been established that the nonlinear damping mechanisms,
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in general, should be expressed by a 'local constant’, where each local
constant is applicable only in a small frequency band centered around
the excitation frequency. Thus, the local equivalent constants are
determined as a function of excitation frequency, excitation amplitude,
response and type of nonlinearity [47]. The local equivalent
linearization technique, based upon energy balance (48], is employed to
yield local damping coefficients due to the shock absorber at each
excitation frequency. Nonlinearity due to elastic limit stops lIs also
readily treated by the local equivalent linearization technique [(49].
The nonlinearities due to Al and A2 shock absorbers, Coulomb damping and
bump stops are approximated by equivalent linear coetfficients in the
following manner.

Shock Absorber Damping

The force-velocity characteristics of shock absorbers employed in
Al and A2 suspension configurations, reveal high damping coefficient for
low piston velocities and lower damping coefflicients at high piston
velocities, as shown in Figure 4.15, Assuming symmetric damping
characteristics, the damping force due to shock absorber s expressed
as:

Models I and II:

C v ; if |v1| s v
F =4 M1 P (4.37)

dt = .
v + C (v-v); if ju| >wv
11i p 21 i p i p

)

Models III and IV:

C (v -v ) if Jv - v | =
F = Bl A P (4.18]

C v +C (v -v =-vu); if ju - v > v
¢ 21( p) l Bl All

Bi Al p

where 611 and Eat are average damping coefficients of shock absorber
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corresponding to low and high values of piston velocity, respectively,
and up is the piston velocity at which transition of damping coefficient

occurs., Let q.

Ly represent the relative velocity across the shock

absorber at roads wheel 'i{’ corresponding to excitation frequency wJ:

t';u =y for Mode!l I and II

(4.39)

‘}U TR for Mode!l IIIl and [V

The equivalent damping coefficient C:(w)) corresponding to low relative

velocity is given by the slope of the force-velocity curve:

* .
Cl(wj) =C, for Iqul Y (4.40)

P

However, as the relative velocity across the shock absorber exceeds vp,
the damping force is expressed as a nonlinear function of {Iu' Assuming
small nonlinearity and harmonically forced vibrations, the relatlve
displacement across the shock absorber can be expressed as:

4 = 'y”sin(wjt) (4.41)

J

where le is the amplitude of relative displacement at excitatlion
frequency wj. The shock absorber assumes a high value of dampling
coefficient, C“ during a part of the vibration cycle when the pilston
velocity 1is less than vp, as shown in Flgure 4.16. As the piston
velocity exceeds vp. the damping coefficient is reduced to the low
value, C21 during the rema‘ning part of the cycle. The relatlve

velocity across the shock absorber approaches vp at time tl. given by:

1 1 v
t = =—sin” [ "} (4.42)
1 W v

J r

where v =w Y
r J i)

The shock absorber assumes a low value of damping coefficlient, C2l at

time t:1 and a high damping, Cu at time ta' given by;
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n 1 -1 v
t, = — - — sin [ "] (1. 43)
w W

The energy dissipated per cycle by the nonlinear shock absorber ls then

computed as:

AE = § F‘di dy
t t
1 2
= 2 { { (Cllqij)qudt + J [Cllup+ sz(qu_ vp)]ql) dt
0 t
1
n/w
J
+ [ (szqx)) 4y dt} (4 44)
t

2

Assuming harmonic excitations, the energy dissipated per cycle s

expressed as:
t t

1 2

2,2 2 2
AE = 20~ Y [ [ Cl‘cos wjt dt +.[ Cmcos th dt

0 t
1
/W t
J 2
+ J C coszw t dt] + 2v Y J (C -C_ ) cos wtdt (4.45)
11 J p i) 11 21 J
t t
2 1

The equivalent viscous damping coefficient corresponding to excltation
frequency, wJ is obtained by equating the energy dissipated per cycle by
the nonlinear damper to that of the linear damper.
t1 tz
i _ 2w 2 2
Ci(wj) = 'EJ[ C11J cos wjt dt + CZIJ cos wjt dt

0 t
1
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/W t
J 2

. 2v (C, - C,)
+C, | cos ot dt ] + —E : cos w ¢t dt (4. 48)

nw Y
IRRY!

t t
2 1

Equation (4.46) is simplified to yleld:

-c' - L - . - {
L‘(wj) = C21 + 2n(C“ CZI)[s1n Zth1 sin Ztha + 4wjt1] (4.47)

Equation (4.47) can be solved in the frequency domain to establish the
values of local damping constants wusing the literative algorithm
summarized below. Equation (4.47) reduces to (4.40) if the relatlive
velocity across the damper is less than Ui
Algorithm

The local equivalent damping algorithm may be summarized as
follows:

(i) The equivalent viscous damping coefficient of the shock

absorber, C;‘(wj) is initially assumed to be high value

11
displacement and velocity across the shock absorbers ls

C. at an excitation frequency wJ . The relative

then computed from the linear vehicle model subject to

displacement excitation {yo(wj)).

(11) The linearized equations of motion are then Fourier
transformed to yield the frequency response function

matrix;

= _ .2 -1
[(#(Jw) ] [[Kl wj[m] + JwJ[Ceq(wJ)] ] [KF] (4.48)

(iii) The vector of relative displacement response across the
shock absorbers, {¥} 1is computed from the constraint

equations:
{9y = (T,] {Y(Ju)} (4.49)

where [TD] is a (n x N) transformation matrix relative

displacement across damper to the generalized
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coordinates. The damping coefficients are assumed to be
true values if the relative velocities across the shock

absorbers are below v .
p

(iv) The vquivalent viscous damping coefficients are computed
using equation (4.47) when the relative velocity exceeds
vp. The (n x 1) error vector between the assumed and
computed values is given as:

L] L}

{e} = {ICO(wJ)— C (wj)}} (4 50)
If the error exceeds a specified tolerance, the assumed
values are updated and the iterative procedure 1is
repeated until convergence is achieved.

The iterative methodology is carried out to establish local viscous

damping constants at each discrete frequency of excitution.

Coulomb Damping

Figure 4.17 1illustrates the force-velocity characteristics of the
ideal Coulomb damping due to the shock absorber and suspension linkage.
The Coulomb damping force in the vicinity of discontlinuity Is
approximated by a linear viscous damper over an infinitesimal veloclty
band (vf). The local equivalent damping coefflcient due to Coulomb

friction, fo’ is determined from:

Ffl .
. —6: ; I“‘)‘ < Y
C(F ,0) =
1 f1 4Ffi . (4.51)
nw Y ; 'qul = Ye
3 o1)
where
Ffi= F“_i ; for linkage friction, and
F =F ; for shock absorber friction
1 fsi

Alternatively, the damping force due to friction can be exprassed

using equations (4.37) or (4.38) by replacing up by v, and ‘the
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corresponding damping coefficients representing Coulomb triction. e
local equivalent damping algorithm can be used to compute local viscous
damping coefficients at each discrete excitation frequency whenever the
velocity v, is exceeded. Relative displacements across the shock
absorbers are computed from equation (4.49) while the relative

displacements {yL} across the suspension linkage are computed trom:
{yL} = [TL](Y(jw)} (1.52)

where [TL] is an (n x N) transformation matrix for relative linkage
displacements with respect to generalized coordinates.
Bump Stops

The trailing arm suspension of M113 vehicles is equipped wilh bump
stops to 1limit the excessive motion of road wheels. The force-
displacement characteristics of a typical bump stop was presented In
Figure 2.9. The nonlinear symmetric force-displacement characteristics
of limit stops can be readily incorporated in the local equivalent
linearization technique [49]. The equations of motion of the linear
equivalent multi-wheeled/tracked vehicle model are rewritten in the
form:

[m}{g} + [C] @)1y} + KI{y} + [K )y}
= Ky} + [K ]y ) (4.53)

where [Kbl and [Kc] are (N x N) stiffness matrices due to bump stops
The local equivalent algorithm examines the bump stop clearance at each
discrete frequency and computes the bump stop contact factor {cb}.
described in equations (2.4) and (2.29). The relative displacement of
the road wheels with respect to the chassis is computed at each discrete

frequency using eguation (4.49) for the idealized suspension models

(Model I and II). The relative rotation of road arm with respect to the
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chassis is computed in the following manner, for the linkage suspension

models (Model [II and IV):
(GL} = [TSH](Y(jw)} (4.54)

where [TeH] is an (n x N} transformation matrix relating relative
rotation between road arm linkage and hull chassis to the generallzed
coordinates. The stiffness matrices [Kb] and [KC] are suppressed when
the relative displacement response remains within the permissibie
travel.
4.6.2 ‘'erification of Linearized Tracked Vehicle Model

The linearized multi-wheeled/tracked vehicle models are valldated
for harmonic excitations by comparing its frequency response to the
frequency response characteristics of the nonlinear vehicle models
established via direct integration of the nonlinear differential
equations of motion. The frequency response characteristics of the
vehicle model is presented in terms of transmissibility, deflined as the
ratio of the steady state response to the excitation amplitude at the
road wheels. The bounce frequency response of the tracked vehicle model
is expressed as the ratio of hull bounce magnitude to a given road wheel
excitation, while the hull pitch frequency response is expressed as the
ratio of pitch magnitude to the static pitch deflection of the hull
subjected to an excitation at the first road wheel.

The effectiveness of local equivalent linearization is demonstrated
by comparing the frequency responses of the multi-wheeled/tracked
vehicle mocels to simultaneous harmonic inputs at all flve road wheels
to those established via direct integration of the nonlinear vehicle
models. The hull ©bounce, hull pitch and road wheel bhounce

transmissibility characteristics of the linearized tracked vehicle model
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(Model IV) are compared to those of the nonlinear vehicle model, as
shown in Figures 4.18a, 4.18b and 4.18c, respectively. Figure 1.18d
illustrates the frequency response characteristics of the road arm
rotation where the transmissibility ratio is normalized by road arm
length, R. A comparison of the frequency response characteristics or
the locally linearized and the nonlinear vehicle models demonstrates the
effectiveness of the local equivalent linearization technique. The
local equivalent linearization technique yields error of small magnitude
in the vicinity of vehicle bounce and pitch resonant frequencies. The
response characteristics of the tracked vehicle model reveal three peaks
corresponding to the resonant frequencies associated with hull bounce
(1.7 Hz), road wheel bounce (10.5 Hz) and the track (12.2 Hz).
4.8.3 Parametric Sensitivity Analyses

The ride dynamics of M113 vehicles is highly influenced by various
vehicle parameters, such as hull mass, pitch mass moment of linertla,
location of center of gravity of the sprung-mass, suspension geometry,
and characteristics of the running gear. Although parametric
sensitivity analyses of the vehicle model in view of its ride dynamics
require computation of vehicle response to realistic random terrain
excitations, the frequency response characteristics can provide a
considerable insight to the frequency shaping characteristics of the
vehicle as influenced by its parameters. Thus, comprehensive parametric
sensitivity analyses of the vehicle models are carried out to study the
vibration transmission performance of the vehicle suspension, as
influenced by the force-velocity characteristics of the shock absorbvers,
torque-deflection of the torsion bars, track tension and suspension

configuration.
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Figure 4.18
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influence of Suspension Damping on the Frequency Response

Characteristics of M113 Vehicle Models:

The sensitivity of vehicle response to variations in the damping
characteristics of the road wheel suspension is initially investigated
for a constant damping coefficient. The constant damping coefflclen! is
selected as C“, assuming low relative velocity response across the
shock absorbers. The influence of damping parameters <1 the vehicle

response is investigated for the following values of damping

coefficients:
M113 Al
=C =25, 12.5, and 22.52+ kN'sec/m ; i=1, 8
11 21
C, =C, =00; i =2, 3, 4
M113 A2
c, =C, =5 22.5, and 47.3875" «N-sec/m | i =1, 2,5
C, =C, =0.0; i =3, 4

Nonlinearities due to Coulomb friction and bump stops are neglected
during the parametric sensitivity analyses and the transmissibility
characteristics of the vehicle models are obtained for simultaneous
harmonic input at the road wheels.

Figure 4.19 presents the hull bounce and pitch transmissibility
response characteristics of vehicle configurations of the M113 vehicle
(Model I) for the selected values of damping parameters. The hull
bounce response characteristics of the multi-wheeled M113 Al, MI113 A2
and M113 Al;:; vehicles reveal two distinct peaks occurring In the
vicinity of the hull bounce and road wheel bounce natural frequencles.

The pitch response of the 1lightly damped Al vehicle reveals an

+ Nominal values corresponding to low relative velocity across
shock absorber
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additional peak corresponding to hull pitch resonant trequency. as shown
in Figure 4.19a. The bounce and pitch transmissibility response penks
of the wvehicle Model I, for various damping values, are listed in Table
4.6. The simulation results reveal that the peak hull bounce and pitch
response of the M113 Al vehicle Iincrease considerably in the low
frequency range (< 10.0 Hz) as the damping value is decreased. The hull
bounce and hull pitch response peaks corresponding to the road wheel
resonant frequency is observed to be high, independent of suspension
damping.

The peak hull bounce and pitch respcnse characteristics ot' the M113
A2 vehicle corresponding to the hull resonant frequencies decrease
considerably when the damping parameter is increased from a low to the
moderate value, as shown in Figure 4.19b. However, the bounce and pltch
peaks increase considerably when the damping parameter 1is further
increased (to 47.3875 kN:sec/m). The corresponding hull bounce resonant
frequency also increases considerably.

The bounce and pitch transmissibility characteristics of the M113
Alé vehicle are similar to that of the M113 A2, as shown In Flgure
4,19¢c. However, the stiffer Alé suspension ylelds slightly higher hull
bounce and pitch response than the A2 suspension at low frequencles.
The bounce and pitch response around the road wheel resonance 1is
observed to be extremely high, similar to the A2 suspension.

Figure 4.20 1illustrates the hull bounce and hull pltch
transmissibility response of M113 A1, M113 A2 and M113 Al% vehicles with
idealized track and suspension (Model II) for various values of damping
coefficient. Variations in damping coefflicients influence the response

behaviour of Model II in a manner similar to the Model [. Additlon of
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Figure 4.20 Frequency Response Characteristics of M113 Vehicles
(MODEL II) for Various Values of Suspension Damping.
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the track deteriorates the low frequency response slightly, while high
frequency response is improved. The influence of the damping parameter
on the tracked vehicle Mode. II with Al, A2 and M'}S suspension
configurations is summarized in Table 4.7.

The influence of suspension damping on the frequency response
characteristics of the vehicle model with linkage suspension (Model [l!
and IV) is presented in Figures 4.21 and 4.22. The frequency response
characteristics of the vehicle Model III and [V with Al, A2 and M;;
suspension parameters are summarized in Tables 4.8 and 4.9,
respectively. Fligures 4.21 and 4.22 reveal that the peak bounce and
pitch response in the low frequency range are signiflcantly suppressed
with increase in suspension damping. [t can be observed that the
inclined shock absorbers induce severe pitching of the hull at high
frequencies. Suspension damping has little effect on the hull pitch
response of the vehicle model without a track (Model II[), corresponding
to high frequency. However, the pitch response of the tracked vehicle
model (Model IV), corresponding to high frequency increases considerably
when the damping parameter is increased, as shown in Table 4.9.

A comparison of the frequency response characteristics of the four
vehicle models reveals that an Al linkage suspension yields high vehicle
bounce and pitch at low frequencies when compared to that of ldealized
Al suspension. However, the linkage suspension suppresses the high
vehicle bounce response considerably at road wheel resonant frequency.
The hull bounce and pitch response of nominally damped M113 A2 and M113
Alé vehicles improve considerably when the suspension kinematics is
appropriately modeled. The improved performance is attributed to ‘he

reduced effective damping of the inclined shock absorbers.
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Hull Bounce Response, (|y.Iy°|]

Hull Bounce Response, (|y./y°|]

Hull Bounce Response, [{y,/y,]
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Hull Bounce Response, [ly./y°|] Hull Bounce Response, [|y~/y“|]

Hull Bounce Response, [|y.ly‘|]
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Frequency Response Characteristics of MI113 Vehicles

(MODEL 1V) for Various Values of Suspension Damping.
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Influence of Nonlinear Force Velocity Characteristics of the
Shock Absorber

The local equivalent linearization algorithm is implemented to
evaluate the hull bounce and hull pitch transmissibility response
characteristics of the tracked vehicle Model Il and IV incorporating Al,
A2 and Al% parameters and Coulomb friction. Influence of nonlinear
force-velocity characteristics of the shock absorbers on the vehicle

response is investigated for the following variations:

M113 Al:
c,, = 16.89, 22.52" and 28.15 N-sec/m

c, = 3.49, 4.657" and 5.82 kN-sec/m ; =1, 5
ML13 A2:

c,, = 3.5, 47.3875" and 59.0 kx-sec/m

C, = 4.35, 5.8355' and 7.3 kN-secrm ; {1 =1, 2,5

The hull bounce and pitch transmissibility response of the tracked
vehicle model with idealized suspension (Model II) are presented in
Figure 4.23. The peak vehicle response and the corresponding
frequencies of vehicle Model II with Al, A2 and Alé parameters are
listed in Table 4.10. The hull bounce and pitch response of the M113
vehicle coupled with the Al suspension decrease around the low
frequency, and increase corresponding to the road wheel resonant
frequency when the suspension damping is increased, as shown in Flgure
4.23a and Table 4.10. In contrast, the bounce and pitch response of the
vehicle model with A2 and Alé suspension increase with lIncrease in

suspension damping, as shown in Fligures 4.23b and 4.23c.

+* Nominal damping coefficient of shock absorber
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Figure 4.24 illustrates the hull bounce and pitch transmissibllity
response of the tracked vehicle model with linkage suspension (Model [V)
and the corresponding peak amplitudes are listed in Table 4.11. The
peak hull bounce response corresponding to the hull resonant frequencies
decreases when the damping coefficients are increased, as shown |In
Figures 4.24a, 4.24b and 4.24c.

Influence of Location and Number of Shock Absorbers

The frequency response characteristics of tracked vehlicle models
with the addition or interchanging of shock absorbers at intermedlate
road wheels are computed to study the influence of location and number
of shock absorbers. The damping coefficients due to shock absorbers are
considered to be the nominal values determined from the force-velocity
characteristics. The shock absorbers are distributed over each vehicle
track as follows:

Configuration I. Additional shock absorber is mounted per track
at road wheel station '2’ (M113 Al only)

Configuration II. Shock absorber/track at road wheel station '2’

is interchanged to station '3’.

Configuration III. Shock absorbers/track at road wheel station '2’

is interchanged to station '4’.

Configuration IV. Low damping (half the nominal damping) shock
absorbers are mounted at intermediate road

wheel stations.
Configuration V. Shock absorbers are mounted at all road wheels.

Computer simulations are carried out for the tracked vehicle models

with linkage suspension (Model IV). Hull bounce and pitch frequency

response characteristics of the tracked vehicle model with Al ilnkage
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suspension (Model IV) are ©presented in Figures 4.25 and 4.26,
respectively, when additional shock absorbers are placed in each track
of the vehicle at a particular road wheel station. Addition of one
shock absorber per track evidently improves the hull bounce and pitch
transmissibility. Addition of Al shock absorbers at the road wheel
station '4' further improves the hull bounce response corresponding to
the hull bounce natural frequency, however, the hull pitch response is
deteriorated considerably. The hull pitch response corresponding to the
road wheel frequency increases considerably due to the damped road wheel
station '4’, as shown in Figure 4.26a. Addition of the shock absorbers
at road wheel station '2’' yields extremely superior hull pitch response,
while the hull bounce response is sightly deteriorated corresponding to
the hull bounce and pitch resonant frequencies, as indicated in Table
4.12.

Interchanging of intermediate A2 shock absorbers per track to
selected road wheel stations on M113 A2 and M113 Al% vehicles does not
influence the bounce frequency response considerably, as shown in
Figures 4.25b, 4.25c and Table 4.12. The vehicles with damped third
road wheels exhibit slightly improved hull bounce response corresponding
to the hull bounce resonance, however, the pitch response deteriorates
considerably with this arrangement.

Placing shock absorbers at all the wheel stations improves the hull
bounce response peak at the bounce resonance of the vehicle and
eliminates the peak at high frequency resonance for all the vehicle
configurations, as shown in Figures 4.25 and 4.26, and Table 4.12.
However, the pitch peak response of the M113 A2 and Mi113 Al% vehicles

increases considerably due to heavily damped AZ and Alé suspensio.s.
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Response Peak Amplitudes Que to VARIATION IN

TABLE 4.12

Bounce and Pitch Transmissibility

NUMBER AND LOCATION OF SHOCK ABSORBERS - MCODEL IV

Distribution of Shock Absorbers
Nominal| (D) an | ain | awv |
M113 Al
tow|| 2.514 | 1.999 } 1.926 | 1.801 | 1.758 | 1.527
y, a.n lan an ]l as | a.e | a.e
Yo high|| 0.4975] 0.1535| 0.1621} 0.2640| _ L
(10.6) | (10.8)| (11.2)| (10.8)
1ow|| 0.4808| 0.2056] 0.448 | 0.673 | 0.4193| 0.4036
a ® (1.6) | 1.6y | (1.6) | 1.6) | (x.6) | (1.7
Yo high|| 0.9140| 0.2093| 0.1751) 0.3310f L
(10.6)| (10.8)] (11.4)] (10.8)
M113 A2
low|| 1.764 | . 1.723 | 1.801 | 1.607 | 1.419
/ .

v, (1.6) 22% (1.5) | (1.4) | (1.4) | (1.9)
Yo highf| 0.1397 gé? 0.1046| 0.146s) |
(12.1) Z (11.8)} (11.8)

low|| 0.2823 ;éé 0.5783] 0.8363| 0.5344| 0.5435
a (1.7) é%% . | . ] (1. | 2.
Yo | nign|| 0.3306 éég 0.1168f 0.2553] |
(12.2) Z (12.1)| (11.9)
M113 AL
low|| 1.928 | . 1.871 | 1.956 | 1.730 | 1.505
v, (1.7 2%; (1.6) | (x.5 | .5 | a.s
Y, high|| 0.1627 éég 0.1091| 0.1685 )
(12.3) g%% (12.1)} 12.00] T
low|| 0.3330 222 0.6590| 0.9708| 0.5982| 0.5917
at1¢hl (1.8) 2%% a.e) | a.n | a.n | 2.0
Y, high|| 0.3385 gég 0.1146| 0.2471
az.a)| ZZ | az.»| az.n| " o

148




Influence of Shock Absorber Inclination

The effective damping forces in the vertical and longitudinal axes
can be varied by varying the inclination (Bo) of the shock absorber 1ink
within the trailing arm ro.d wheel suspension. The influence of shock
absorber orientation on the frequency response characteristics of the
tracked vehicle model with linkage suspension (Model IV) is investigated
for the following inclination parameters:

M113 Al: B 0.619, 0.898*. 0.782 rad

[}

M113 A2 & MI13 AI%L Bo 0. 488, 0.524*, 0.572 rad

The hull bounce and pitch transmissibility response of the tracked
vehicle model for variation in shock absorber inclination are presented
in Figure 4.27. The peak transmissibility response characteristics are
summarized in Table 4.13. The peak bounce and pitch transmissibility
response of the Al, A2 and Al% vehicle configurations corresponding Lo
vehicle bounce resonant frequency decrease considerably when the shock
absorber inclination is increased. However, the peak bounce and pitch
response corresponding to road wheel resonant frequency increase with
increase in shock absorber inclination. Thus an adequate inclination of
the shock absorber offers considerable potentials in improving vehicle

response within the low frequency region.

* Nominal shock absorber inclination angle

Influence of Suspension Stiffness Variation on the Frequency

Response of Tracked Vehicles

The frequency response characteristics and thus the ride dynamics
of M113 vehicles are strongly influenced by the stiffness propertices of

the Al, A2 and Al% suspension. Variation in suspension sti{fnes:
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Figure 4.27 Hull Bounce and Pitch Response of Tracked M113 Vehicles
(MODEL 1V) for Various Angles of Shock Absorber
Inclination.

150




(p°21) (b-27) H(€°21T) (z°2Z1) (Z2°21) j(2°21) (9°01) J(9°0T) J(9°0T)
Y66€E°0 |GBEE'Q }8P¥6Z°0 8T6E°0 |90€€°0 [2LBZ O CZT°1 JOPTE 0 fEECL"O yb1y o> _
61 | (80 | (97 6D | wo | e ' | 9| 90D S e
€E0LZ 0 |OEEE Q0 |65TIF 0 90eZ°0 |€£C8Z°0 J0C9e -0 G21%°0 |808%°0 |STES'0 MOT
(€°21) (e°2T) (z'z1) (T1°271) (1°21) (0°21) (9°01) (9°0T1) (9°01)
996T°0 JLZ91°0 JG0PT"O0 9L9T°0 JL6ET 0 fLCCT O 6629°0 |SLE6P°0 |L6LE"O uybTy om
(6°1T) (L°1) (9°1) (6°T) (9°1) (S°1T) (8°T) (1) (¢ 1T) ch
998" 1T 826°1 901°¢ oTL 1 POL°T PT6°T €2Z ¢ |- AL 4 LT € MOT
2LS 0 ¥2S°0 98%°0 cLS 0 XA 98%°0 c8L"0 869°0 619°0
pex : oQ pex H ° pex H I933weIeg
asuodsay
z
ma« rA -4 kA4
AI TAAOAW - NOILUNITONI dIeI0SaY dDOHS

NI NOIIVINVA ©3 9np sapn3trdmy yead asuodsay

€T Yy TV

A3TTTYTISSFTWSURIL YO3Td pue Iounod

151



involves varying the torsional spring rates or the linear equivalent
spring rate of the tursion bars. Frequency response characteristics of
the tracked vehicle Model II and IV coupled with Al and A2 suspensions

are computed for the following values of spring rates:

Model I1I
MI13 Al: K = 87.8, 115.675 and 140.5 i/ ; i=1, ..., 5
M113 A2: K = 73.0, 97.722 7 and 123.0 wwm ; 1=1, ....5
Model TV
MI13 Al: K= 7.5, g.88a%and 12.0 w-mrad ; f=1, ....5
’ MI13 A2: K_= 6.25, 8.35'and 10.5 ki-mvrad ; i=1, ..., 5

! The peak values of hull bounce and hull pitch transmissibility

‘ ratio, and corresponding frequencies of the tracked vehicle models,
Model II & IV are summarized in Tables 4.14 and 4.15, respectively. The
peak hull bounce and pitch response of the tracked vehicle models
corresponding to vehicle bounce resonance improves considerably by
employing softer torsion bars, as depicted in Tables 4.14 and 4.15
Thus, softer torsion bars offer significant potential in improving the
vehicle ride bounce and pitch response. A comparison of the frequency
response characteristics of the idealized and linkage suspension models
reveals that the linkage suspension yields superior bounce but poor
pitch response.

Influence of Track Tension on the Frequency Response of
Tracked Vehicles

Variation in track tension involves varying the linear equivalent
relative springs representing restoring forces due to track Interactioi
between the adjacent road wheels. The frequency response
characteristics of the tracked vehicle models with Al, A2 and Ali

suspension configurations (Model II & IV) are summarized in Table 4 15
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TABLE 4.14
Bounce and Pitch Transmissibility
Rasponse Peak Amplitudes due to

SUSPENSION STIFFNESS VARIATION - MODEL II

Al A2
Response ] _ ]
Parameter K, ¢ N/m K, & Nim
87750 115675] 140500 73000 97722 123000
low 1,968 2.362 2.878 1.8¢01 1.958 2.067
Y, (1.6) (1.8) (1.9) (2.2) (2.2) (2.2)
yo high 1.242 1.526 1.420 0.4836) 0.5865] 0.6800
(11.2) (11.5) (11.7) (12.9) (13.2) (13.5)
low 0.0854] 0.1115] 0.1316 0.3097] 0.3113] 0.3133
a1¢h (1.6) (1.7) (1.7) (2.2) (2.1) (2.1)
yo high 0.0366] 0.0448| 0.0416 0.1341} 0.1673] 0.1986
(11.2) (11.5)] (11.7) (12.9)] (13.2) (13.5)
TABLE 4.15
Bounce and Pitch Transmissibility
Rasponse Peak Amplitudes due to
SUSPENSION STIFFNESS VARIATION - MODEL 1V
Al A2
Response K ; Nem/rad K H N'm/tad
Farameter 01 01
7500 9884 12000 6250 8350 10500
low 2.100 2.514 3.175 1.549 1.764 1.994
yh (1.5) (1.7) (1.8) (1.5) (1.6) (1.8)
Yo high 0.3592| 0.497s| 0.7162|| 0.1124] 0.12397| 0.1701
(10.3)] (10.6)]| (10.8) (11.8) (12.1)] (12.4)
low 0.4080} 0.4808} 0.5355 0.2236] 0.2823] 0.73%4¢
at1¢h (1.5) {1.6) (1.7 (1.7) (1.7) (1.8)
Y, high 0.9228] 0.9140] 1.000 0.3162] 0.3306] 0.3464
(10.3)] (10.6)| (10.8) (11.9] (12.2)] (12.4)
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TABLE 4.16

Bounce and Pitch Transmissibility Response Peak

Amplitudes due to TRACK TENSION VARIATION - MODEL IV

MODEL II MODEL IV
“w ; N/m “w ; N/m
Response
Parameter 49254.1 65672.1 82090. 49254 .] 65672.] 82090.
M113 Al M113 Al
low 2.383 | 2.362 | 2.344 2.527 | 2.514 | 2.%02
Y, (1.8) (1.8) (1.8) (1.7) (1.7) (1.7
Yo high 2.568 | 1.526 | 1.036 0.7975] 0.4975| 0.3833
(11.49)] 1.5)] (11.6) (10.6)} (10.6)] (10.6)
s low 0.1131] 0.1115] 0.1101 0.48401 0.4808) 0.4778
al¢h (1.7) (1.7) (1.7) (1.6) (1.6) (1.6)
Y, high 0.0754] 0.0448] 0.0305)} 0.572 | 0.9140] 0.6168
(11.4)| (11.5)] (11.6) (10.5)] (10.6)] (10.7)
M113 A2 M113 A2
low 1.973 | 1.958 | 1.944 1.768 | 1.764 | 1.760
y (2.2) (2.2) (2.2) (1.6) (1.6) (1.6)
P
Y, high 0.79121 0.5865] 0.4247}| 0.1800] 0.1397] 0.1189
(13.0) (13.2) (13.4) (12.00} (12.1)] (12.1)
. low 0.3246]| 0.3173] 0.3032|] 0.2853] 0.2823] 0.2794
al¢h {(2.1) (2.1) (2.2) (1.7) (1.7) (1.7)
Y, high 0.2214] 0.1673] 0.1235]| 0.5137] 0.3306] 0.2439
(13.0)] (13.2)] (13.4) (12.0) ) 12.2)] 2.3
1 1
M113 Al- M113 Al-
2 2
low 2,051 | 2.034 | 2.019 1.933 | 1.928 | 1.923
Yy (2.2) (2.2) (2.2) (1.7) (1.7) (1.7)
_h
Yol nigh || 0.8464] 0.6431] 0.4624]] 0.2192] 0.1627] 0.1319
(13.2) (13.4) (13.6) (12.2)] (12.3)] (12.3)
. low 0.3253{ 0.3129| 0.3047|} 0.3364] 0.3330] 0.329¢4
al$ (2.1) (2.1) (2.2) (1.8) (1.8) (1.8)
yo high 0.2373] 0.1839} 0.1348 0.5370] 0.3385} 0.2517
(13.2) (13.4) (13.6) (12.2) (12.4)} (12.5)
a# = al for MODEL II a$ = aLl for MODEL 1V

1
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for the following track tension parameters:

M113 Al, M113 A2 and M113 Alz: 4 = 49.254, 65.672"and 82.090 xw/m

The frequency response characteristics reveal that the track
tension has negligible influence on the low frequency hull beounce and
pitch peak responses. However, the increase in track tenslon ls quite
effective in reducing the peak amplitude corresponding to road wheel
resonant frequencies.

4.6.4 Comparison of Frequency Response Characteristics of M113

Vehicle with A1, A2 and Alé Suspension Configurations

The frequency response characteristics of the M113 vehlcle models
with idealized and linkage suspensions are evaluated for nominal Al, A2,
and Alé vehicle parameters. Hull ©bounce and pitch response
characteristics of the vehicle models incorporating the nonlinearities
due to suspension damping, Coulomb friction and bump stops are computed
using the 1local equivalent linearization algorithm. The frequency
response characteristics of vehicle models [ thru IV employing Al, A2
and Al% running gear parameters are presented in Figures 4.28 thru 4.31,
respectively. The peak bounce and pitch transmissibility
characteristics are summarized in Table 4.17. A comparison of frequency
response characteristics, reveals that the M113 vehicle coupled with A2
suspension provides superior bounce and pitch transmissibility response,
while the vehicle coupled with Al suspension yields relatively high peak
bounce and high pitch (linkage suspension only) response correspcnding
to vehicle bounce frequency. In comparison to the M113 A2, Iinferlor
vibration attenuaticn of Al% suspension can be attributed to its stiffer
suspension. In the case of M113 Al, inferior suspension performance can

be attributed to two factors: (i) the damping coefficient of shock
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TABLE 4.17

Peak Transmissibility Response Characteristics of the

Multi-Wheeled/Tracked M113 Al, M113 A2 and M113 Al% Vehiclaes

Vehicle Peak Vehicle Contigurations
Model Response |
Variable M113 Al M113 A2 M113 Al—‘
Yu 2.071 1.701 1.759
v, (1.9) (2.4) 2.4)
MODEL I
a¢ . .
1% 0.0916 0.3139 0.3178
Y, (1.8) (2.4) (2.4)
Zﬂ 2.362 1.958 2.034
v, (1.8) (2.2) (2.2)
MODEL II
a ¢
1%n 0.1115 0.3113 0.3129
Y, (1.7) (2.1) (2.1)
Yn 2.236 1.602 1.728
yo (1.7) (1.7) (1.8)
MODEL TIII
a9, 0.4228 | 0.2291 0.2676
v, (1.8) (2.0) (2.0)
Yn 2.514 1.764 1.928
Y, (1.7) (1.6) (1.7)
MODEL IV
0% 0.4808 0.2823 0.3330
v, (1.6) (1.7) (1.3)
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absorbers used in Al suspension is considerably lower than those used in
the A2 suspension; (ii) Al suspension configuration uses tour shock
absorbers while the A2 and Alé suspensions employ six.

Comparison of the frequency response behaviour further reveals that
the addition of the track deteriorates the hull bounce and pitch
response, slightly. Since the track tension has very little ettfect on
hull bounce and pitch response, the deterioration of vehicle response
due to track can be attributed to track pad stiffness.

4.7 EVALUATION OF VEHICLE RESPONSE TO RANDOM TERRAIN EXCITATIONS

The vehicle ride quality, in general, 1is assessed in view of
frequency contents and amplitude of wvehicle response due to random
terrain excitations. The dynamic response of the multi-wheeled/tracked
vehicle model is thus evaluated for random terrains, discussed in
Chapter 3, in order to assess the vehicle ride quality and to determine
the vehicle design factors affecting the vehicle ride quality. For
linear vehicle models, the spectral density of generalized displacemenu
ccordinates is determined from the frequency response characteristics of
the vehicle model and spectral density of terrain roughness. The M113
vehicle 1is subject to multiple inputs arising from the random
track-terrain interactions and the power spectral density of the

response variables is expressed as [50]:

n n
P = . * 3 . . =
od(w) Re[ g ; hpj(Jw) hpk(Jw) ajk(w) ;s p=1, ..., N (4.55)
=1 k=1
where
oz(w) = PSD of the 'p'th response variable
hbJ(Jw) = complex frequency response function between

'p’th output and ' j'th input variable

h:k(Jw) = complex conjugate of hM(Jw)
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%k(w) = spectral density of input wvariables (CSD
for 'j*k’, PSD for ' j=k')

N is the number of response variables

n is the number of excitation variables

Re designates the real part.

Equation (4.55) can be rewritten in matrix form as:

[# ()] = (® (Jo)11?_(0) 1R 1T (4.56)
where
[Vd(w)] = spectral density matrix of response variables
[?"(w)] = spectral density matrix of input variables
[R(jw)]T = transpose of [H( jw)]
Equation (4.56) represents the power spectral density of the

displacement response of the vehicle travelling over an uneven terrain.
The power spectral densities of response acceleration can be determined

by the relationship:
(2 ()] = W'[¥ (0)] (4.57)
a d

Response spectral densities of coordinates other than the generallized
coordinates can be computed using a transformation matrix [T], deflned

from the constraint equations:
[ (0] = [T)*(# (w1TIT (4.58)
ad W = dw .

where [y;d(“)] is the spectral density matrix of response variables
other than the generalized coordinates. The road arm rotatlon,
longitudinal motion of the hull, and vertical and longitudinal
accelerations at the driver’'s and crew's location can be computed from
equation (4.58). Equations (4.56) thru (4.58), provide the random riae

response of either linear or linearized vehicle models. The nonlinear
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multi-wheeled/tracked vehicle models are linearized using the local

linearization technique to carry out the ride response evaluation in the
convenient frequency domain.

The multi-wheeled/tracked vehicle models are nonlinear due to
nonlinear force-velocity characteristics of the shock absorbers, Coulomb
damping and bump stops. The excitation amplitude at each discrete

frequency is estimated from the rms value of the terrain roughness:

v, (w)) = ffm(wj) dw (4.59)

where .‘/’"“(wj) represents the 'i'th diagonal element of [J'H(wj)]. The

local equivalent coefficients and thus the frequency response function
is computed for the excitation amplitude estimated from equation (4.59),
using the local equivalent algorithm discussed in section 4.6.1, and the
random response is evaluated using equations (4.56) and (4.58).

4.7.1 Ride Dynamic Response of Multi~Wheeled/Tracked Vehicle to a Class

of Random Terrains

The ride dynamic response of multi-wheeled/tracked vehicle models
(Model I-IV), incorporating nonlinearities due to shock absorber,
Coulomb friction and bump stops, is evaluated for excitations arising
from Belgian pavé, pasture, plowed flield and MVEE random courses. The
vertical and pitch acceleration response of the hull c.g. of ‘the
multi-wheeled/tracked vehicle, coupled with Al, A2 and Alé suspension,
1s computed assuming a constant forward speed of 15 km/hr. The hull
vertical and pitch acceleration response of the multi-wheeled/tracked
vehicle models with realistic linkage suspension (Model IIl and I[V), due
to various random courses, is presented in the following subsections.

Response to Belgian Pavé

The power spectral density of the hull bounce and pitcn
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acceleration response of the multi-wheeled vehicle, traversing on the
Belgian pavé, is presented in Figure 4.32. The hull bounce and pitch
acceleration response reveal acceleration peaks corresponding to the
hull resonant frequencies and its multiples. Hull bounce and pitch
acceleration peaks occur in the frequency range 1.-10. Hz, as shown in
Figure 4.32. A comparicon of the ride dynamic response of the M113 Al,
M113 A2 and M113 Al% vehicles, reveals that the lightly damped Al
suspension yields high acceleration response in the vicinity of hull
bounce and pitch resonant frequencies (1.-1.8 Hz), while the A2 and Alé
suspensions which provide similar responses, suppress the peak pltch
response more effectively. However, the bounce and pitch ride response
of the vehicle is deteriorated in the higher frequency range. This can
be attributed to the heavily dampeu A2 and Al% suspension.

The bounce and pitch acceleration response of the tracked vehicle
Model 1V, is presented in Figure 4.33. Similar to the wvehicle without
the track (Model III), the tracked vehicle exhibits multiples of hull
pitch and bounce acceleration peaks in the lower frequency range (1.-10.
Hz). Comparison of the Al, A2 and Al-;- vehicle conflgurations, reveals
that M113 Al vehicle yields higher levels of vibration at the hull c.g.
in the vicinity of the hull pitch and bounce natural frequencies, while
the M113 A2 and M113 AI% vehicles exhibit slightly higher levels of
vibration at higher frequencies.

Response to Pasture

The hull bounce and pitch acceleration response PSD of the M11i3
vehicle with and without the track, traversing on a pasture course, is
presented in Figures 4.34 and 4.35. The PSD of bounce and pitch

acceleration response due to the relatively rough pasture course 1is
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considerably larger than those caused by Belgian pave. The ride gquality
of the M113 vehicle is thus deteriorated considerably when traversing
rougher terrains.

Comparison of PSD acceleration response of Al, A2 and Al% suspended
vehicles, reveals that the M113 Al with or without a track exhibits
higher hull bounce peak acceleration in the low frequency range and
lower levels of pitch acceleration over the most part of the frequency
range than the M113 A2 and M113 Al% vehicles. The multi-wheeled and
tracked M113 vehicles exhibit excessive road wheel vibration at high
frequency which adversely affect hull bounce and pitch acceleration
response. Extremely high peak accelerations at road wheel resonance can
be attributed to bump stop contact. Further comparison of the ride
response of wheeled and tracked vehicles, due to excitations arising
from the pasture course, reveals that the addition of the track reduces
the levels of vibration at the hull c.g.

Response to Plowed Field

The hull bounce and pitch acceleration response PSD of the
multi-wheeled and tracked vehicles, traversing the plowed fleld, Is
presented in Figures 4.36 and 4.37. The ride performance of the
multi-wheeled and tracked vehicles due to excitations arising from the
extremely rough plowed field is quite similar to that due to the
pasture. However, the high roughness values of the plowed fleld yleld
extremely high levels of vibration at the hull c.g. The Al vehicle
exhibits higher levels of low frequency bounce vibration than its
counterparts, however, pitch response is suppressed more effectively by
the Al suspension. High peak accelerations due to bump stop contact

occur in the vicinity of road wheel resonance.
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Frequency (Hz)

C.G. of Tracked M113 Vehicles (MODEL 1V),
Traversing Plowed Field at Constant Speed.

PSD of Acceleration Response at the Hull

Figure 4.37

Frequency (Hz)
of Mulu-Wheeled M113 Vehicles (MODEL III).
g Field at Constant Speed.

PSD of Acceleration Response at the Hull C.G.
Traversing Plowed
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Response to MVEE Random Course

Figures 4.38 and 4.39 present the PSD of hull bounce and pitch
acceleration response of the multi-wheeled and tracked M113 vehicles,
traversing the MVEE random course. Hull bounce and plich acceleration
response dominates in the frequency range 1.-10. Hz, The multi-wheeled
and tracked M113 Al vehicles exhibit inferior hull bounce response in
the frequency range 1.5-4.0 Hz, while the Al suspension provides
superior hull bounce and pitch response than its counterparts,
particularly in the frequency range less than 10. Hz. The acceleration
responses reveal large peaks around 1l.-14. Hz due to bump stop contact
Comparison of the PSD acceleration responses of multi-wheeled and
tracked vehicles reveals that the track smoothens Lhe ride response at
the selected vehicle speed of 15 km/hr.

4,7.2 Ride Vibration Levels at the Driver's Location

The ride quality of the vehicle is primarily assessed with respect
to the vibration levels transmitted at the driver’ ss/passenger’s
lbcation. The bounce, pitch and horizontal acceleration response at the
driver's location is related to the hull bounce and pitch response of
the hull through the kinematic constraint equations. The PSD of
acceleration response at the driver's location is evaluated using the
corresponding transformation matrix [Tdr] and eqns. (4.57) and (4.58).

The PSD of acceleration response at the driver's location of the
vehicle model without a track (Model III]) is presented In Figures 4.40
thru 4.43. Vertical acceleration at the driver's location arises from
bounce and pitch at the hull c¢.g., while horizontal acceleration Iis
directly proportional to hull pitch and thus is similar to the hull

pitch response. The influence of the suspension configurations and
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terrain roughness on the ride vibration levels at the driver's location
is illustrated in Figures 4.40 thru 4.43. It can be observed that
increase in terrain roughness clearly deteriorates the ride response.
The multi-wheeled M113 vehicle, coupled with Al suspension, provides
inferior bounce ride around the low frequencies, however the Al vehicle
ylelds better horizontal ride response than its counterparts. For the
multi-wheeled vehicles traversing the smoother terrain (Figure 4.10),
the Alé suspension yields excessive bounce acceleration response
corresponding to the road wheel resonance.

Figures 4.44 thru 4.47 present the PSD of acceleration response at
the driver’s location of the tracked vehicle model with trailing arm

suspension (Model IV), traversing various terrains at constant speed.

The tracked vehicles exhibit similar acceleration response as the
multi-wheeled vehicles. However, the levels of vibrations at  the
driver's location are reduced with the addition of the track. The

reduction in ride vibration response is considerable when the vehlicle is
traversing the rougher terrains. [i is [urther observed that the bounce
acceleration response around the road wheel resonant frequencies reduces
considerably due to addition of the track.
4.8 SUMMARY

In this chapter, analytical techniques to predict the ride
performance of the vehicle models are discussec. An eigenvalue analysis
is carried out to establish the natural frequencies and principle
deflection modes of the vehicle models. Numerical integration Iis
utilized to determine the ride performance of the vehicle models with
and without a track, traversing the discrete obstacles. The nonlinear

ride dynamics models are expressed by their equivalent linear models to
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carry out the ride analysis in the frequency domain. A local equivalent
linearization algorithm is employed to express the nonlinear vehicle
model by an array of local equivalent models. The linearization
algorithm is validated by comparing the response characteristics of the
linearized model to Lhose of the nonlinear vehicle model subjected to
harmonic excitations. The frequency response characteristics of the
linearized vehicle models with idealized and linkage suspensions are
then evaluated via computer simulation. The ride dynamics of the
multi-wheeled/tracked vehicle models is investigated for a class of
random courses and the ride performance characteristics of M113 vehicles

coupled with Al, A2 and Alé suspension systems are discussed.
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CHAPTER 5
ASSESSMENT OF VEHICLE RIDE QUALITY AND PARAMETRIC SENSITIVITY ANALYSIS
5.1 INTRODUCTION

The ride quality of multi-wheeled and tracked vehicles is strongly
related to the vehicle running gear parameters. Assessment of the ride
quality requires identification and characterization of the dynamics
associated with the vehicle running gear and an acceptable assessment
tool. The ride dynamics of a vehicle may be characterized via either
field measurements or analytical means. The analytical characterization
of vehicle ride dynamics requires adequate representation of the random
terrains and ride response evaluation of the realistic vehicle models.
Numerous ride quality assessment criteria have been proposed in view of
severity of ride vibration levels, dominant ride frequencies and
duration of exposure [51].

In this chapter, the ride dynamic response of the M113 vehicle
subjected to the non-deformable terrains is assessed using the average
absorbed power criterion, widely used for ride quality assessment of
military vehicles. The relative ride performance of the M113 A1,
M113 A2 and M113 Al% vehicle models is assessed by comparing the ride
quality at the driver's location. Parametric sensitivity analyses are
carried out to arrive at suspension parameters that can provide improved
vehicle ride.

5.2 VEHICLE RIDE ASSESSMENT METHODS

Numerous investigations on human response to vehicle vibration have
been conducted to establish the acceptable levels of ride vibration for
preservation of driver comfort, health and safety, and performance. A

number of standards and tolerance criteria have been proposed for
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exposure to whole body vibration through subjective and objective
evaluations. Subjective methods are often based upon subjective
evaluations of vehicle ride comfort on an absolute scale, relative ride
ranking of a group of vehicles. operator tolerance in relation to
productivity, vibration interference with normal operator control tasks,
health aspects to vocational exposure, competitive significance and
cost/benefit ratio of potential ride improvements [S51]. However,
subjective methods have often been misleading due to a multitude of
inconsistencies dependent upon age, preferences, and moods of the
subject at the time of experiment. Alternatively, obJjective methods
provide an assessment methodology based upon direct measure of physlical
quantities such as velocity, acceleration, jerk, absorbed power, etc.
However, a widely acceptable objective method of ride quallty assessment
is yet to be established. Objective measures of mean square Jjerk and
acceleration have shown good correlation with the subjective response
[49].

Early studies on human response to vehicle vibration have lead to
considerable data derived from numerous subject-shake table experiments
conducted over the years [52]. Dieckmann [53] established constants
related to comfort zones and fatigue time limits for passenger car

vibrations. The Dieckmann’s constant, k, is expressed by the following

relations:
k = df® ; 0sfs5 Hz
k = Sdf ; 5 s f s 50 Hz (5.1)
k = 200d ; 50 s £ s 200 Hz

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

frequency in Hz. The comfort zones are deflined as:




k =0.1-1 : imperceptible to slightly uncomfortable

k= 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

Janeway [54] recommended exposure limits to vertical vibration in terms
of maximum jerk in the frequency range 0-6 Hz, maximum acceleration for
middle frequency range 6-20 Hz, and maximum velocity in the high
frequency range 20-60 Hz. Janeway recommended limits, J, are expressed

by the formulae:

J=1/6 df’ ; for f=1-6 Hz
J=df® : for £=6-20 Hz (5.2)
J=20 df : for f=20-60 Hz

where d is the peak displacement amplitude in inches. The Janeway safe
limits of vibration, which are based on research survey of subjective
tolerance data, represent an attempt to set a level at which no
discomfort is experienced by the most sensitive passenger. Goldmann [55)
averaged vibration data from several sources and deduced three comfort
levels in the vertical mode in terms of acceleration and frequency
contents: perceptible, unpleasant, and intolerable. A comparison of the
Dieckmann, Janeway and Goldmann limits is shown in Figure 5.1. The
studies reveal that the human is most sensitive to vertical vibrations
below 20 Hz. Since the above ride assessment criteria have been
established for sinusoidal vibrations at a constant frequency, the
valldity of such methods for vehicle vibrations has been questioned.

Von Eldick Thieme [S6] and Butkunas (57] have outlined methods for

applying existing comfort criteria (including those mentioned above) to
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Figure 5.1 Comparison of the Dieckmann, Janeway and Goldmann Ride

Comfort Assessment Criteria, [52].
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random vibration environment of vehlcles. The [nternational Standards
Organizat ion (ISQ) [58,59] has set forth exposure tolerance in ‘riew of
preservation of health and safety, proficiency and comfort. The
exposure limits are proposed for vertical and horizontal wvibrations in
terms of rms acceleration as a function of exposure time 1in the
frequency range 1-80 Hz, as shown in Figure 5.2. The exposure 1imits,
proposed in the International Standard (ISO-2631) reveal that the human
body is most sensitive to vertical vibrations in the frequency range 4-8
H=z, and to horizontal vibrations in the frequency range 1-2 Hz.

In Germany, the k-factor was proposed as a measure of vibratlon
intensity, based upon subject ive assessment [60]. The k-factor can be
evaluated in terms of frequency and rms acceleration, velocity or

displacement amplitude as follows:

1
k = M ! (5.3)
f 1 +( ?f: )2
o]
. f
k= v 2 (5.4)
|
f 1 + (g )2
x3f2
k= - (5.5)

where
2
o = rms acceleration in wsec
v = rms velocity in mm/sec
v = rms displacement in mm

and the constants are given as:
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Figure 5.3 presents the acceleration limits associated with the k~factor
while Tabie 5.1 summarizes the relationship between the k values and
subjective effects. The k-factor which has been used extensively for
agricultural tractors must have a value of 25 or less to be acceptabie.
Lee and Pradko ([61,62] proposed a scalar quantity called "absorbed
power" which is a measure of the average rate of energy dlssipated by
the complex damped elastic properties of the human anatomy. The average
absorbed power is determined from the intensity and frequency of the

input vibration as:

- n -2
P= Y Xa {5.8)
Pl
where
P = average absorbed power in N:-m/sec or Watts
EJ = rms acceleration at frequency 'J' in m/sec”
KJ = absorbed power constant of the body at frequency ' J'
N:m/sec
Ih ===
(m/sec®)
n = number of discrete frequencies

For exposure to multi-axes vibrations, ride severity is assessed by the
sum of absorbed power assocliated with each axis of vibrations. Average
absorbed power in the range 6-10 W, is considered acceptable for
off-road vehicles. The absorbed power criterion is also supported by
the Janeway recommended safe limits [54] particularly in the low
frequency range, as shown in Figure 5.4. The 2.7 W power curve

coincides very closely with the Janeway limit up to about 5 Hz.
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TABLE 5.1
GERMAN k-FACTOR SUBJECTIVE TOLERANCE CRITERIA

[51])
Observed strength |step description
k of ef fect
not noticeable
A
0.1 threshold
B
}—20.25 just noticeable—

C [noticeable

—0.63
D |easily noticeable
1.6
E |strongly noticeablel
4
F
10,
G |very strongly
25 :
— noticeable
H
| 63
J
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Figure 5.4 Comparison of the Lee-Pradko Absorbed Power Data with the
Janeway Recommended Safe Limits, [51].
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The absorbed power criterion has been extensively used to assess
military vehicle ride. It has been established that subjects were
better able to distinguish severe random vibration levels with
increasing absorbed power than with the increasing rms acceleratlion
input [51]. Furthermore, the implementation of absorbed power |s
extremely convenient, and it provides a single number rating of the ride
environment, which is a function of the vibratory modes, intensities,
frequency contents, body orientation, posture, etc. In view of the
above, the ride dynamics of the M113 vehicle models is assessed using
average absorbed power method.

5.3 COMPUTATION OF AVERAGE ABSORBED POWER

The ride dynamics of the M113 vehicle models are assessed in terms
of average absorbed power associated with vertical and horlzontal
vibrations at the driver’s location. The total absorbed power, ﬁr is

the sum of powers associated with the vertical and fore-aft vibrations:

_ n 2 2
PT = j§1 [Kyjay(wj) + Kxjax(wj)] (5.7)

where, 5;(wj) and 5;(wj) are rms vertical and horizontal accelerations

at the driver’s location, corresponding to frequency wj, given by:

w 1
u -

a = 4y 2

ay(wj) = [ wf (wJ) od(wj)dw] (5.8)
W, 1

ey - 4 x 2

ax(wj) [ wf (wj) od(wj)duﬂ (5.9)

where az(w,) and o:(wj) are the spectral densities of vertical and
i
horizontal displacement response at the driver's locatlion; W, and w are
the integration limits around tle centre frequenry wj; and K‘Jand Kyjare

constants determined from:
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12 (5.10)

F% -39
X, K =08KKX 23
xJ y) o1

F2 & woFe
3 37 a

where 91, ?2, ?3 and ?4 are determined from the following polynomials in

frequency g (61]:

For Vertical Vibrations

F = -0.102 x 10'9wf + 0.176 x 10‘5mj - 0.446 x 10'2wf 1
F, = 0.129 x 10-7w: - 0.934 x 10_4w? + 0.105
F, = -0.454 x 10'9w? + 0.377 x 10'5wj - 0.55 x 10'2w? + 1
F, = -0.211 x 10‘1’u? +0.52 x 10-7w: - 0.18 x 10‘3wf + 0.108
K =4.354 ; X = 1.356
s = 10.764
For Horizontal Vibrations

F =1

1
%, = 0.218

2

F =-0.0185 w° + 1

3 J
F, = -0.619 X 1073 wf + 0.219
K =4.353 ; X = 1.356
s = 10.764

5.3.1 Absorbed Power of the Multi-Wheeled/Tracked Vehicle Ride

Vibrations
The average absorbed power due to ride vibration levels at the
driver’'s location of the M113 vehicle models with idealized and linkage

suspensions traversing various random courses, discussed in the previous
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chapters, is computed to assess the vehicle ride quality. Tables 5.2 to
5.5 summarize the averaged absorbed powers of vertical and horictontal
ride vibrations at the driver’'s location in the frequency range 0-10 and
0-20 Hz of the vehicle Models I-IV with Al, A2 and Al% suspension
systems.

The absorbed power of ride vibrations of the wheeled vehicle model
with idealized suspension (Model I) are summarized in Table 5.2, tor
random excitations arising from Belgian pavé, pasture, plowed fleld and
MVEE random course. It can be observed that the absorbed power
increases considerably with increasing terrain roughness. Significantly
high values of absorbed power are obtained for the vehicle travelling on
a plowed field as compared to those obtained for the vehicle travelling
on a road (Belgian pavé). The relative ride performance characteristics
of the Al, A2 and AI% suspension systems can be established from the
average absorbed power of the ride vibration at the driver’'s locatlon.
The absorbed power of ride vibration of the vehlcle travelling at a
constant forward spec.. of 15 km/hr indicates that the Al suspension
yields best ride while the Alé and A2 suspension provide poor ride.

The absorbed power of the ride vibrations of the vehicle model with
idealized suspension and the track (Model II), summarized in Table 5.3,
reveal that introduction of the track tends to reduce the average
absorbed power considerably. The absorbed power of the ride vibrations
of the vehicle model without and with the track (Model III & IV) are
presented in Tables 5.4 and 5.5, respectively. The absorbed power
quantities of the vehicle vibration reveal that the linkage suspension
further reduces the absorbed power at the driver’s location.

The average absorbed power computed over a wider frequency range
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(0-20 Hz) 1is significantly higher than that computed over a lower
frequency range (0-10 Hz). This is attributed to the considerable
vehicle vibrations corresponding to the road wheel bounce resonances in
the frequency range, 10-15 Hz. The Al suspension, specifically exhibits
an extremely high increase, when the absorbed power 1s summed over a
frequency range 0-20 Hz. This considerable increase in absorbed power
is attributed to six undamped road wheels, employed in the M113 Al
vehicle. The ride vibration response at the driver-seat interface,
however is computed in the frequency range 0.1-10 Hz in view of the
fact that the human body is most sensitive to whole body vibrations in
the low frequency range (1-8 Hz) [51].
S.4 RIDE QUALITY ASSESSMENT

A comparison of absorbed power associated with the ride response of
the vehicle models with idealized and linkage suspension, travelling at
constant speed over the different terrains, clearly revealed the
significance of the linkage suspension. Thus the further analyses and
ride quality assessments are limited to vehicle models with linkage
suspension (III & IV). The ride vibration response at the driver-seat
interface is computed in the frequency range 0.1-10 Hz and the ride
quality is presented in terms of total absorbed power associated with
vertical and horizontal vibrations. The ride quality of M113 vehicle
equipped with either Al, A2 or Al% suspension system is assessed for
various vehicle speeds and terrains of varying roughness.
5.4.1 Ride Quality of M113 Vehicle Model Without the Track (MODEL III)

The ride quality of tracked vehicles is strongly related to
suspension configuration, force~velocity and force-displacement

characteristics of the suspension system and track-terrain interactions.
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The ride dynamics of M113 vehicles is investigated to study the
influence of suspension system and terrain roughness. while neglecting
the interactions of the track. The influence of vehicle speed and
suspension parameters on the ride quality of the vehicle traversing on
various undeformable terrains is presented in terms of total
average absorbed power.

The average absorbed power due to vertical and horizontal
vibrations at the driver’s seat location in the frequency range 0.1-10
Hz, when the vehicle is traversing the Belgian pavé course, is presented
in Table S.8. The relative ride performance of Al, A2 and Alé
suspension systems for various vehicle speeds (5-40 km/hr) is summarized
in the table. The vehicle suspension parameters affect the vehicle ride
quality considerably and there exists an optimal vehicle speed that
yvields improved vehicle ride. The absorbed power associated with the Al
vehicle suspension exhibits slightly better vertical ride performance in
the speed range 5-40 km/hr while the M113 Al% vehicle provides slightly
inferior ride than its counterparts. The horizontal ride response of A2
suspension is slightly superior to that of the Al and Alé suspension
syst 2m. All the three suspension systems consistently provide a
superior ride around 25 km/hr vehicle speed.

The ride quality of the multi-wheeled M113 vehicle deteriorates
considerably when traversing on rougher terrains. The absorbed power
associated with horizontal and vertical vibrations at the driver's
location increase considerably when the vehicle travels on a pasture
course. The total absorbed power associated with M113 A1, M113 A2 and
M113 Al% vehicle vibrations in the frequency range 0.1-10 Hz s

summarized in Table 5.7. In the speed range 5-40 kmshr, the total
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TABLE 5.6

RIDE QUALITY OF NULTI-WHEELED M113 VEHICLE MODEKL
WITH TRAILING ARM SUSPENSION

Course: Belgian Pava

VEHICLE SPEED ABSORBED POWER
CONFIGURATION km/hr
Vertical Horizontal Total
5. 1.239 0.105 1.344
10. 1.538 0.050 1.588
15. 1.372 0.116 1.488
20. 1.106 0.183 1.289
M113 al 25. 0.875 0.263 1.138
30. 1.010 0.383 1.393
35. 1.386 0.610 1.996
40. 2.048 0.910 2.958
5. 1.450 0.086 1.536
10. 1.975 0.061 2.036
15. 1.748 0.086 1.834
113 a2 20. 1.252 0.140 1.392
25. 0 918 0.233 1.151
30. 1.082 0.383 1.465
35. 1.511 0.602 2.113
40 2.206 0.887 3.093
5. 1.479 0.095 1.574
10. 2.001 0.064 2.065
15. 1.754 0.091 1.845
1 20. 1.266 0.154 1.420
M113 AlZ 25. 0.951 0.259 1.210
30. 1.121 0.430 1.551
35. 1.577 0.684 2.261
40. 2.328 1.019 3.347
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TABLE 5.7

RIDE QUALITY OF MULTI-WHEELED N113 VEHICLE NODEL
WITH TRAILING ARM SUSPENSION

Course: Pasture

VEHICLE SPEED ABSORBED POWER
CONFIGURATION xkm/hr
Vertical Horizontal Total
5. 11.05 0.879 11.929
10. 16.63 1.026 17.656
15. 18.39 1.529 19.919
20. 18.46 2.771 21.231
M113 AL 25. 19.19 3.892 23.082
30. 22.30 4.543 26.843
35. 25.24 4.817 30.057
10. 29.23 4a.71 34.079
5. 17.30 1.204 18.504
10. 28.85 1.356 30.206
15. 28.35 1.855 30.205
Vi1 g 20. 22.26 3.231 25,491
25. 20.17 4.877 25,047
30. 24.76 6.184 30.944
35. 32.32 7.034 39.354
40 41.94 7.489 49.429
5 17.83 1.348 19.178
10. 29.42 1.454 30.874
15. 28.60 1.982 30.582
1 20. 22.69 3.668 26.358
ML13 AlZ 25. 20.83 5. 680 26.510
30. 25.40 7.202 32.602
35. 33.08 B.121 a1.201
40. 42.82 8.555 51.375
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absorbed power ranges from 11.89 to 34.1 watts for Al suspension, 18.5 to
49.5 watts for A2 suspension and 19.1 to 51.4 watts for Al% suspension.
Inferior ride quality of Alé and A2 suspension systems can be attributed
to heavily damped road wheel suspension used in the M113 A2 and Mi13 Al%
vehicles.

The absorbed power due to ride vibrations of the multi-wheeled M113
vehicle traversing an undeformable plowed field are summarized in Table
5.8. The ride performance of the M113 vehicle due to excltatlons
arising from the plowed field is quite similar to that due to the
pasture. However, high roughness values of the plowed fleld yield
extremely high values of absorbed power due to vibrations at the
driver’s location.

The absorbed power quantities of ride vibrations of the M113
vehicle traversing the MVEE random course are summarized in Table 5.9.
The absorbed power quantities of vertical and horizontal vibrations
increase rapidly as the vehicle speed is increased. A comparison of
ride quality of Al, A2 and AI% suspension system reveals that the Al
suspension provides the best vehicle ride, while the ride quality of A2
and AI% suspension systems are very similar. A comparison of Tables 5.8
and 5.9 reveals that the absorbed power of the vehicle travelling on the
MVEE random course is considerably smaller than that of the vehicle
travelling over a plowed field, at low vehicle speeds. However at
higher spe2ds (specifically above 30 km/hr), the absorbed power
quantities of the vehicle traversing the MVEE random course are slightly
larger.

The above results demonstrate that the absorbed power quantities of

vertical and horizontal vibration levels at the driver's location are
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TABLE 5.8

RIDE QUALITY OF MULTI-WHEELED M113 VEHICLE MNODEL
WITH TRAILING ARM SUSPENSION

Course: Plowed Field

VEHICLE SPEED ABSORBED POWER
CONF IGURATION km/hr
Vertical Horizontal Total
5. 23.91 1.970 25,881
10. 35.64 2.292 37.932
15. 40.14 3.410 43.550
20. 40.81 6.164 46.974
M113 Al 25. 42.87 8.605 51.475
30. 49.35 9.998 59,348
35, 55.43 10.57 66.000
40, 63.91 10.62 74.530
5. 37.55 2.632 40.182
10. 62.54 3.022 65.652
15, 61.69 4.145 65.835
M113 A2 20. 48.51 7.179 55.689
25, 44.33 10.77 55.100
30. 54,27 13.61 67.880
. 35, 70.65 15.45 86.100
40 91.50 16.43 107.93
5. 38.72 2.946 41.666
10. 63.79 3.242 67.032
15. 62.24 4.435 66.675
. 20. 49,46 8.165 57.625
M113 ALy 25. 45.74 12.56 58,300
30. 55.61 15.86 71.470
35. 72.27 17.84 90,110
40, 93.33 18.78 112.11
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TABLE 5.9

RIDE QUALITY OF NULTI-WHEELED M113 VEHICLE MODEL
WITH TRAILING ARM SUSPENSION

Coursa: MVEE Random

VEHICLE SPEED ABSORBED POWER
CONFIGURATION Km/hr
Vertical Horizontal Total
5. 6.029 0.742 6.7
10. 13.60 1.455 15.055
15. 18.93 3.269 22.199
20. 23.86 7,370 31.230
M113 Al 25. 30.43 11.59 42.020
30. 40.84 14.70 55.540
35, 53.19 16.68 69.870
40. 66.63 17.80 86.430
5. 8.727 0.951 9.678
10, 22.41 1.745 24,155
15, 26.23 3.570 29.800
113 A2 20, 25.74 7.940 33. 680
25. 31.80 13.52 45.320
30. 47.45 18.60 66.050
35. 69.70 22.59 92.290
40 97.85 25.46 123,31
5. 9.122 1.074 10.196
10, 22.97 1.892 24. 862
15. 26.69 3.866 30. 556
. 20. 26.67 9.117 35.787
M113 aly 25, 33,30 15.85 49.150
30, 49,42 21.80 71.220
3s. 72.52 26.28 98. 800
40. 101.80 29.35 131.15

ek s -
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strongly related to vehicle speed and the suspension configuration.
Figure 5.5 presents the relationship between total absorbed power and
the vehicle speed for various terrain excitations. The absorbed power
of the ride vibrations of the vehicle Model III, equipped with Al
suspension, subjected to excitations arising from Belgian pavé is well
below 3.4 watts at vehicle speeds up to 40 km/hr, as shown in Fig. 5.5a.
Excitations arising from a plowed field yield high values of absorbed
power at low speeds, while the excitations arising from an MVEE random
course yield extremely high values of absorbed power at higher speeds.
The average ab=orbed power associated with ride vibration response of
the veaicle model (III), equipped with A2 and Alé suspension systems, Is
presented in Figs. 5.5b and 5.5c, respectively for various vehicle
speeds. The absorbed power quantity is extremely high when the vehicle
is traversing the pasture and plowed field at low speeds. The response
characteristics reveal that the absorbed power assoclated with vehicle
vibrations can be reduced by operating the vehicle in the speed range
20-25 km/hr.

The PSD of vertical and horizontal acceleration response at the
driver’s location of the vehicle, equipped with Al suspension,
traversing the Belgian pavé at various speeds (10-25 km/hr) s presented
in Fig. S5.6. The response characteristics at 10 km/hr speed reveal high
amplitude peaks around 1.2 Hz, 4.2 Hz, 8.4 Hz and 13 Hz. The
frequencies corresponding to these response peaks lincrease as the
vehicle speed 1is increased, as shown in Flg. 5.6a. Although the
magnitudes of peak vertical acceleration at the driver's location are
quite similar in the frequency range 3-10 Hz, he M113 Al vehicle

travelling at lower speed (10 km/hr} exhibits high value of absorbea
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power due to high values of absorbed power constants in the frequency
range 3-5 Hz. The ride vibration response of the vehicle equipped with
A2 and Al% suspension reveals similar behaviour when traversing pasture
and plowed fields, as shown in Figures 5.7 and 5.8, respectively. A dip
in the absorbed power in the speed range 20-30 km/hr, as shown in
Figures 5.5b and 5.5c can be attributed to the low values of absorbed
power constants corresponding to the dominant frequencies.

Comparison of ride quality of the vehicle configurations Is
provided by means of bar graphs, as shown in Figures 5.9 thru 5.12. As
summarized in Tables 5.6-5.8, for the randem courses considered, the bar
graphs clearly demonstrate that the M113 vehicle coupled with an Al
suspension provides a superior ride than the M113 A2 and M113 Al%
Superior ride performance of the M1i13 Al can be attributed to lower
damping values of the corresponding shock absorbers in the road wheel
suspension system.

5.4.2 Ride Quality of the Tracked M113 Vehicle (MODEL [V)

The ride response characteristics of the tracked vehicle model,
incorporating track dynamics and linkage suspension, (Model [V) are
established for Al, A2 and Alé suspension parameters. The ride quality
of the tracked vehicle traversing the Belgian pavé, pasture, plowed
field, and MVEE random course, is assessed in terms of the absorbed
power of the vertical and horizontal vibrations at the driver’s seat.

The absorbed power of vertical and horizontal vibrations at the
seat location and the total absorbed power for the M113 Al, MI113 A2 and
M113 AI% vehicle traversing the Belgian pavé are summarized in Table
5.10, for various vehicle speeds. The absorbed power of vertical

vibrations varies only slightly for speeds below 30 km/hr, however, the
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absorbed power increases gradually for vehicle speeds above 30 km/hr.
The absorbed power of horizontal vibrations at the driver's seat
increases steadily with increase in vehicle speed. At low speeds, the
M113 Al vehicle exhibits slightly better ride quality than the M113 A2
and M113 Al%. The ride quality of M113 A2 vehicle, however, is slightly
superior to Alé and Al vehicle configurations at higher speeds,
particularly at 40 km/hr. A comparison of total absorbed power of ride
vibrations of vehicle Model! [II (Table 5.8) and Model [V (Table 5.10)
reveals ‘hat the ride quality of a tracked vehicle is superior to that
of the untracked vehicle.

The absorbed power quantities of vertical and horizontal vibrations
for the ™mil13 vehicle traversing the pasture are summarized In Table
5.11, for various vehicle speeds. Absorbed power associated with the
vertical and horizontal vibration response at the driver's seat location
increases gradually with increase in vehicle speed. Absorbed power
quantities of the M113 vehicle traversing pasture are considerably
higher than those of the vehicle traversing the Belgian pavé. For the
rough pasture, the M113 Al vehicle exhibits superior ride quality than
the M113 A2 and M113 Al% vehicles.

The absorbed power quantities of ride vibration response of MI113
vehicle configurations traversing a plowed fleld at various speeds are
summarized in Table 5.12. Increased terrain rcughness of the plowed
field yields considerably large absorbed power quantities than those
realized while traversing Belgian pavé and pasture. The response
characteristics of M113 Al vehicle are considerably superior to those of

M113 A2 and M113 Alé vehicles. The absorbed power quantity lncreases

with increase in vehicle speed for all three suspension configurations,
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TABLE 5.10

RIDE QUALITY OF TRACKED M113 VEHICLE MODEL
WITH TRAILING ARMN SUSPENSION

Course: Balgian Pave

VEHICLE SPEED ABSORBED POWER
CONFIGURATION km/hr
Vertical Horizontal Total
5. 0.885 0.061 0.951
10. 1.095 0.036 1.131
15. 0.938 0.089 1.026
20. 0.702 0.146 0.847
M113 Al 25. 0.569 0.218 0.786
30. 0.650 0.345 0.995
35, 1.020 0.555 1.575
40. 1.692 0.820 2.512
5. 0.912 0.066 0.978
10. 1.224 0.046 1.270
15. 0.992 0.066 1.058
113 A2 20. 0.695 0.120 0.815
25. 0.561 0.207 0.768
30. 0.706 0.346 1.052
35, 1.078 0.542 1.620
40 1.689 0.791 2.480
5. 0.931 0.073 1.004
10. 1.231 0.048 1.279
15. 0.996 0.071 1.007
) 20. 0.706 0.134 0.840
M113 ALy 25. 0.582 0.234 0.816
30. 0.739 0.394 1.132
35. 1.145 0.626 1.171
a0. 1.829 0.925 2.754
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TABLE 5,11

RIDE QUALITY OF TRACKED Ml13 VEHICLE NODEL
WITH TRAILING ARM SUSPENSION

Course: Pasture
VEHICLE SPEED ABSORBED POWER
CONFIGURATION km/hr
Vertical Horizontal Total
5. 7.281 0.654 7.93%
10. 10.51 0.680 11.190
15. 10.79 1.258 12.048
20, 10.23 2.404 12.634
M113 Al 25. 10.25 3.199 13.449
30. 12.23 3.562 15.972
35. 14.77 3.653 18.423
40. 17.94 3.596 21.536
5. 10.73 0.937 11.667
10. 17.34 0.925 18.265
15. 15.61 1.429 17.039
M113 A2 20. 12.14 2.798 14.938
25. 11.65 4.157 15.807
30. 14.78 5.069 19.849
35. 19.85 5.553 25.403
40 26.13 5.7728 31.858
5. 11.14 1.05¢6 12,196
10. 17.56 0.997 18.557
15. 15.79 1.559 17.349
. 20. 12.44 3.264 15,704
MI13 Al 25. 12.08 4.901 16.981
30. 15.29 5.923 21.2173
35. 20.60 6.405 21,005
40. 27.15 6.522 33.672
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however a dip in absorbed power quantity is observed around the speed
range 20-25 km/hr.

The absorbed power quantities of the wvertical and horizontal
vibration response of the M113 vehicle traversing the MVEE Random
course, are summarized i{n Table 5.13. The absorbed power quantities
associated with vertical and horizontal vibrations at the driver's seat
increase rapidly with increase in vehicle speed. The M113 Al exhibits
superior ride performance to that of M113 Al% and M113 A2 vehicles.

Tables 5.6 thru 5.13 demonstrate the effect of vehicle suspension
properties and the track on the ride performance of the M113 vehicle. A
comparison of response characteristics of the vehicle with (Tables
5.10-5.13) and without (Tables 5.6-5.9) the track, reveals that addition
of the track improves the vehicle ride. Figure 5.13 presents the
influence of vehicle speed on the total absorbed power of the Al, A2 and
Alé suspension systems for varying degree of terrain roughness. Flgure
5.13 demonstrates an extremely superior ride quality, below 3.0 watts,
when the vehicles are traversing the Belgian pavé at speeds ranging from
S km/hr to 40 km/hr. The ride quality of the tracked vehicle 1s
considerably deteriorated when traversing rougher courses, independent
of the suspension type. Ride quality of the tracked vehicle traversing
the MVEE random course may be considered satisfactory at low speeds.
However, the MVEE random course yields highest value of total absorbed
power when the vehicle is travelling at speeds greater than 25 km/hr.
Total average absorbed power of ride response of A2 and Alé suspension
reveals considerable dip in absorbed power when the vehicle |Is
traversing pasture and plowed field around 20 km/hr, as shown in Figures

5.13b and 5. 13c.
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TABLE 5.12

RIDE QUALITY OF TRACKED M113 VEHICLE NODEL
WITH TRAILING ARN SUSPENSION

Course: Plowed Field

VEHICLE SPEED ABSORBED POWER
CONFIGURATION km/hr

Vertical Horizontal Total

5. 15.45 1.447 16.897

10. 22.12 1.500 23.620
15. 23.17 2.806 25.976

20. 22.29 5.331 27.621
ML13 Al 25. 22.63 7.049 29.679
30. 26.84 7.817 34.657

35. 32.23 8. 001 40.231
40. 39.02 7.868 46.888

5. 23.20 2.034 25.234
10. 37.42 2.040 39.460
15. 33.84 3.178 37.018
w113 a2 20. 26.36 6.183 32.543
25. 25.47 9.141 34.611
30. 32.23 11.12 43.350
35. 43.20 12.17 55.370

40 56.75 12,55 69.30
5. 24.10 2.295 26.395
10. 37.92 2.201 40.121

15. 34.24 3.477 37.717
1 20. 27.03 7.226 34.256
MI13 ALy 25, 26.39 10.79 37.180
30. 33.32 13.00 46.320
35. 44 .82 14.04 58.860

40. 58.94 14.29 73.23¢
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TABLE 5.13

RIDE QUALITY OF TRACKED M113 VEHICLE MODEL
WITH TRAILING ARM SUSPENSION

Coursae: NVEE Random

VERICLE SPEED ABSORBED POWER
CONFIGURATION km/hr
Vertical Horizontal Total
5. 4.249 0.568 4.817
10. 8.752 1.007 9.579
15. 11.26 2.939 14,199
20. 13.63 6.666 20.296
M113 Al 25. 17.87 9.846 27,7146
30. 25,73 11.90 37.630
35. 36.12 13.06 49.180
A0, 48.99 13.62 62.610
5. 5.767 0.769 6.536
10. 13.81 1.242 15.052
15. 14.88 3.007 17.887
M113 A2 20. 15.08 7.203 22,283
25. 20.04 11.87 31.910
30. 30.88 15.66 46.540
35, 46.44 18.32 64.760
40 66.20 20.01 86.210
5. 6.086 0.874 6.960
10. 14.05 1.355 15.405
15. 15.21 3.330 18.540
. 20. 15.72 8.466 24.186
M113 Al3 25, 21.15 14.08 35. 230
30. 32.67 18.45 51.120
35, 49.39 21.35 70.7740
40. 70.65 23.08 93.730
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The bounce acceleration response at the driver’'s location of the
tracked vehicle traversing Belgian pave, equipped with Al suspension, is
presented in Figure §5.14. At low speed (10 km/hr), the bounce
acceleration response reveals significant peaks around 1.0 Hz, 4.2 Hz,
7.2, 12, and 16 Hz. Increase in vehicle speed causes the acceleration
peak corresponding to 4.2 Hz to shift at a higher frequency, as shown in
Figure 5.14. Since the human body is most fatigue sensitive to vertical
vibrations in the frequency range 4-8 Hz, the shift in frequency due to
increased vehicle speed yields reduced values of the average absorbed
power. A similar behavior is also observed in the bounce acceleration
response of A2 and Al% suspension systems subjected to excltations
arising from plowed field and pasture, respectively, as shown in Flgures
5.15 and 5.16.

A comparison of the ride performance characteristics of Al, A2 and
Alé suspension configurations traversing various terrains is presented
in Figures 5.17-5.20. The bar graphs clearly demonstrate the superior
performance of Al suspension for all the terrains considered in thils
study. It can also be observed that the tracked vehicle equipped with
Al% suspension yields the worst ride performance.

5.5 PARAMETRIC SENSITIVITY ANALYSIS

Total absorbed power quantities associated with ride vibrations at

the driver’'s location of the tracked vehicle revealed the following:

(i) The ride quality of the tracked vehicle is highly
influenced by vehicle speed and running gear

characteristics

(ii) The interactions of the track contribute to the

improvement of vehicle ride

214



MODEL IV

MI113 Al

N

o 107 == g =

) =

%10“- e et =
: S’
2 n ] <
82107 L e =

#, — = I .

§ § 3 _ ] g v 4
“;3 2 10 3 2 : == Ay —% = i
2 % —7 t - 1'; 1 i . j.'
5 8 1043m = == = S

< Ee———— = —1

310 - N

‘E E — == e e ] SE= e

o T

> 10° !

0.1 0.5 1.0 10.0 20.
Frequency (iz)

10 ams/hr O
Vehicle Speed = 15 xm/hr —a—

20 km/hr  -e—

10° = e

N
(o]
N/'\
3
(%]
E
| =1 pans
2 9: _ .
g Al
5 -
w
'l-n 8 )¢
LV U -
28 -I
= CIF
A o
< A= =
E 2
= N s
8 =
o b ——
s ~tt— s - -
0.1 0.5 1.0 10.0 20.

Frequency (Hz)

Figure 5.14  PSD of Acceleration Response at the Driver’s Location of
Tracked M113 Al Vehicle (MODEL 1V), Traversing Belgian
Pavé at Various Speeds.

215




Driver’s Location

Vertical Acceleration PSD (m/secz)zﬂ-]z

Driver’s Location
Horizontal Acceleration PSD (m/sccz)zll-lz

MODEL IV
M113 A2
{1 O ——— e e T = P
== = ]
I 190 ot g — S
10! == e = =: s
- = 7‘___‘ > o gy — =2
AN A Y 7R -
--—‘,:]/- Vs - — - .
100 A== ——::‘E_—{‘EF—‘E : F__ = - = C’ )
2t = APEF T A
I N I A 4
= Eeis = e
) T *‘
10.2 k el C e S I e
— ——1-
107 . : : - :
0.1 0.5 1.0 10.0 20.
Frequency (11z)
10 km/hr —o0-—
Vehicle Speed = 15 km/hr -—a—
) 20 km/hr —e—
10° = == = e
— i = ~ -
10' = R B -
10°, A 1)
== == = = = ===t
—\ [ PN
10", 4 ¥ Y] A -
A e WA il e i
102 - - .
7 - : i =
10° = ool e |
———% -] —:T,j_—'_:
104 E = = SR I g M
II‘ 1 i T "
5 i N !
10 1 T = -
0.1 g.5 1.0 10.0 20.
Frequency (Hz)
Figure 5.15 PSD of Acceleration Response at the Driver’s Location of

Tracked M113 A2 Vehicle (MODEL 1V), Traversing Plowed
Field at Various Speeds.

216




Driver’s Location

Vertical Acceleration PSD (m/sec’)’/Hz

Driver’s Location

MODEL IV
M113 Al

3,
!
llg
l:i
I
:
!
1
|
T
|
|
i
i
I
YI

S

10" 4
10?
10? , .
0.1 0.5 1.0 10.0 20.
Frequency (Hz
10 km/hr -0~ i y ( )
Vehicle Speed = 15 km/hr -—4-
2 20 km/hr -@--
10°, ' g gt Bt
N —— - =
E 10 : ”—1
5 e
7]
E 100 — 4 e d
e” — T . —p— T ) et
Y ] i
A 10!
[72]
(2 W) z =
1 L 32 A N
§ 102 /. '
R= 3 ¥ :
8 v~ }hlr 1 Li
2 10° %
[ 5] - I
3 === = 3
3 == = mmee e
g r I
N 10'5 y - 3 _21.&?-....._.]
;o: o = = St
2 e o 1
10 - e
0.1 0.5 1.0 10.0 20.

Frequency (Hz)

Figure 5.16 PSD of Acceleration Response at the Driver’s Location of
Tracked M113 Alé Vehicle (MODEL III), Traversing Pasture at
Various Speeds.

217




Course: Belgian Pavé

MODEL 1V

e e A i, s ey
LAMARARAAA AR AR AN R RL AN NSANNNA]
B TR T R
ONARAANANAANAN
N
=
R L
new
Pl N
NS

1 —

<2}

[9V] - o

(suem) HIMOd J38HOSEY IOVHIAY

15.0 20.0 25.0 30.0 35.0 40.0

10.0

5.0

SPEED (km/hr)

k)
g
e
3
> 2 R R Y
Y
2z £
=} . N
Q™ B NNN
s =
V.3 =
=5 Sl =
mm R TRHTTT
cH
.S
ER]
oV
&3
- m”.. st e
<., NN
e 2
<3 S
e —— -
&0 < | XX
- ~ L)
L= 3 ==
3]
=i Q [N ]s)
SE = R
(=] Qo [ Qo o
- {32 N —

Figure 5.17

(sem) HIMOd Q38H0SaY IDVHIAY

15.0 20.0 25.0 30.0 350 40.0

10.0

5.0

SPEED (kmv/hr)

Total Average Absorbed Power at the Driver’s Location of

Tracked M113 Vehicles Traversing Pasture.

Figure 5.18

21&




/A/»/ﬁ/a&?/

R
g R

/////A,Af///é/,,

Course: Plowed Field
Course: MVEE Random

SPEED (km/hr)

15.0 20.0 25.0 30.0 350 40.0

B ™M13 A

M3 A2
10.0

W Mmus A

MI113 AL 1/2

.0

MODEI, 1V

5

Tracked M113 Vehicles Traversing Plowed Field.

MODEL IV

i

Q

o

<

o

v

™

S

o

™

o
A//////S.
Y

o
,///////0.
o~
vt O
RVNNNNNY Iy
e

o

Q

7}

Total Average Absorbed Power at the Driver's Location of

60 F B M113.411/2

80 | M113 A2

(swem) HIMOJ A38HOSEY IOVHIAY

(suem) HIMOJ G38HOSAY IOVHIAY

Figure 5.19

E Random Course.

SPEED (knvhr)
Total Average Absorbed Power at the Driver’s Location of
219

Tracked M113 Vehicles Traversing MVE

Figure 5.20



(iii) Heavily damped shock absorbers and stiff torcion bars
within the Alé suspension yield worst ride performance
In view of the above, parametric sensitivity analyses are carried
out to study the influence of suspension and track parameters on the
vehicle ride quality and to arrive at near optimal suspension
parameters.
5.5.1 Influence of Suspension Damping on the Vehicle Ride Quality
The ride quality of the M113 vehicle is strongly influenced by the
suspension damping parameter as evidenced from the absorbed power
quantities of Al, A2 and Al% suspension systems, The influence of
suspension damping on the ride quality is investigated by varying the
damping coefficients corresponding to low and high piston velocitlies

(Cll and CZl) in the vicinity of nominal values for Al and A2

suspensions.
M113 Al:
c, = 5.0, 12.5, 16.89, and 22.527 N sec/m
c, = 1.15, 2.5, 3.45, and 4.8577 wN-sec/m {=1,5

M113 A2 and M113 Alz:

c, = 5.0, 22.5, 35.5, and 47.387" ¥n-secsm

C21 = 0.6, 3.25, 4.35, and 5.8355* kN*sec/m i =1, 2, 8

The sensitivity analyses are carried out via computer simulation of
the tracked vehicle model wis linkage suspension (Mode! [V), for
excitations arising from the rough terrains, such as pasture and MVEE
random course. The influence of suspension damping parameters on the
vehicle ride quality is investigated when the vehicle is traversing
pasture and MVEF random course at speeds ranging from 15-35 km/hr. The
influence of damping parameter on the total absorbed power of the ride

vibration levels at the driver’'s seat location is summarized in Tables
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5.14 and 5. 15.

The parametric sensitivity analyses reveal that a reduction Iin
damping coefficients improves the ride performance of M113 Al, M113 A2
and M113 Al-;- vehicles. However, extremely low values of damping
coefficients deteriorate the vehicle ride quality considerably. The
absorbed power associated with horizontal vibrations Increases
considerably with low damping parameter as shown In Tables 5.14 and
5.15. This increase in absorbed power can be attributed to forces
arising from the bump stop contact due to extremely low damping.
Excessive relative travel of the road wheels, encountered around the
hull bounce resonant frequency (1.5 Hz), yields extremely high values of
absorbed power associated with vertical and horizontal vibrations.
Tables 5.16 and 5.17 present the excitation frequency at which the bump
stop contact 1is encountered and the corresponding absorbed power
quantities, when the vehicle traverses over pasture and MVEE random
courses, respectively. Total absorbed power, as high as 252.1 watts lis
realized at the contact frequency (1.6 Hz) for the lightly damped
M113 Al traversing the MVEE random course at a speed of 25 km/hr. Alé
and A2 suspension system yield total absorbed power of 180.5 watts and
123.48 watts, respectively at the contact frequency, when the vehicle is
traversing the MVEE random course at a speed of 25 km/hr. From tables
5.14 and 5.15, it 1is apparent that an optimal value of damping
coefficients exists that will provide an improved vehicle ride. Al
shock absorbers with damping coefficients in the vicinity of C“ =
12.5 kN-sec/m and C21 = 2.5 kN:'sec/m provide improved ride response,
while the A2 shock absorbers with damping coefficients in the vicinity

of C11 = 22.5 kN-sec/m and CZI = 3.25 kN-sec/m provide the improved ride
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TABLE 5.16

ABSORBED POWER DUE TO BUMP STOP FORCES OF LIGHTLY DANPED

VEHICLE SUSPENSION - MODEL IV

Course: Pasture

Vehicle Speed Absorbed Power (watts)
Configuration km/hr Damping Coefficients
C11 ; 02£ (kN*sec/m)
C, =5.00; C_=1.,15
114 214
i+1,5%
Freq. Vertical |Horizontal

15. -—- -—- -

M113 Al 25, - -—— —-———
35. - -—- -——

cC..=5.00; C, = 0,60

11 21
i=1,2,5
Freq. Vertical |Horizontal

15. 1.5 5.122 15.20
M113 A2 25. 1.5 26.85 8s.06
35, 1.5 30.96 72.24
15, 1.6 5.260 10.06
M113 Al: 25. 1.6 44.26 119.5
35. 1.6 53.20 114.5
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TABLE 5.17

ABSORBED POWER DUR TO BUMP STOP FORCES OF LIGHTLY DANPED

VEHICLE SUSPENSION - MODEL IV

Course: MVEE Random
Vehicle Speed Absorbed Power (Watts)
Configuration km/hr Damping Coefficients
C ; C (kN*sec/m)
11 2i
C =500 ,; C_=1.,15
1 21
i-1,5
Freq. Vertical {Horizontal

15, 1.6 36.75 13.43

M113 Al 25. 1.6 71.50 180.6
35. 1.6 84.06 180.2

CII— 5.00 ; C21- 0.60

I=1,2,5
Freq. Vertical |Horizontal

15. 1.5 5.442 16.15

M113 A2 25. 1.5 29.86 91.19
35. 1.4-1.6 120.5 189.3

15, 1.6 5.558 10.64

M113 Al% 25. 1.6 48.80 131.7
35. 1.5-1.7 1175. 2210.
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response. A comparison of the ride quality of vehicle suspenslon
configurations reveals that A2 suspension with lighter damping can
provide the best ride, while Al% suspension continues to exhibit poor

ride due to relatively stiffer suspension.

¥ defines nominal value of suspension damping

5.5.2 Influence of Suspension Stiffness on the Vehicle Ride Quality
Influence of suspension stiffness on the ride performance of the

M113 vehicle 1is investigated by varying torsional stlffness of the

torsion bars. The parametric sensitivity analyses are carried out for

the following spring rates of Al and A2 torsion bars,

-‘a

M113 Al: K, = 7.5, 9.884, and 12.0 kN-m/red 1=1,...,5

6.25, 8.35 and 10.5 kN-m/rad 1=1, ..., 5

1t

M113 A2: K
SR T ey

The total absorbed power due to vertical and horizontal vibratlons
at the driver’s location are computed for excitations arising from
pasture and MVEE random courses, and the results are summarized in
Tables 5.18 and 5.19, respectively. The sensitivity analyses revealed
that softer torsion bars offer considerable improvement in vehicle ride

for all vehicle speeds.

t defines nominal suspension stiffness parameter
5.5.3 1Influence of Track Tension on the Vehicle Ride Quality

The influence of track tension on the ride dynamic response of the
M113 vehicle is investigated by varying the track tension parameter, for
excitations arising from pasture and MVEE random courses. Spring rates
representing the tension of each track are selected as follows:

M113 A1, M113 A2 and M113 Al p = 49254., 656721, and 82090. nm

e eni et et FTHe Wity waretei et TR n

The influence of track tension on the average absorbed power

associated with vertical and horizontal vibrations at the driver’s sezat
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location is summarized in Tables 5.20 and 5.21, for excitations arising
from pasture and MVEE random course, respectively. The results reveal
that wvariations in track tension do not alter the vehicle ride
considerably. However, a slight improvement in vehlcle ride can be
achieved by increasing track tension. A stiffer track also limits the

road wheel motion considerably.

T defines nominal track tension parameter
5.6 SUMMARY

The ride quality of the M113 vehicle configurations is investigatced
for excitations arising from undeformable random terrains. Various
methods of ride quality assessment are discussed and a methodology based
upon average absorbed power is selected to assess the ride quallty of
the M113 vehicles. Ride dynamic performance of the multi-wheeled/
tracked vehicle is evaluated in terms of absorbed power quantitles
assocliated with vertical and horizontal vibration at the driver's seat
locat ion. The ride quality of the M113 vehicle conflgurations |is
investigated for various vehicle speeds and selected terrains, namely;
Belgian pavé, pasture, plowed field and MVEE random course. Parametric
sensitivity analyses are carried out to study the influence of running

gear parameters on the ride quality of the tracked vehlcles.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

6.1 GENERAL

In this thesis, the ride dynmamics of M113 personnel carrier vehicle
is investigated via computer simulations. A building block simulation
approach is used to develop four mathematical ride dynamic models of
varying complexities. The initial model is formulated as a
seven-degrees—-of-freedom dynamic system with each road wheel suspension
being idealized as a parallel combination of translational spring and
damper, and assuming the track as a massless continuous belt. The
influence of track tension on the vehicle ride is investigated by
representing the forces due to each track segment as vertical restoring
forces, in the second vehicle ride model. The kinematics and aynamics
of the independent trailing arm road wheel suspension are incorporated
in the third and fourth vehicle ride models. The dynamics due to bump
stops, tire stiffness, nonlinear damping, Coulomb friction and gravity
are appropriately incorporated in the vehicle models.

Transient response of the nonlinear vehicle models is evaluated for
semicircle and block obstacles using numerical integration algorithm.
The nonlinear vehicle models are linearized via local equivalent
linearization and the linearized models are validated for harmonic
excitations. The vibration transmission performance of various M113
vehicle suspensions (Al, A2 and Alé) is evaluated in terms of vibration
transmissibility characteristics.

The random roughness of realistic terrains for military vehicles is

characterized by their respective displacement and acceleration spectral
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densities. Input spectral density matrix is formulated by taking into
account the vehicle speed, spacing of rcad wheels and terrain roughness.
The ride response of linearized multi-wheeled and tracked vehlcle models
to random terrains is evaluated and presented in terms of power spectral
density of acceleration response at the driver’'s locatlon. Numerous
ride assessment criteria are reviewed and the tracked vehicle ride
quality is assessed via average absorbed power technique, often used to
assess military vehicle ride.
6.2 HIGHLIGHTS OF INVESTIGATION

The major highlights of the investigation are summarized in the
following subsections.
6.2.1 Free Vibration Analysis

Free vibration analyses of the vehicle models with and without the
track are carried out to establish the undamped and damped natural
frequencies of the vehicle. The undamped natural frequencies assoclated
with hull pitch and bounce are found to be in the ranges 1.0 - 1.24 and
1.49 - 1.76 Hz, respectively. The natural frequencies of the road wheel
are found to be in the frequency range 11.1 - 15.1 Hz for the ldeallzed
suspension models (Model I & II), and in the range 10.2 - 14.0 Hz for
the linkage suspensicn models (Model III & IV). The undamped natural
frequencies associated with hull and road wheel bounce are slightly
higher for the Al vehicle followed by the Alé and A2 confliguratlons
while pitch natural frequency is slightly higher for the Al% vehicle.
The undamped natural frequencies of the tracked vehicles are slightly
lower than those of the multi-wheeled vehicles. The damped
free-vibration analysis demonstrated overdamped road wheel bounce tor

the A2 vehicle with heavily damped shock absorbers.
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6.2.2 Transient Response

Transient response of the multi-wheeled and tracked M113 Al,

M113 A2 and M113 Al% vehicles is evaluated for deterministic semicircle

and block obstacles of different sizes, for various vehicle speeds.

response characteristics reveal the following:

(a)

(b)

{c)

(d)

(e)

(f)

Increase in vehicle speed deteriorates the acceleration

response at the driver’s location.

M113 vehicles crossing over large obstacles exhibit high
levels of vibration at the driver’s location and thus

the vehicle mobility is limited.

The addition of the track smoothens the transient

response in the vehicle speed range 0-25 km/hr.

Comparison of ldealized and linkage suspensions reveals
that linkage suspension yields low bounce transient
response specifically when the vehicle {is traversing
larger obstacles. However, the tracked vehicle model
with linkage suspension exiipits larger pitch transient
response than its idealizea counterpart. The linkage
suspension model thus yields lower levels of vertical
vibration and slightly higher levels of horizontal

vibration at the driver’s location.

The multi-wheeled M113 A2 and M113 Al% vehicles vyield
superior transient response along the hull bounce
coordinate than the M113 Al vehicle. However, the pitch
response of M113 Al vehicle is superior to that of the
MI13 A2 and M113 Al vehicles.  The tracked M113 Al
vehicle model with idealized suspension ylelds superior
bounce and pitch response than the corresponding M113 A2
and M113 Al; vehicle models.

Although the Mi13 Al% vehicle employs a stiffer
suspension than the M113 A2, both vehicles exhibit almost

identical transient response.
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6.2.3 Vibration Transmissibility Response of the Vehicle Models

A parametric study is carried out via transmissibility response
characteristics of the vehicle models to Iinvestigate the system
sensitivity to suspension parameters. Influence of parameters, such as
variations in shock absorber damping, number and location of shock
absorbers, shock absorber inclination, torsion bar stiffness, and track
tension on the vibration transmission performance, 1s investigated and

the following conclusions are drawn:

(a) The vibration transmissibility responses of the multi-
wheeled and tracked vehicle models exhibit peak
amplitudes around the low (hull bounce and pitch)
resonant frequency and high (road wheels) resonant

frequencies.

(b) There exists an optimal set of damping parameters, below
the nominal parameters of the conventional shock
absorbers utilized in the M113 vehicles. Selecting the
damping coefficients below or above these optimal values

deteriorates the response.

(c) Response to variations in number and location of shock
absorbers showed significant improvements on hull bounce
and pitch by either interchanging shock absorbers amongst
intermediate road wheel stations or by placing shock
absorbers at all road wheels. Best response can be
achieved by applying sufficlient damping at all road

wheels.

(d) Increase in shock absorber inclination suppresses low
frequency amplitudes. The response behaviour of
linkage suspension approaches that of the ldealized

suspension with higher inclination angles.

(e) Increase in torsion bar stiffnesses increases resonant

peak amplitudes in all cases.
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(f) Variations in track tension has only little effect on
the ride response. Increase in track tension can yleld
only slight improvement in the vibration transmission
performance. The increased track tension, however
suppresses the excessively high response of the undamped

road wheels.

{g) A comparison of the vibration transmissibility response
characteristics of the M113 Al, M113 A2, and M113 ALl
vehicle models, revealed that the M113 A2 provides the

best vibration attenuation performance.

(h) Increase in amplitudes of harmonic input Iincreases

response amplitudes in all cases.

6.2.4 PSD Response and Average Absorbed Power
Random response simulations were carried out for the vehicle
configurations traversing four types of terrain: Belgian pavé, pasture,
plowed field and MVEE random course. The random response of the vehlcle
is presented in terms of PSD of bounce and pitch accelerations at the
hull c.g., and PSD of vertical and horizontal accelerations at the
driver’s compartiment, Ride quality is assessed in terms of average
absorbed power. Absorbed power quantities are computed for vertical and
horizontal vibrations at the driver’s location for variations in terrain
roughness, vehicle speed and running gear parameters and the following
conclusions are drawn:
(a) The M113 Al provides superior acceleration response as
compared to the acceleration response of M113 A2 ard
MI13 AL} vehicles. This is clearly substantlated by

the total average absorbed power quantities for the three

vehicle configurations.

(b) The acceleration PSD responses of the A2 and Alé

suspensions are quite similar, however the Al% stiffer
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(c)

{d)

(e)

(f)

(g)

(h)

(i)

suspension exhibits slightly higher quantities of
absorbed power at the driver's location in the frequency

range 0 - 10 Hz.

The linkage suspension model provides superior ride

response as compared to the idealized suspensions.

The addition of the track improves ride response

significantly, for all the vehicle configurations.

Absorbed power at the driver’s location Iincreases

considerably with increasing roughness of the terrain.

Absorbed power at the driver's location increases with
vehicle speed. This 1i{s especially signiflcant for
vehicles traversing rough terrains at speeds over 25
km/hr. At lower vehicle speeds, the smoother terrains
induce lower levels of vibration and the absorbed power
quantity is strongly dependent upon the frequency range

considered.

Sufficient decrease in suspension damping leads to
improved ride quality. However, further decrease in the
damping coefficient deteriorates ride response
substantially. Very low suspension damping leads to
road wheel-to-bump stop contact in the low frequency
range inducing extremely high response acceleration at

the driver’'s locution.

Decrease In torsion bar stiffness improves the ride
quality of M113 vehicles.

Increase in track tension yields slight improvement

in the ride response of M113 vehicles.

6.3 RECOMMENDATIONS FOR FURTHER INVESTIGATIONS

The vehicle models presented in this thesis may serve as a basis in

describing the ride dynamics of multi-wheeled and tracked vehicles.

The

dynamic concepts and mathematical model formulations may be applied to
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vehicles other than M113 vehicles such as the MB0 or XMl battle tanks,
farm machinery, construction vehicles, etc.

It is recommended, however, that future work be directed to yet a
much more realistic and comprehensive mathematical model describing the
dynamic behaviour of the tracked vehicle. A submodel representing the
driver and driver's seat should be incorporated inte the main
superstructure. The effect of weight of crew and cargo on the ride
dynamics should be studied as well, and this can easily be done by
incorporating crew and cargo properties in the hull mass and hull pitch
moment of 1inertia. Most important is a track model involving track
loads due to stretching of the track between the sprocket, road wheels,
and 1idler; bridging effect due to track bridging over terrain
concavities and finally slack between the sprocket and idler wheel.
Horizontal forces on the hull chassis due to track loads occurring at
the sprocket and idler should also be considered. The mathematicual
models can be developed under the large angle assumption. Furthermore,
track dynamics due to chordal effects, tension and path, energy
dissipation, tension during negotiation of an obstacle, distribution of
track tension, pin/bushing stresses and deflections, temperature
buildup, and end connector tightening effectiveness as can be computed
from available software, should be incorporated into the vehicle models
for a more comprehensive representation of the track as well as the
overall vehicle dynamics.

Optimization techniques can be employed to evaluate the suspension
parameters such that an optimal ride quality is achieved for a class of
random terrains. Assessment of vehicle ride quality should also be

carried out utilizing the alternative tolerance assessment criteria
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since the absorbed power method only provides an average 'one number'
rating over some frequency band not indicating actual content at a
particular frequency. Finally, experimental results 1involving the
tracked vehicle under study should be obtained to verify the analytical
results. Attempts should also be made to incorporate new suspension
designs such as active, semi-active or hydropneumatic suspensions onto

the existing M113 vehicles.
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