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PRINCIPAL NOMENCLATURE

effective contact area

terrain roughness parameter

half of bogie length

effective footprint width

shock absorber damping constant

lumaped damping of point contact naodel
distributed damping of fixed footprint model
distributed damping of adaptive footprint model
horixontal force from each of the {rount tires
horizoutal force from each pair of the middle tires
horizontal force from each pair of the rear tires
vertical force {rom each of the front tires
vertical force from each puir of the front tires
vertical force from each pair of the rear tires
hull CG elevation from hull plane

pitch inartia of bogie

pitch inertia of hull

front suapension stiffness

middle and rear suspension stiffness

lumped stiffness of point contact model
distributed stiffness of fixed footprint model
distributed stiffness of adaptive footprint model
equilibrium tire footprint length

distance from front suspension to hull CG
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PRINCIPAL NOMENCLATURE (Cont)

distance {rom bogie connection to hull CG
bogie mass

hull mass

frout unsprung mass, ocach

middle unsprung mass, each

TeAr unaprung mass, each

tire inflation pressure

tire radiua

distance {rom hogie connection to bogie CG
distance from bogle connection to rear stop
distance from bogie connection to front stop
diatance from bogie connection to hull planc
apoed of the vehicle

heave displacement of bogie CG

heave displacement of hull CG

front axle heave displacement

middle sxle heave displacement

rear axle heave displacement

tire deoflection at location 0

angle measured from vertical through wheel center

pitch angle of hull, forward pitch positive
wavelength of ixrregularity component
pitch angle of bogie

reduced frequency (£} = 2w/A)
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SUMMARY

Recozrded aimulation control scheme described in this report is an
inexpensive and accurate way of providing realistic inputa to a vehicle being
shake tested in the laboratory. The scheme involves simulating operation
of the vehicle on the spocified terrain to generate axle displacement records,
storing the records in memory of a control system, and using them to pro-
vide continuous input signals to the vehicle shaker during teating.

The computer simulation deviinped for the scheme incorporates a
terrain-tire-vehicle model, with the option to include any one of the four
previously developed tire miodels: point contract model, rigid tread band
raodel, fixed footprint model and adaptive footprint model. Developed
separately from the tire models, the vehicle model considers a three axle
military type truck which is of interc¢ut to TARADCOM. Coniparing the
analytical results generated by the terrain-tire-vehicle model with thouse
obtained in field tests demonstratus the ability of the model to simulate the
vehicle motion, particularly when employing the adaptive footprint or the
fixed footprint models.,

The control system developed for storing the axle displacement
records and playing them back incorporates a minicomputer, disc memory,
input-vutput peripherals and digitzl to analoy converters. In an jllustrative
example described in the report, the contral system is shown to supply
real«time synchronized shaker input signale from the digital displacement
records,

Finally the complete scheme is verified by comparing the power
spectral densities of the inputs to the vehicle generated by the scheme with
those obtained from field testa on the vehicle,

This report includes details of the model and the control system.

Fowever, instructions for using the control system and the computer pro-
| gram are available in a separate document, titlad '"Recorded Simulation
Control Scheme - User's Manual',
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1. INTRODUCTION AND OBJECTIVE

In recent years, laboratory vibration testing of vehicles has been
widely used to help assess structural reliability., In military service, where
the dynamic loads are generally higher, vibration testing has become a par-
ticularly important tool for reliability evaluation, and has been used with
advantage to assess structural integrity, identify critical stress points, and
evaluate design improvements (reference 1), The basic test procedure con-
sists of shaking a loaded vehicle with hydraulic actuators programmed to
simulate typical field service conditions, and monitoring the stresses and
deflections of the vehicle structure. A sketch of the shaker facility at the
U.S. Army Tank-Automotive Research and Development Command
(TARADCOM) is shown in Figure 1. The vehicle is excited by vibratory
inputs applied to the wheel spindles, as shown, Because the wheels and tires
are removed from the vehicle prior to shake testing, the input excitation sig-
nals must correspond, not to the terrain profile, but to the wheel spindle
motions occuring in field use. There are two basic ways in which these sig-
nals are obtained: either directly from field measurements, or from dynamic
computer simulations of an analytical terrain-tire-vehicle model. Where
reliable field data are readily available, the former method can be followed,

In many situations, however, such data are not easily obtained, and the latter

Uaradwd

method must then be used.

There are many ways of implementing the computer controlled shake
testing (i.e., using dynamic simulation of the terrain-tire-vehicle model),
One such way, recorded simulation control scheme, is described in the
report. In this scheme, the vehicle simulation prograra is used to create axle
displacement records which are stored in digital form on a convenient medium,
such as a magnetic disc¥¥, The records are then converted to analog input
signales and fed repeatedly to the vehicle shaker,

*References are listed at the end of the report,

kkAn intermediate medium, such as paper tape may also be used, before
storing the data on magnetic disc,
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Before describing the recorded simulation control scheme, the imple-
mentation options available to operate a vehicle shaker are discussed and
advantages of the selected scheme are identified,

1.1 Implementation Qoticns

There are several ways in which the shake tests can be carried out,
depending on the method by which the shaker input signals are obtained. In
identifying and evaluating the various implementation options for the shaker
input, the dominant consideration is that of field correlation, i.e., the reli-
ability with which the input excitation can simulate field service., Other con-
siderations however are also important, and these include such factors as
hardware and software requirements, system complexity, operating conven-
ience, etc, The principal implementation schemes that have been or can be
used to control the shaker are summarized in Table 1. They are described
in further detail and evaluated below,

1,1.1 Direct Field Data Control

This is perhaps the simplest of all the schemes, and does not
require any analytical modelling or computation. It consists of recording
unsprung mass acceleration (with hub-mounted accelerometers) during
vehicle field trials, and then passing the signals through a double integrator
to obtain the unsprung mass motion (axle motion) signals that control the
shaker. The principal advantage of this method is that it is based on field
data with a minimum of signal processing, so that good correlation with field
use can be expected, However, there are two drawbacks to this method
which are common tc all schemes using vehicle field trial data, These are:

a. Field trial data are needed for every vehicle type, apeed, load,
and tlie pressure of interest.

b, New concupts and components, including the effects of design
parumestes changes cannot be conveniently investigated,
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Nevertheless, this method will be attractive for use in situations where test
data is already available, or where limited testing of one or two vehicle
types is contomplated,

l.1.2 Synthesiraed Field Data Control

This method consists of syathesizing the shaker signals suchthat
they correspond statistically to the {ield trial data. It is best used when the
statistical characteristics (PSD, etc.) of the field data are already available;
otherwise an initial step of statistical processing s required. The basic
method of signal synthesis conuists of feeding white noise into a filter, so that
the output signal, though random, has the PSD apecified by the filtexr®, The
filter characteristics are chosen swo that the output PSDs correspond to those
obtained from fleld trials. For statistically independent signals, this proce-
dure is relatively straightforward, However, for statistically dependent
signals, additionsl complications are introduced since a greater number of
filters ie required. This is one of the main difficultiers with this mathod for
multi-signal outputs: either & relatively large number of {ilters must be
used, or statistical depondence (phase relationships) between the various
signal palrs cannot be assured, For signal pairs wliose statistical dependence
is known to be weak, the number of filters can be minimized by considering
the signals independent, However, sincoe the degree of dependence changes
with the terrain and vehicle characteristics, speed, load, etc,, significant
statistical analysis will be needed to identify, for each case, the outputs that
can be synthesized indopendently.

This implementation echeme is attractive for use primarily in
situations where a relatively small number of signais are to be gynilivéiued,
and where thu statistical characteristics of field trial data are readily avail.
able. It will also be attractive Jor use when exiating hardware is suitable,

*The filtera and noise sources can bs implemented with analog hardware or
with digital software, as shown in Table 1,
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1,1.3 Direct Simulation Control

Direct simulation coutrol is a method by which the shaker is
controlled on-line by a computer, It is a scheme which requires no field
trial data, but generates the input signals by means of a dynamic terrain-
tire-vehicle simulation. Its implementation is relatively straightforward,
but it requires use of an adequate on-line computer during the entire shake
test. For facilities with access to an on-line computer, this method can be
very attractive because of its simplicity of implementation. Where an ade-
quate on-line simulation cannot be conveniently performed, a modified
scheme which retains the basic simplicity can be used, This scheme is
described in the following section.

1.1.4 Recorded Simulation Control

This scheme carries out the dynamic vehicle simulation similar
to the direct simulation control method, but records the output on a multi-
track data recorder (e.g., on magnetic disc or tape), The records are then
played back to control the shaker. Thus by using the recorder, the need for
an on-line computer is eliniinated, This improvement makes the recorded
simulation control scheme particularly attractive for use, The hardware
requirements are modest, since the simulation can now be carried out at a
batch processing facility., Field trial data ie not needed, and a variety of
vehicles, types and loading conditions can be conveniently tested using the
simulation, No statistical processing is required, and since the shaker sig-
nals are generated directly by a time simulation, the statistical dependence
of all the sigrals will be preserved. For the above reasons, the recorded
simulation control scheme is well suited to situations where different types
of vehicles (including, specifically, multi-axle vehicles) have to be tested
under various load and apeed conditions, and where parameter and component

changes, including new concepts, are to be evaluated,




1.1.5 Synthesiced Simulation Control

The synthasized simulation contrcl scheme is easentially simi-
lar to the synthesized field data control schame discussed earlier; the only
difference being that the statistical characteristics of wheel motion are
obtained by analytical simulation rather than from field trial dats. The banic
method of synthesizing the signal by feeding white noise through a filter
remains unchanged, As beiore, hardware requirements (filters and noise
generators, or a hybrid computer) can be high if statistical dependence is to
be praserved. Although field trial data will not be needed, sigaificant com-
putation and/or statistical processing may be required, particularly for
multi-axle vehicles. However, the convenience of 'hardwired" electronics
or computer software* make it particularly attractive for long-term testing
of a limited number of vehicle types and load conditions.

1.1.6 System Evaluation

Evaluation and selection of recommended schemes for implemen-

tation of TARADCOM must be based on & number of factors, including:

® The ability of the acheme to test vehicles for which field trial data
is unavailable,

o The capability of evaluating a variety of vehicle types, including
specifically multi-axle trucks with a relatively lurge number of
wheel excitation inputs,

e The hardware and software requirements, and their availability
at TARADCOM.

e System complexity, sase of implementation, operating convenience,

atc.,

¥The noisy generator and {ilter syatem where modeling changes are made by
adjusting dial settings or by changing coefficients ir a digital computer

program.

———— ———————
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The first two schemes (direct field data control and synthesized
fleld data control) doscribed in the previous section require vehicle field
trial data, and their use at TARADCOM dependa upon the availability of such
data. The third schemo (direct aimulation control), while straightforward
in implementation, requires an adequate on-line analog (or hybrid) com-
puter - the availability of which will be a primary factor in deciding upon ;
the use of this scheme at TARADCOM. The {iith scheme, the synthesized
simulation control scheme, has the advantage of not requiring test data, and
will be convenient to use for long-term testing of a limited number of vehicle
types, However, for multi-axle trucks, implementation will be relatively
complex and hardware requirements may be high,

The recorded simulation control scheme has many desirable
characteristics which make it well suited for implementation. It does not
require field trial data. Computation requirements are minimized, since
no statistical data processing is necessary. The dynamic vehicle simulation
can be carried out off-line at a batch-processing facility, eliminating the
need for an on-line computer. The system can conveniently gensrate multiple
signal cutputs and, unlike signal synthesis schemes, no special precautions
are nacessary to preserve tho phawe relationships of the various whesl exci-
tation inputs. The hardware requirements needed to implement the scheme
are modest - the only major item reguired being a multi-track data storsge
and retrieval system. Therefore, this scheme is selected for implementa-
tion and the reat of the report deals with the details of the scheme in terms
of the dynamic vehicle simulation program and a digital controller which
performs the data storage and retrieval functions,

1.2 Tha Recorded Simulation Control Scheme

There are several ways of implementing the recorded simulation con-
trol scheme, with the same basic approach of recording the computer
generated axle displacement signals and playing them back at the time of
shake teat. The implementation scheme selected in thia effort is shown in
Figure 2,

—
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As shown in the figure, the axle motion records are generated by a
dynamic vehicle simulation computer program. Data necessary to execute
the program include:

a. Vehicle data (mass, CG location, whoel base, etc,)
b, Operation data (terrain profile and speed of operation).

The axle displacement records generated by the simulation are stored
on paper tapes and transferred to magnetic disc of » digital controller
through adequate software. The data stored on the magnetic disc are re-
trieved at the time of running the shake test and the digital signals are
converted to analog signals using a bank of digital-to-analog signal converters,
The analog signals are then fed to the shakexr through appropriate filters and
smplifiexs,

The record stored on the disc typically lasts less thay s minuto in
real-time; therefore, the process is repeated until the testing is completed.
Also, the simulation program i¢ executsd each time the vehicle teat
parameters (terrain profile, speed, load) are changed, and the axle displace-
ment records on the disc are updated to show the changes.

1.3 Objective and Organination of the Report

Objective of the report is to introduce the recorded simulation control
scheme, describe it and demonstrate its effactiveness through sn illustrative
examplu, The report describes the scheme in terms of its two steps: (a) gen-
erating axle displacement records using the vehicle simulation program, and
(b) obtaining input signals for the vehicle shaker from the uxle displacemeunt
records. The vehicle simulation prograra incorporates a terrain-tire-vehicle
model developed in Chapter 2, There are three components in this model:
texrrain, tire and vehicle, The terrain model generates a torrain profile from
information on its spectral density, The vehicle model developed in this
report allows simulation of vehicles similar to the 5-ton M-809 carvgo truck.
Tire represents an interface betwean the two models and it is modelled in

four different ways (see reference 2):

a. YPoint contact model
b, Rigid tread band model




c. Fixed footprint model
d. Adaptive footprint model,

Each component of the overall terrain-tire-vehicle model is developed
separately so that it can be used independently in different applications.

Chapter 2 also discussed results obtained from a typical simulation
run using & computer program# incorporating the model developed. The
simulation reasults are then compared with corresponding experimental
results to formulate guidelines for selecting a tire model and verify the
overall model.

The controller needed to store and retrieve the axle displacement
records generated by the vehicle simulation is described in Chapter 3. The
necessary hardware components and their functions are discussed along with
key steps in operation of the contraller. Details of the countroller operation
are, however, not discussed because thay are available in the User's Manual
(reforence 4),

Chapter 4 deals with verification of the complete recorded simulation
control scheme through comparison of the spectral densitics of the axle
displacement signal with thosc obtained from fisld data. Finally, conclusions
and recommendations are discussed in Chapters € and 6.

*The computer program iteelf is described in & separate document
(reforence 4),
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. SIMULATION

Development of a reliable modsl for simwulating the vehicle performance
wa s initiated in the {iret phase of the project (reference 2), It was realined
early in the effort that a good model of tire is nocessary for accurate pex-
formance prediction and therufcre in the firet phase fuur different tire models
ware develaped, These models were incorporated in a simple two degree of
freedom model and initial simulation results were obtained to provide insight
into tire model behavior.

These tire models are now incorporated in a six deyree of freedom
vehicle model which can simulate the heave-pitch motion of a three axle mili-
tary type truck. The vehicle has beon velected 8o that the results obtained
from the simulation can be compared with the available experimental results.
Also, the input signals gonerated by the scheme can then directly be used to
test similaxr vehicles on the six actuator shaker available at TARADCOM.
Because of the non-generslized nature of the vehicle model, modifications
are necessary for testing other types of vehicles using the schemie described
in the report. However, thu terrain and the tire modely are developed uo
that thay can be used independently in any application,

The simulation results described in the roport are obtained using a
computer program which lncorporates the model, Details of the computer
program are available in the User's Manual {reference 4) and therefore are

not vepeated here.

2.1 Model Developmont

The tire, vehicle and torrain models arxe summarised in the wections
that follow., Additional details, including vquations, for the tire and vehicle
models are presented in the Appendices.

12
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e !. 1 The Tire Model

Four basic tire models were formulated in Phase I, ranging in
saphistication from the simple point contact model to the more advanced
adaptive footprint model, Theue modeln werv developed o that the most
economical tire simulation can be selectod for the task at hand. The models
are sumamarised in Table & and described briefly below, Further details
can be found in reference 2,

2.1.1.1 Tho Point Contact Tire Model

The point contact model s representod by a parallel
spring-dashpot combination that transmits the support force from the terrain
to the vehicle and contacts the yround through a point fallower, The spring
stiffness is chosen to simulate the effects of inflation pressuxe and carcass
olaaticity, The damping provides the energy dissipation caused by carcuss
deformations, Terrain contact cocurs at a single point vertically bencath
the wheel conter, Dynamic support forcas occur due to detlection of the
spring and dashpot caused by motion of the whouel wpindle relative to the
torrain., Fore-and-aft forces are obtained from thiv model by assuming that
the resultant tire force is always normal to the local terrain surface, When-
ever the profile surface v inclined to the horisontal, a forv-und-aft force is
gonerated which is relatod to the vertical torce through the tangent of tho
local surface angle, The tire maus is concentrated at the wheel center, and
the terrain follower is freo to loave the ground to wimulate wheel hop.

2.1.1.2 Rigid Troad Band Tire Model

The rigid tread band tire model is similar to the
polat contact model, sxcept that the terrain contact point is not constrained
to lie vertically buneath the wheel ceater but s free to move forward or aft
depending on the loual prefile slope. This model v oquivalent to a point
countact tive with the terrain contact point located at the venter of a rigid
rolling whoel or circular tread band, In this case, the wheol center sces a
motion that is in yoneral different from the terrain profile, due to filtering

13
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effects of the rolling wheel, On rough ground, the filtering causes a high
attenuation of profile irregularitiva, For gradual changes in profile eleva-
tion, filtering becomes insignificant, and the two models give equivalent
results,

As with the point contact model, tky support force ia
transmitted to the vehicle through the parallel spring-dashpot combination
that saimulates the inflation pressure and carcass forces, Fore-and-aft
forces are obtained by assuming that the total tire force always acts normal
to the terrain at the contact point, The tire mass is concentrated at the
wheel center, and the tread band is froe to leave the ground to simulate
wheel-hop.

2.1,1.3 Fixed Footprint Tire Model

The fixed footprint tire model interacts with the ter-
rain through a footprint of constant size, independent of the tire deflection,
Inflation pressure and carcass forces are simulated by the apring and damper
elements distributed uniformly over the contact length, The finite footprint
area provides this model with the ability to envelop small irregularities
through local deformations within the footprint, In fact, ® this model is
equivalent to a point contact model in which the local terrain elevation is
roplaced by the average terrain clevation taken acrows the footprint length,
Like the rigid tread band model, the fixed {footprint model also filters the
terrain profile, except that the filter characteristics are governed by the
footprint length rather than the tire radius. Unlike the rigid tread band model,
however, the footprint center is constrained to lie vertically below the wheel
center, ladependent of the local profile slope,

& el e b e e

The {fore-and-aft tire force is obtained by assuming
that the footprint force acts perpmndicular to the local profile and the foot-
print is free to leave the ground to simulate wheel-hop,

*With linear stiffness and damping.

15

'L;!A




2.1.1.4 Adaptive Footprint Tire Model

The adaptive footprint tire model consists of a flexible
tread band inflated by internal pressure and linked to the wheel center by
angularly distributed stiffness and daniping which simulate carcass and tread
stiffness. As the wheel passes over terrain irregularities, the tread in the
footprint region deforms, and gives rise to the pneumatic and carcass com-
ponents of tire force, The former ia given by the inflation presaure acting
over the contact area, The latter is found from the resultant of the spring
and damping forces in the footprint, In general, the resultant tire force will
not be vartical because of the existence of a non-planar footprint, and the
calculation of the appropriate components will allow determination of the
vertical and fore-and-aft tire force,

Like the fixed footprint model, this model has the
ability to envelop small irregularities through local deformations within the
footprint. However, the key feature of this model is that the footprint size
and orientation relative to the wheel center changes depending on the tire
deflection and terrain profile, As with the other models, the tire masa is
concentrated at the wheel center and the tire is frec to leave the ground to
sirmulate wheel hop.

2.1.2 The Vehicle Model

The vehicle model has been formulated to allow simulation of a
variety of trucks of intereat to the military. The baseline vehicle which
guided simulation development and was used to validate the model was the
M-809 5 ton, three axle, 6 x 6 cargo truck. Thia vehicle was selected both
because fleld trial data were available, and because the basic vehicle con-
figuration is representative of a variety of multi-axle military trucks,

A sketch of the vehicle ia shown in Figure 3a. The front wheels
are attached to the frame through a semi-eliptical leaf spring and dashpot
suspension. The rear suapension (Figure 3b) consists of a pivoted leaf spring
assembly (bogie) attached to the chassis through a central shaft (pivot) and
connected at the spring ends to the middle and rear wheel spindles, Bounce

16
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motion of the rear wheels thus results in two types of susponsion motion:
flexure of the leaf apring, and rotation of the bogie about the pivot. For
symmaetrical vibration - i, e,, when the rear wheel pair vibrate {n phase -

the apring is flexed without bogie rotation. For antisymmetrical vibration -
i.e., when the rear wheel pair vibrate out of phase - the bogie rotates without
spring flexurs, In the real case, when the vehicle is going over a bumpy road,
both symmetrical and antisymmetrical components will exist, and spring
flexure and bogie rotation will occur simultaneously. However, excessive
jounce motion of the rear wheels is prevented by stops attached to the main

frame,

The analytical model for the truck is shown in Figure 3c, The
vehicle body is represented by a rigid beam of mass M, and rotational inertia
Ihe The uneprung maass of the front, middle und rear wheels (M;, M, My)
consists of the effective mass of the tire(s) and the muas of the wheel(s),
suspension and other components that move with the wheal. The vertical tire
force acts directly on the unsprung mass, The fore-and-aft tire force is
transmitted to the vehicle body through suspension elements not shown in the
figure. The front suspension leaf apring ia modeiled as a linear apring (Kj)
with a hazdening characteristic for large motions (elastic stopa), as shown
in Figure 4a, When the spring excursion exceeds the jounce or rebound
clearance, ite stiffness increases by a factor of n {typically, n = 10) due to
stop contact. Dry iriction damping (B, ) is also included in the leaf spring
model, as shown in Figure 4b, The dry iriction force has a ‘ralue of § per-
cent of the instantanecus spring force (before stop contact), and opposes the
velocity, The front shock absorber is modelled as a dashpot with damping
coefficient BZvj in jounce and BZvr in rebound, as shown in Figure 4c. The
rear suspension bogie assembly {8 modelled as a rigid beam (maws Mb'
rotational inertia Lb) pivoted at the center, with two aprings (K,) attached
to the extremities, The beam 1 'presents the kinematic configuration and
rotational inertia of the bogie during antisymmetrical wheel vibration (i, e.,
for bogie rotation). The spring elements (K,) represcnt each half of the
rear leaf spring, As with the front spring, the rear spring is also modelled
as a linear spring with elastic stops and dry friction dampiag (Figures 4a
and 4b), No viscous damping is included in the rear suspenaion model,
because of the abaence of a shock absorber, Frame mounted stops which
prevent excessive rear wheel jounce, and tire stops that limit the maximum
tire deflection are also included in the model, The force-deflection
characteristics of theso elements are shown in Figure §.
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The vehicle model described above has been developed primar-
ily for the initial bounce-pitch simulations needed to verify the tire models
and carry out the demonstration shake tests, Subsequently, the roli mode
can be included by providing separate left and right wheel inputs and including
vehicle body roll inertia.

2.1.3 The Terrain Model

The terrain model developed for the simulation consists of a
series of profile elevation coordinates whose values are determined statis-
tically, and can represent seversl types of unimproved roads of varying
degrees of roughness (reference 2), This terrain model has been chogen
primarily to make the verification runs of the vehicle simulation program,
snd for the initial shake tests. Subsequently, the analytically obtained ter-
rain coordinates can be replaced conveniently with real terrain data,

A 500 foct length of profile has been generated and used for the
model validation runs. An rms roughness of 1 inch was chosen for the simu-~
lated profile, so that its power spectral density (PSD) generally agrees with
Aberdeen Proving Grounds test track data (reference 3), for which the M-809
truck trial results were available, The statistical terrain characteristics
are gummarized in Table 3, The PSD of the profile is shown in Figure 6,

As shown in the figure, the PSD is plotted as a function of a
reduced frequency Q (= 2w /1), where A is the wavelength of the irregularity
component, This frequency can be converted to frequency in Hz by multiplying
by V/2n. Corresponding PSD is obtained by multiplying the PSD shown by 2%/V,

The straight line on the figure repreaents the analytically apecified
PSD. The points were found by computing the PSD from the actual elevation
coordinates. The low frequency scatter is due in part to the reduced number of
complete cycles available for calculating the mean square values, and can be
reduced by increasing the profile length, The dynamic simulation results and
experimental comparison are presented in the sections that follows,
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Table 3. Statistical Terrain Characteristics

rms Roughness, Yems 1 inch |
PSD Relationehip, Sy_ (%) A/Q*

Amplitude Probability Distribution Gaussian

Upper Cutoff Wavelength, A, 57 feet

Lower Cutoff Wavelength, A, 0.177 fect

Vehicle Speed, V 18 mph

Excitation Frequency Range 0.46 - 150 Hx

2.2 Simulation Results

The terrain, tire and vehicle models described previously were inte-
grated into a dynamic bounce-pitch simulation suitable for obtaining the

" shaker input signals. Three programs have been developed: program GRND

which generates ths terrain profile, program TIRE which determines the
vehicle motion time history, and program SPEC which computes the PSDs of
vehicle motion, These programas, and their method of use, is described in
detail in a separate document (reference 4), A test case simulation using
these programs was carried out to verify the modeis and provide the neces-
sary data for the initial demounstration shake tests, The simulations were
carried out for an M~809 truck moving at 18 mph over a 500 foot long track
of 1 inch rms roughness, The parameters of the tire and the vehicle used for
the aimulation are summarized in Table 4, Table 5 shows additional tire
parameters which are required for the more sophisticated tire models.

A short extract of the time history of tire force obtained with each of
the tire models is shown in Figure 7. Examination of the force response of
the point contact tire shows that it is significantly higher than that of the
other models, and has a greater high frequency content. Another character-
istic seen from the time simulation is that wheel hop (zero tire force) is
important. In the 10 foot section of record shown, the point contact model
spends almost 60 percent of the time out of ground contact. Ths other two
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o models (rigid tread band and fixed footprint) also show wheel hop, although

; in decreasing smounts. Although the adaptive footprint simulation ia free of

i ~ wheel hop for the 10 foot section shown, the wheel hop condition is clossly
approached on two occasions. The reason for the reductioa in wheel hop with
the more advanced models is that they filter the short wavelength irregulari-
ties, and hence attenuste the high frequency excitation which causes wheel

; hop. The filtered ground profiles for the rigid tread band and fixed footprint

! tire models are shown iu Figure 8 along with the actual profile for compari-

‘ son., The reduction in high frequency content, sspecially for the fixed foot-
print model ia readily appuarent,
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Table 4. Summary of Vehicle Parameters

L1
-]

o Vehicle Type - M-809, 5 ton, 6 x 6 cargo truck , a
: Tire - Goodyear 11,0018, Military NDCC i
“": ; Vehicle Body Parameters Symbol Value Uit ’
a Mass of Hull M, 718.6 | Slugs ]
4 Mass of Bogie M, 6.0 Slugs | g
d Front Uneprung Mass (each side) M, 40.6 | Slugs
15) Middie Unsprung Mass (each side) M, 42.1 | Slugs
EE . Rear Uneprung Mass (each side) M, 43.6 | Sluge %
g | Pitch Inertis of Hull (about cg) I 14924 Slug: £t2 1
!: Plich Inertia of Bogie (about pivot) L 3.0 Slug* ftz j
] Frout Suspension to Hull CG Length L, 12.5 | £ ;’
il Bogle Pivot to liull CG Length Ly 2.4 | &
' Hull CG Height GG 0 ft
2 Offeet, Bogle Pivot to Hull Plane S3 4 0 ft
1 ‘ Offset, Bogie Pivot to Bogie CG Sy, 0 ft
; Bogile Pivot to ¥Front Stop Length St 2,2 | £t
i Bogle Pivot to Rear Stop Length Sy, 2.2 | &
: Half Bogie Length a 2.2 ft
: | | 24 '




Table ¢, Summary of Vehicle Parameters (Cont)

Vehicle Body Parametsrs (Coat) Symbol Value Unit
Stop L.angth b, 0.25 | £t
Stop Clearance (Unloaded) St!.p 0.39 | &
Susponsion Parameters Symbol Value Uait
Exont Suspension (sach)
Stiffosss K, 29976 ln/ft
Viscous Damping Coefficient (Jounce) BZV) 185 lbs mec/ft
Viscous Damping Coefiicient (Rebound) B 2vr 600 1b* sec/ft
Jounce Travel (Unloaded) Ja, Q.5 &
Rebound Travel (Unloaded) Rb,, 0.5 | £t
Dry Friction Cosfficient Byg *
Middle and Rear Suspension (each)
Stiffuess Ky 87000 1b/ft
Jounce Travel (Unloaded) Jo, 0.7 £t
Rebound Travel (Unloadud) Rb3 0.7 ft
Dry F'riction Coefficient By ¥
Tire Parametera Symbaol Value Unit
Stiffness k 39000 lb/8t
Damping b k| 1b* wec/ft
Radius Hy 1.67 | £t
Coutact Length L 1.03 ) £t
Effective Width B 0.52 | ft
Inflaticn Pressure Py 30 pei
Tire Deflection Limit Ty 0.4 ft

4Selected such that the dry friction damping force is aqual to 5 porcent of
the spring force, with direction opposing the velocity.
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Additional conclusiona regarding the tire rmodels can be drawn
from the PSDs of the time functionas. The PSDs of tire force are shown
in Figures 9 and 10, Figure 9 shows the PSD of vertical tire force
obtained with each tire model. There are three distinct peaks that can
be observed. The first peak, at about 0.5 rad/ft corresponds to the
vehicle body bounce/pitch natural frequency.* The second peak, occur-
ing at about 1.5 rad/ft, corresponds to the bogie pitch naturul frequency
caused by antisymmetric (out-of-phase) vibration of the two rear axles.
The third peak, occuring at about 2.5 rad/ft, corresponds to the conven-
tional unsprung mass natural frequency,

As an initial check of the program formulation, the above natural
mods frequencies have been compared with those found from a simplified
approximate analysis. The approximate expressions for natural frequency
(w n) are obtained by choosing the appropriate stiffness (K) and inertia (M)

and then determining v, = ’ K/M as followas.

K, k 4K3k
Body Bounce, Wap = 2 'I-(;:E + m M'h (1)

Body Pitch, wnp ~Y?e "R"z-_n" LZ *m* L3 Lh '.'(z)

. 1
Bogie Pitch, W o~ V 2k/ M, (3)

*Since body bounce and pitch natural frequencies for the M809 truck are
very close together, two separate peaks are not always observed.
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Front Wheel Bounce, W}, . o \I(K2+k)/Mz (4)

Rear Wheel Bounce, ;. = V(K3+2k)/M4 d \‘ (5)
. " 3

These expressions, evaluated from Table 4, are summarized in
Table 6. As can be seen, the simulation results are in close agreement
with the approximate analysis, which serves as an initial" check of the
program formulation. ,'

The simulation results (Figures 9 and 10) show that the simpler
tire models generally overestimate the transmitted tire force. Although
at low frequencies all models give similar results, the differences
become apparent in the middle and upper frequency ranges of interest.
For instance, point contact model predictions at the higher frequencies
can be up to an order of magnitude greater than those of the more
advanced models., The rigid tread band model also gives generally
higher force estimates, specially for the fore-and-aft force. The fixed
footprint and adaptive footprint simulations, however, are in good agree-
ment with each other, and give the lowest force predictions, because of

their ability to envelop amall irregularities through local footprint
deformations.

Similar conclusions regarding the various tire models can be
reached by examining the other simulation results (CG acceleration,
wheel acceleration, etc.,). These results confirm that the adaptive foot-
print and fixed footprint tire models agree closely, and predict iower

accelerations than the rigid tread band and point contact models. For

reference, all the principal simulation results are presented in Appendix C.

2,3 Simulation Verification

The basic objective in developing the present terrain-tire-vehicle
simulation is to provide a means of generating realistic shake test input
signals, Therefore, before carrying out the tests, it is necessary to

verify the model nredictions with field trial data so that the shake test
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Table 6. Comparison of Simulaticn Results with
Approximate Analysis

Natural Frequency (He)
Natural Mode Bounce-Pitch ;
Computer Approximate :
Simulation Analysis
Body Pitch, wnp 2.2 2.1
Body Bounce, Woh 2.2 2.6
Bogie Pitch, ”‘np 6.7 6.8
Froat Wheel Bounce, WY bg 6.7 6.6 ]
Rear Wheel Bounce, “"nbr 11 10 1

results can be accepted with confidence. This verification has been carried
out using data obtained with the M-809 truck during field trials at the Aber-
deen Proving Grounds (reference 3). The unsprung mass (rear wheels)
acceleration has been chosen for comparison, since it is directly related to
the wheel motions from which the shaker signals are derived,

The resulte showing the PSD of this parameter for the point contact,
fixed footprint and adaptive footprint tire models are shown in Figure 11
along with the experimentally determined PSD. As can be seen, the point
contact model significantly overestimates the scceleration over the entire
frequency range, The adaptive footprint model, howaver, shows much
better agreement, and in the middle and high frequency bands - of particular
importance to fatigue simulation in the shake tests -« the aimulation data
closely follow the experimental resulte. The fixed footprint model also
shows good agreement with field data, although at the natural frequency
peak, it somewhat overestimates the forcs, 'The rigid tread band model,
though providing better predictions than the point contact model, tends to
overestimate the force in the middle and upper fraquency range, as shown

in Appendix C.
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These results confirm the initial conclusions of the first phase of this
effort, namely, tiat the adaptive footprint tire model has superior capabili-
ties for predicting the transmitted tire forces, and can be used with advan-
tage for vehicle simulation and shake testing., The results also confirm that
the fixed footprint tire model - though predicting slightly higher forces in the
middle frequency band - provides a viable alternative for sirnulations in which
computation requirements are to be minimized, * i

*As explained in Appendix A, the fixed footprint model (with linear stiffness
and damping) is equivalont to a point contact model moving over a filtered
profile, Profile filtering can thus be carried out ofi-line, and the dynamic
simulations can then proceed using the simple relationships of the point

contact model,
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3. CONTROL SYSTEM

i
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; The recorded simulation control scheme has been described in termas

‘ | of two stops. The first atep, obtaining axle displacement records from a

| vehicle simulation program, was described in the laet chapter. This chapter
f describes how the axle displacement records are used to produce input j _
| ; signals for the vehicle shaker, ‘ |

. —

e ———

Theve are several wubtasks involved in performing the second step. .
The tasks of reading the axle displacement records, storing them in an o
easily retrievable form and supplying them to the shaker at & correct rate
demand a sophisticated control system. The control system ueed in this
effort is described in the following pages. Detailed proceduros for operating
i the control system, however, are not described in this rep rt since they are
best discuseed in the User's Manual (refersnce 4).
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! 3.1 System Requirements

To be suitable for the application, the control system must meet
several reguirementas, The controller muat be able to synchronixe the
shaker input signals to real-time, otherwise, the vehicle will not axperience
‘ the inputs in the same time {rame as it doos in the field use. To be able to
] supply the data in real-time, the axle displacement records must have a time
i acale stored along with the displacement values and a clock should interface 1
with the controller to ensure that the displacement values are transferred at
the stored time values. For this application, a high frequency clock should
! be used so that the accuracy of the stored time data is preserved,

A e S PR

The data transfer rate requirement is closely couplaed to the previous
requirement, because the real-time capability can be achieved only if the
transfer rate is adequate, Data transfer rate depends on time step between
the two consecutive displacernant values, which in turn is derived fxrom the
f maximum frequency conteut the signsl should have. The time step, which
is fixed while running the veliicle simulation to create the axle displacement
records, shouid be such that the displacement signal up to 100 Ha can be
reconstructed from the digital records, This requires that a time step of
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about 5 milliseconds should be used*, The displacement data at this time
step aro stored in 16 bit format and supplied to three channels (front, middle
atd rear axle), giving a system requirement for a minimum data transfer i ,
rate of about 9600 bite per second (Baud). If the upper limit on the freguency !
content of the input signal is increased or if the data is stored in 32 bit : |
fleating point format instead of 16 bit format, the transfer rate will be higher i !
than 9600 bits per second, !

The control system should have a capability of repeating the axle dia-
placement records during the test. Computing and storage requirements i
goxerally limit the record length to leas than & minute®* (it is 18 seconds 1 \
for the example used in the report). At the end of the record, the system | ‘
should be able to start from the bepzinning without a significant loas of time.

The next requirement to be mat by the control system is adequate data
storage. For the 18 second record used in the illustrative example, a 150 \
thousand, 16 bit work, storage medium is needed to include axle displacement |
information along with the corresponding time reference.

The final requirement for the coatrol system is a provision for con-
verting the stored digital duta to analog input signals for the shaker. Digital
to anslog cotiverters with bipolar (signed) outputs and at least 11 bit (0. 05
percent) accuracy would be adequate, The digital to analog conversion rate
should also be high enough to meet the required data transmission rate.

The requirements outlined above eliminate from consideration the use :
of magnetic tape or core memory of a digital computer, because the magnetic
tape cannot be rewound fast enough to meet the requirement for repeating the
record, and the core memory of a computer generally does not have a large

enough capacity to store the data,

*The smalleat frequency that can be discriminated from a digital record
with time step T is about 1/2T Hz,

#*The length of the record should be such that the spectral content of the
profile is preserved, Sec reference 2 for details,
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The requiroments, then, are best met by a digital or hybrid computer
with a magnetic disc storage unit, The data handling and timing capabilities
cf a digitsl computer are ideal for the storage and transmission of a large
‘ volume of data as required by this system. A minicomputer, with sdequate
; core momory to run the control software, interfaced with a diec storage uait,
) a digital clock, and a bank of digital to analog converters constitutes the con-
‘i troller, the actual hardware of which is described in the next section.

[ 3.2 System Description

i The control system selected for implementing the recorded simulation
| control scheme is an EA] (Electronic Assoclates, Inc.) 590 hybrid computer
t system shown schematically in Figure 12,

As showa in the figure, the central part of the system is a Pacer 100
minicomputer with a 16K, 16 bit word, core memory, The digital computer
is connected through a hybrid interface to an EAI 580 analog computer which
incorporates the digital to analog converters (D/A), analog to digital con-
verters (A/D), sense and control lines, and & 1 MHx digital clock timer, The
digital computer is also connected to & 2.2 million word (16 bit) disc storage
unit through a direct memory access channel (DMAC). Input-output to the
coutrol system is achieved through a high speed paper tape reader/punch, »
teletype and a line printer, Specifications of these hardware components are
summarired in Table 7.

The sbove system meets the requirements outlined in the previous
section quite well, The clock has an effective frequency of 42 KHe (aftor
taking intc account 24 usec required by ths read and set subroutines coun-
trolling the clock), which ia adequate for synchronising time of the iuput l
signal to about 0. 5 percent of the corrssponding value, The D/A couverters i
have a setup and tranefer time of 252 usec for the three channels, therefore, ;
the maximum transmission rate is close to 4 KHs, which is about ten times ‘
faster than required, The reset time for the system after reaching the end
of the record {s sbout 0. 25 second, which is considered adequats. Data
storage capacity of the disc ia 2.2 million worde aas compared to the reguired
capacity of 150 thousand words.
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Table 7. Control System Hardware

(ORI S

PACER 100 Computing System

16,384 16-bit words of core memory
Hardware multiply divide

Priority interrupt system

Memory protect system

Power fail/auto restart system

Five universal controller positions

1 Microsecond memory cycle

e & 6 & & ¢ o

Direct Mumory Access Channel (DMAC)

e Provides for I/O concurrent with computation on cycle
stoaling bawsis

. 1 Million words/second

Interval Timer/Real Time Clock
¢ Provides a high resolution 16 bit real-time clock
e Timer update aignal source for four PACER interval
timers
Disc Cartridge Controller and One Dual Disk Drive on DMAC
e Provides 1,1 million words of storage on vne fixed platter
¢ Provides 1, ] million words of storage on one removable
platter
Hybrid Device Interface 693
e Parallel processor control ‘
Logical control, sensing and interrupts
Coefficient device setting
Dats monitoring/display
Eight channels D/A multiplication (15 bit)
¢ 15 Channels A/D conversion (13 bit)

Input/Output Devices
e High speed paper tape reader, 300 characters/sec,
High spoed paper tape punch, 120 characters/sec,

¢ Teletypewriter station (console device), ASR 33
¢ Line printer, 80 column
e CPU control front panel

e
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Table 7. Control System Hardwazre (Cont)

Software Systemas

e MHDOS, moving head disc opsrating system
FORTRAN IV compiler
Assembler
BTE, basic text editor
CIG, core image generator
HOI, hybrid operations interpreter
COP, control options processor
FIU, file interactive utility
RTL, run time library
HLR, hybrid linkage routines
Applications software packages

Thus the control system meets all the requirements fot the recorded
control scheme application, The data transfer rate and the storage capacity
are significantly more than those presently required. But, then, room is
available for expansion if higher frequency input signals or longer record
lengths are required,

3.3 System Operation

The control system rewuds and stores the axle displacement records
generated by the vehicle simulation program. The records are transferrad
to a buffer and converted to time synchronired anslog shaker input signals
during a vehicle test, This simple description of the system operation is
illustrated by Figure 13. The operation described in the figure roquires
soeveral steps by the user, such as loading the program into memory, open-
ing and powsitioning the data file, and initiating execution, A complete descrip-
tion of tha operation ie presented in the User's Manuul (referance 4) and
therefore not repeatsd here, An outline of the operation is, however, shown
in Figure 14 and described below.
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Figure 13, Control System Operation Diagram

43

Vehicle
Shaker

s

b oo,

o 4 e S e D . Bl Al

]



S p——

——— e o

‘:c - Clock Time

t - Stored Time

e+ e b o e i i e N

Figure 14,

———— e e e -

Start

A

Initialine Polnters
Rewind Diac File
Reset Clock Register

'-.

\

Input One Block
{10 Time Steps)
From Disc File

-t

i

Load D/A Buffer
For 3 Channels

-

Read Real-Time
Clock Register

No

Yes

Transmit D/A
Buffer

Rewind Disc File
Reset Clock Register

l

Control Program Flowchart

44

© e e A —— e e P




The operation is initiated by transferring the axle displacement data
N from the paper tape in blocks of ten time staps to 88 woird records on disc.
Q' This forniat of ytoring data results in the highest rate of data tzransfer,

SOOI AR . S i SN

I The execution begine by setting the coatrol pointers, initialiaing pro-

S gram parameters and activating the hybrid interface, The clock is reset and

a data block containing ten time steps is transferred from the disc to & buffer

' in core memory. The clock time is then compared with the stored time

i , value. If the clock time is lessa than the stored time, the system waits until "1
j it becomes equal and then transfers the dats in the D/A buffer to D/A output,

B At the end of each block of ten time steps, more duta is retrieved from the

;| disec to reside in the buffer.,

At the ond of each block, the wystem checks for the end of the axle :
displacemant record, If end of the record is resched, the disc is rewound, : 7
the clock regleter i reset wnd the process is repoated. 3

3.4 Systam Verification

ol n o o A

s

Performance of the control wystom in generating shaker input signals
from axle displucement records is demonscrated by Figures 15, 16, and 17,
In thewe figurey, the plots of the three axle displacement records obtained
fram the vehicle simulation are compared with the outputy of the respective
D/A channels., For a converslon factor of 10 volts eguals 1 foot, the plots
are identical in each case, thereby verifying the system performance,

¢S

J D R S




i , - e e - B P
R}

CONTROLLER OUTPUT
] ;
104 . R v L‘ -_
DR PO O AU U LS [ R T
-—T-ﬂ--r:ﬁ ;‘ -;-rs:r*-?f::-ei- b !
hdd U0 DRULTS SOSEE CRUNR VLAY S LU NN SNEYS IS SUAN -
- . AT i
8 % Nx . , A RUARNE -
. > IO IO L 11 e i R i
i JLIETTY m E.Ji:u,-e xh i T er_ #}
: o -m{ﬁl’”" 0 3 A
Q A
T ' o
) 0 4 8 ;
g TIME (SEC.) . !
| CONVERSION FACTOR 1'= 10V
| 3
" \:l .1\' i
SIMULATION QUTPUT
g é
- !
| 8 a :
; ; = 8" P E ‘
- § | |
A
! : g o '
: i w N7 I
: ; e f f '1 1] l
1 ANNUREA T
B : RYA (\ R r '
- F;: vk | ' ' \ '
| g ‘7 L t
SR i
S |
S 8| ]
S ‘
i :
. 1
» ()
: o
| “ - : + ~ -
100 4.00 8.00 12.00 16.00 20.00 ;
TIME (85C.) |
|
Figure 15, Comparison of the Simulation and the Controller '
Outputs for the Front Axle Displacement ‘
406




——

CONTROLLER QUTPUY

re
e andima s s O
oy ek

1 LETH I

' Y B
TRt T

TIME (SEC.)

Baams -L o N a4 SO J— TTT— S TR -
S e - [N

[= 4

o

—

2

[

-

3 5

e Dw o,

“ Q b

(7] - 3

= -

S - =

) — e
— T
M '.ﬂl’.ﬂ.w.MMH'lnn\ -
=] S~ C NPT S ——
= T = C
et .
v

— e T e e =
i T T——
—
D T
—— T — —

=5
e —
- l.l
I
——
- e —
T e T
Pl
—
e -
— e .
== -
= _

et 4 'II\II
— T e ae——
e e
e I e
L3 1 ey

9 ‘10 -l ._..{ ‘

Cs°

(*33)

LA IIOTIASTA FIXY JATOCIH

FLVmEr Al s s AP =

4.00 3.00 12.00 16.00 20.00

0.00

e (sec.)

fl\

Comparison of the Simulation and the Controller

Outputs for the Middle Axle Displacement

Figure 16,

47




CONTROLLER OQUTPUT

CONVERSION FACTOR

1' = 10V

SIMULATION OUTPUT

—
-
T
R
e T ——
i
e
T
R IR ————
—
o T
e T
—— S T e
-~
— e
—— .
-

8.00 12.00 16.00 20.00

TIME (S5

4.00

)

)
-

Comparison of the Simulation and the Controller

Outputs for the Rear Axle Displacement

Figure 17,

48

|
|




4, VERIFICATION P

One of the dominant considerations in evaluating merits of a method for
testing vehicles in laboratory is correlation of the inputs to the vehicie gen-
erated by the test method with those experienced in field environment.
Translated to the present application, thiz means that the axle displacement \
inputs produced by the recorded simulation control scheme should match the ,
axle diaplacements experienced by the vehicle for similax conditions in the

fiald environment.

In case of random signals, as those being considered, correlation is
best expresasd by sirnilarity of the spectral deasities, Earlier in the report
the spectral densities of the rear axle acceleration, generated by the vehicle
simulation program employing various tire models, were compared with the
correaponding data obtained in the field test. The axle displacement spectral
densities for the same tust are now compared to determine if the vehicle
experiences similar inputs during both the shake test and field test.

- bt Al . R -

- e

In monitoring the vehicle response during the field test, accelerometers
were used to measure axle acceleration spectral dencities. These data have
N to be converted to axle diaplacement sapectral densities before they can be
: cornpared with the corresponding input signals generated by the control sys-
tem, Also, the measured spectral densities hiave to be plotted against the
reduced frequency (§2), and not frequency in Herts, because that is the scale
used in the analytical results, These transformations are achieved through
the following equations,
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S () — (f) '
] accln in accln in
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where

=  frequency in Hz

z  freguency in rad/sec
reduced frequency in rad/ft
= vehicle velocity in ft/sec

=  acceleration due to gravity
= spectral density
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The spectral densities of the front, middle and rear axle (S dis pln('m)
thus obtained from the field data are then plotted along with the corresponding
spectral densities of the axle displacement records produced by the recorded
simulation control scheme, as shown in Figures 18, 19 and 20, The figures
show that the spectral densities of the axle displacements obtained from the
field tests are in good agreement with those generated by the control scheme,
Just as diacuseed in Section 2, employing adaptive footprint model and fixed
footprint model generally result in more accurate representation of the field
environment than that obtained using point contact or the rigid tread band

model,

For all three axle displacements, the agreement amongst the models
and the field data is poorest in the low frequency range. In that range, tho
spectral densities are calculated based on only a small number of complete
cycles. Therefore, there is a scatter in the model predictions. If the profile
length is increased, the scatter will reduce and the models will agree better

with the test data.

For the front axle displacement results, the adaptive tire model is able
to duplicate the field test data quite accurately up to about 20 Hz, At higher
frequencies the field data has higher power content than that predicted
analytically, This is partially due to noise in the signal recording system.

50




In Figure 19, the advantages of employing either the fixed footprint
model or the adaptive footprint model become more apparent. Using these
modaels produces axle displacement signals which duplicate the field axle
displacements quite accurately, whereas using the point contact model over-
estimater the spectral density by a factor of 103 in the 10-30 Hx range,
Similar conclusions can be drawn from the results shown in Figure 20. (A
spike in the field data aignal in this case at about 60 Hz may be dus to the

.noise in the spectral density gencrating systern, )

A genorally good agreement between the analytical and the field test
results, shown ian the figures, proves that the scheme is able to provide the
vehicle with realistic inputs, Thus, the scheme meets its development

objective.
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5. CONCLUSIONS

The recorded simulation control scheme is developed to provide a
method of testing vehicles in laboratory without requiring field data., For a
particular vehicle, the ucheme involves simulating vehicle operation over a
terrain of interest at a given speed, The simulation generates records of
axle displacements which can be played back to provide the vehicle shakers
with realistic inputs, Of the two steps involved in the recorded simulation
control scheme, the first step, i,e. producing axle dieplacement records,
uses a terrain-tire-vehicle computer program, The second step is per-
formed by a control system which stores the axle displacement records and
converts them totime-synchronized analog signals during a shake teat,

The vehicle sirnulation program incorporates four different models of
tiros, Applicability of these tire models is explored by comparing the simu-
lation results with those obtained during field testing of an M-809 cargo
truck. The comparison shows that the adaptive footprint model provides
superior tire force predictions, due to ite ability to envelop ground irregu-
laritiew through local footprint deformations, Vehicle wimulations using the
adaptive footprint model are well able to predict the principal uatural fre-
quencies of vehicle vibration, and the simulated response agreos closely with
field trial data, particularly in the middle and upper frequency range., Since
many shake test fallures are caused by high-frequency stresu reversal
(fatigue), the adaptive footprint model is particularly well-suited for simu-
lating fatigue failures in the laboratory,

The fixed footprint model, while not as advanced as the adaptive foot-
print model, aleo provides improved force predictions. Since this model
can be gsimulated by an squivalent point contact model in series with a filter
(see Appendix A), it will be a viable alternative for simulations in which the
computational requirements are to be minimired. The simpler tire models
(i.e., the point contact and rigid tread hand models) generally overastimate
the tire forces, puarticulerly at high frequencies (i.e,, typically in the 5-50
Hz region), and their uge will be governed by this limitation,

55

P PRE——

L




The control system performs its function adequately., The aystem is
able to store the sxle displacement rocorde obtained from the vehicle simu-
lation program on a magnetic disc and, at the time of shake test, produces ,
continuous analog input signals by repeatiang the limited length records. ! %
These analog signals are synchronized perfectly to the real time and there '
is no detectable difference betwean the analog output and the digital input to
the control system.

3
e R S,

SO S,

The axle displacement signala obtained are compared to the i ’
1 corresponding signals recorded in a field test. Both signals show similar ' ’{
' spectral densities, thereby proving that the recorded simulation scheme is
‘ able to provide adequate control to the vehicle shaker, ! (
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6. RECOMMENDATIONS

The recorded simulation control scheme described ia this report can
be used in many ways to improve performance of vehicles, The scheme can
be employed, for example, to carry out a study of fatigue failures of vehicle
components by shake testing the vehicle for extensive periods of time, The
tests can be repeated for different terrains and speeds and, from the test
results, modifications to prevent such failures can be suggested.

A study to select optimum tires for a particular application can be
performed using the control scheme. In such a study, data for candidate
tires can be obtained from manufacturers and performance of the vehicle
incorporating those tires can be determined using the vehicle simulation
prograrn and the shake test facility, A comparison criteria, such as the
maximum speed at which the driver motion becomes unacceptably large,
can evaluate performance of various tirsus and the optimum tire can be
sulected.

The recorded simulation control scheme can also be used to carry out
a parametric analysis of vehicles. Iffects of changing various parameters,
such as the suspension spring rates, damping coefficients, center of gravity
location, etc., on vehicle performance can be predicted by the computer

simulation program and verified by the shake test facility. Such a parametric

analysis can be helpful in designing new vehicles or modifying the existing
ones,

The recorded simulation scheme itself can be modified to expand its
capabilities, For example, the core memory incorporated in the present
control system, which is sufficient to perform record storing and input
signal supplying steps of the scheme, can be increased, so that the vehi.le
simulation program can be executed on the control system and the inter-
mediate step of preparing axle displacement records on paper-tapes (or
some such medium) can be eliminated. The control system can also be
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modified to record outputs of various transducers monitoring performance

of the vehicle, These records can then be processed to obtain statistical
information, such as spectral densities and cross-correlation of the variables
describing vehicle performance.

The vehicle simulation program can be expanded to include roll motion
of the vehicle., Alsg, the fore-and-aft forces generated by the simulation can
be used in vehicle testing if the vehicle shaker is suitably modified.

A final suggestior for future work is to develop synthesized simulation
control (described in Chapter 1) because this scheme eliminates the task of
storing the axle displacement records. Also, by using random signal
generators, biases which are presont in the stored records are removed,
However, developing such a scheme may need significant software and/or
hardware development. Mcaawhile, the recorded simulation contrel
scheme can provide an improved method for laboratory testing of vehicles,
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APPENDIX A

A -

THE TIRE MODELS

Details of the four tire models are presented in the following:

A~l., Point Contact Tire Model

The schematic diagram of the point contact tire meodel is shown in
Figure A-1., The terrain elevation coordinate V¥, 18 measured positive
upwards from the meaxn line and is a function of the distance x. The wheel
center motion coordinate Y1 is measured positive upwards from the iaitial
equilibrium poasition; i, e., with the tire statically loaded under the vehicle
weight and Yo © 0. F, and F, are the vertical and horizontal components
of footprint force. F_ and F_ are the tire forces transmitted to the vehicle

suspension, The principal assumptions of the analyais are:
1. The tire mass is8 concentrated at the wheel center,

2. Terrain contact occurs at a single point vertically below the

wheel center,

3, The total footprint force acts normal to the terrain surface at

the contact point,

4., When i{n contact, forces between the follower and the ground
must be compressive, When the contact force becomes zero,
the follower leaves the ground (wheel hop).
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F
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Coordinate, Vo e yo(x)

Diatance, x

Figure A~l, Schematic Diagram of Point Contact Tire Model
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5. The tire force-deflection characteristics are represented,
in gensral, by nonlinear stiffness k and damping b. In
general, k and b can be functions of the tire deflection
and deflection rate.

For arbitrary vertical displacements and velocities Yo Yy 90,
y"l the total spring-damper force is

YettVo V) ‘)0'91
F o= f kdy + f bdy (A-1)
(-] (o]

where y_, is the static deflection of the tire under the equilibrium load
W, and y_ is the time rate of change of profile elevation seen by the
follower due to tire motion. y . and {ro are found {rom

Yst

f kdy = W (A-2)
‘o

3.'0 = V(dyO/dx) (4-3)

where V ia the forward velocity (dx/dt) and (dyoldx) ia the alope of the
ground at the contact point. ‘

The vertical footprint force F, will be equal to F when the
follower is in ground contact (F > 0) or zero when the follower is out
-of contact (F < 0)

(A-4)
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Since the resultant footprint force acts normal to the terrain, the fore-
snd-aft force component Fy, 1s related to the vertical compcnent F, as

follows.
Fh/Fv = dyoldx (A-5)
Equations (A-1) to (A-5) determine the footprint forces Fv and Fh' The

tire forces transmitted to the vehicle suspension, FY and E_‘x, are deter-
mined from the equations below,

Fy = F, -my, (A-6)

F_ = F (A-T7)

A-2. Rigid Tread Band Model

The schematic diagram of the rigid tread band model is shown
in Figure A-2. Comparison with the point contact model of Figure A-l
shows that it is equivalent to a point contact model traversing a modified
torrain profile ?o(x) obtained from the tread band center motion., There-
fore, the analysis and equations for the point contact model shown in
the previous section remain unchanged, * and it is only necessary to find
the modified profile y (x) in terms of the orxgi.nal terrain prnitle Yo (x)
and the tread band radms r. '

Because of the presence of the circular tread band, the terrain
contact point will in general be shifted a distance x fore or aft of the
wheel center as illus.rated in Figure A-2, From gcometry, the tread
band center height 'y_o at any location x, is given by

Y (x) = y (x+ x) + £ . %2 (A-8) ‘

*The criterion for wheel hop also remains unchanged, i.e., when the
contact force goes to zero, the wheel leaves the ground.
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Figure A-2. Schematic Diagram of Rigid Tread Band Tire Model
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The criterion for determining X is that, at the contact point,
the slope of the tread band and the terrain profile must be equal. The
torrain profile slope at the contact point is d!yo(x +§)] /dx. The slope
of the tread band at this point is - d( - X ) /dx. Equating these
two slopes, the condition that must be satisfied at the contact point is

G = é [yo(x +%) + \[rl - %P ]= 0 (A-9)

Solution of the above equation determines the coatact offset distance x

in terms of the tire location x and radius r. In general, the rocts of
Equation (A-9) will give two values of x corresponding to diametrically
cpposite points having equal slope, as shown in Figure A-3. Physically,
contact can only occur in the lower half of the trecad band, and for this
point dG/dx will be negative. Solutions of Equation (A-9) can alao give
multiple pairs of x values implying that the slope condition can be satis-
fied at several points on the lower half of the tread band. In such
cases, the highest value of ¥, (%) found from Egquation (A-8) will repre-
sent the phyasically realizable condition. The other values can only be
satisfied through tread band deformations as illustrated in Figure A-3,
A section of modified profile obtained as described above through wheel
center filtering is included in Figure 7. The original profile from which
the modified profile was derived is also included in this figure.

Thus Equations (A-8) and (A-9) along with the criteria for selecting
the physically admissible root allow determination of the tread band center

motion y o(x); which along with Equations (A-1) throuﬁh (A7)
constitute the rigid tread band analytical model,

A-3. Fixed Footprint Model

The schematic diagram for the fixed footprint model is shown
in Figure A-4. In this model, terrain contact occurs cver a finite
footprint length L, and the tire stiffness and damping is uniformly
dietributed over the contact length. The principal assumptions of the
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L
}
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Figure A-4, Schematic Diagram of Fixed Footprint Tire Model
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analysis are summarized balow.

The tire mass is concentrated at the wheel center,

Terrain contact occurs through a footprint of fixed size,
independent of tire deflection,

The footprint center is constrained to lie vertically
below the wheel center,

The footprint force components act normal to the local
terrain surfaco,

When in contact, the resultant footprint pressure force

must be compreséive, and all parts of the footprint

must contact the ground, When this force becomes
gero, the complete footprint leaves the ground,

The tire fore-deflection characteristics are represented,
in general, by nonlinear stiffness and damping uniformly
distributed over the footprint,

¥or arbitrary vertical dwplacoments and velocitics Yo (%), Yy
y (x), y1 the total force in the distributed apring- damper elementa is

+L/2 R AR
F = j ‘K'dy dx

& - ¥,
b'dy dx (A- 10)

-+
' +
:}“Nr-
~— ~—
(4% oy
\-4 .
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where Yot is the (uniform) static deflection of the footprint under the
equilibrium load W, y_(x) is the profile elevation as a function of the
footprint length coordinate x, and w}o('i) is the time rate of change of
profile elevation at any location X within the footprint due to tire forward
motion. y_, and {roﬁ) are found from

Yat
k'Ldy = W . (A-11)
(-]
o dy, (x)
Vo) = v —=2 (A-12)

where V is the forward velocity and dyo(':?)/d; is the local slope of the
ground at the footprint location x.

As discussed in Section A-1l, for the point contact model, the
footprint force Fv is given by

Fv = H F >0
(A-13)
Fv = 6 ; F. <0 .
and
d Yo(x)
Fh/Fv = m—— _ {A-14)

" Equations (A~10)to (A-14) determine the footprint forces F, and F for
the fixed footprint tire model, The tire forces transmitted to the
vehicle, ¥ and F, are determined from the basic tire model equations,
Equations K&-G) and (A-7),




Fyr-'- Fv - rny1

Fx Fh

n

For the special casc of linear stiffness and damping, the fixed
footprint tire model is equivaleat to a point contact model having the
same total stiffress and damping (i.e., k = k'L, b =b'L) and travelling
over a modified terrain profile such that each point on the raodified
profile is the mean value of the original profile taken over the footprint,
i.e.,

Y& + %) dx . (A-15)

t“[.-

Yo(x) =

This is cquivalent to reducing the amplitude of every Fouricr componcat
of the original profile by a factor of Sin{wL/A)/(vL/)) where A is the
wavelength of the component considered. * A section of filtered profile
obtained as described above is included in Figure 7. The original
profile from which this was derived is also shown in the figurs.

A-4, Adaptive Footprint Model

The schematic diagram for the adaptive footprint tire model is
shown in Figure A-5. In this model, terrain contact occurs over a
footprint of {inite length, which is dependent on tire deflection. Tire
stiffiness and damping is uniformly distributed over the angular segment
that includes the coatact zone, The principal assumptions of the analysis
are summarized below,

1. The tire mass is concentrated at the wheel center,
. Every tread element deforms independently of its neighbors

and contac 3 the terrain in the footprint zone, The tire
retains its original shape outside the footprint,
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Figure A-5, Schematic Diagram of Adaptive Footprint Tire Model
70

[T

wilnd

ST o PP



3. The tire force-deflection characteristics are represented
as follows:

(») By & constant inflation pressure p, acting over the
footprint area.

(b) By distributed nonlinear radial stiffness k' and
damping b" to simulate carcass load coatributions.
As in the other models, k' and b' can be functions
of the tire deflection and deflection rate.

For arbitrary vertical displacements yo('i). Yy ';'0(32)’ y'fl. the
force components d Fy and d F, due to deflection of a tread element
oriented at an angle O to the vertical (initial distance X from the wheel
center) is givea by

pi B rdf
d FV(O) =d Fc cosd + - ch> 0
dy (x)72
1+ —
dx
(A-16)
dF () =0 : dF_< 0
piB [dyo('i)/d?c]rde
th(e)=ch sing + 3 dF > 0
dy (%) ° €
Y
‘/1 +[ — J
dx .
(A-17)
dFy(0) =0 dF_< 0
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where

| 5(8) 5(0)
4 | dF, = [

k"dy+[ b"d{J ds (A-18) L
J -

X = r Sin® (A-19)

A

i In Equations (A-16) and (A-17), the first term represents the carcass
‘ force contribution, and the second gives the inflation pressure force.

In these equations

| _ B - effective footprint width

~ local slope of terrain profile at
contact point

6(e) - radial doﬂectiod of tread element
orionted at angle 0 from vertical

é(0) - radial velocity of tread element
due to tire motion.

The radial deflection 6(9) is the sum of the initial deflection
6“(0) due to the equilibrium load W, and the deflection due to terrain
irregularity yo(i) and wheel center motion y,

| é(e) = 6,.(e) +[yo(x+§) - ¥y ]/Coae (A- 20
S

',i l and

, % o) = {V [dYoixw)] - 'Yl } /Cos @ (a-21)
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The initial radial deflection § .(6) at location @ under the static
vehicle weight is found from solution of the following three simultaneous
equations

t g 4,08
f fcosek"dy do + piA = W (A-22)
-6 ©
-1 [T T Vgt
6, = Cos (—-—;—-‘-‘-— ) (A-23)
Ve = r(! « Cos g)
8,,(0) = YR (A-24)

.

wherc Yat is the aquilibrium tire deflection at tho footprint center (6 = 0),

and A is tho eficctive contact area at equilibrium.

The effective tire widtn B is equal to the effective area divided
by the footprint length,

B = A/2r Sin % (A-25)

Finally, the total vertical and horizontal components of footprint

force, Fv and Fh' can be obtained by integrating IEquations (A- 16, and
(A-1T, over the lower half of the tire, whore terrain contacy is possible

6= +w/2

F, = dF (8) (A-26)
6= - uw/2
8z + /2

Fy = [ d F, (6 (A-27)
= ~nw/2 ‘

The forces transmitted to the vehicle suspension, F)'r and Fx' can then
be found from Equations (A-6) and (A-7) as hefore.
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APPENDIX B

THE VEHICLE MODEL

The vehicle model includes all the vehicle components excluding the
tires, The tire model is derived separately (see Appendix A) and the general
tire model variables are converted to the vehicle model variables as shown
in Table B-1. The vehicle model consists of the following elementa: the hull,
the bogie, the front suspension, the middle suspension, the rear suspension,
the front ungprung mass, the middle unsprung mass and the rear unaprung
mass, These models are described below.

B-l The Vehicle Body

The vehicle body or hull is shown in Figure B-l, It is acted upon
by hcrizontal and vertical forces from the front suspension, bogie con-
vection and frame mounted stops as shown. The forces are assumed to
act in the horizontal and vertical directions in an inertial frame of
referance, and not in the vehicle reference frame.

Two variables, incremental vertical displacement of the hull CG
(Yo), measured from initial equilibriuwm condition, and the hull pitch
angle (®) defines the position of the hull at any instant.

The equations of motion about the CG are as follows.

My Y, T - Mg +2 (Fp, + Fygy t Fy + F) (1)

L ® =2 Fy 34 {L3 cos @ + (S, + GG) sin O]

+2 F, [(L, -8S,) cos & + GG sin O]

fs)
+ 8,,) cos © + GG sin Q]

fs

+2 Fy, [(L3

+2 F 4, [(834 + GG) cos ©® - L

3

3 8in ]|

-2 FyZ (L, cog ® - GG sin ©) - F,, (L, 8in ® + GG cos 8) (2)
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Table B-1.

Conversion of General Tire Variables
to the Vehicle Model Variables

B O —

SITE S

General
Tire Variable

Vehicle Model Variables

Front Tires

Middle Tires

Rear Tires

F
y

Fyz

sz

FVZ

Fr2
M

2

w2

Fsy3

st3

Fo3/2

Fra/z

w3

Fsy4

st4

Foa/2

Frne/2
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Direction of Motion

.

Figure B-l,

Hull Weight - M, g

Front Suspension Forces - sz.

Bogie Connection Forces - Fx34'

Frame Stop Forces - Ff‘. an

Freebody Diagram of Huil
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The factor of 2 in the above equations appears because identical forces
a2ct on the right and left side of the vehicle, and the forces shown in
Figure B-1 (except the weight) are for one side only.

B2 Bogie

The bogle is pivoted to the hull, so that it can rotate relative
to the hull, The bogie-hull connection is considered to be a frictionless
pin-joint, transmitting only forces and no torques,

The bogie mass and inertia includes those of the leaf springs
and pivot. The middle and rear axle masses are included in the
unsprung mass, and not in the bogie mass.

The freebody diagram (inertial reference frame) of the bogie is
shown in Figure B-2.

The variables which define the bogie position are the vertical
displacement of the bogie CG measured from the initial equilibrium

condition, (Yb). and the bogie pitch angle (¢p). The equations of motion
for vertical mctions and rotation about the CG ure

My, :Y-b Mgt (Fny3 * Fny‘i B Fy34) (3)

L ¢ =2(F'y4acou¢+F.x4alin¢+Fy34Sblinqb-

Fo34 S, cos ¢ - F.y3 a2 cos ¢p-F__,a #in ¢) 4)
From a horizontal force balsnce,

Fx34 - le3 * Fax4 (5)
Because the bogie pivot is attached to the hull, the bogie CG

accelaration (:&;b) can be expressed in terms of Yo‘ ©® and ¢ From
Figure B-3,
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Y, =Y, +L, sin © (GG +S34) (1 - cos 9) t S (I - cos ¢) (6)

Differeatiating Equation (6) twice

Y =§°+L3(-ézain®+6 cos ©)

b
+ (S34 + GG) (6% cos» © + © sin ©)
+ 5 (d)z cos ¢ + ¢ sin ¢) . (7)

The bogie force Fy34 cen be determined by solving Equations (1) to (4)
along with Equation (7) simultaneously., This gives

(zxn . XA  2XG:-XC _ 2XH. XF _ n)
M, My, N L
Fy34 ] - (8)
(ZXG-XB s GXHXE 2 . 2 )
L L My M,
where
XA =-th+2(F¥z+Ffl+Fb.)
XB : Lg cos @+ (834 + GG) sin ©
XC = Fy, [(L3 - §;,) cos © + GG sin e] + Fy,

[(L; +8,,) cos © + GG sin 8] - F_y, [(8,4 + GG) cos ©
- Ly sin ©] - F, (L, cos € - GG sin O) - F,

(L2 ain © + GG cos ©)
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XG LC08®+S3401119+GG11!19

3

2

S, ein ¢

X1 =-L3ézsin®+834(:32coa®+sb'¢zcos¢

+GGézc056

B-3 The Suspension

There are two pairs of leaf springs connecting the chassis to the
axles. The front pair support the front axle, and along with shock
absorbers form the front suspension. 7The rear leaf springs support the
middle and the rear axles and form the middle and the rear suspensions.
There are no shock absorbers in the middle and rear suspeunsions. The
suspension spring and damping characteristics are shown in Figure 4.

B-3.1 The Front Suspension

The front suspension, shown schematically in Figure B-4,
consists of the leaf apring, modelled as a linear spring with slastic
stops in parallel with dry friction damping, and a shock absorber. The
forces on the suspension are as follows;

Fop* Fp + F

et ¥ Tuav stop 2

(9)
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where

where

where

sz- spring shiifness force

- Y

+ YwZ a2

Yspz - equilibrium suspeasion displacement

. Mg L,

YapZ' 2K, (L, +L;)

szf -dry friction force

5
] (2)
Fror ° Fres Ko | Yo - Y, E
2

i
1
'

Flaf -dry friction factor

(assumed to be 0.05)

R e

YBZ= Yo-chosG ©

Fva' shock absorber force

F'va By &

B = B

2v for 6 > 0

2vj 2

= B, for b, <0

2vr 2
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i

F stop force

stop 2

f
g \ (
1 ‘ (YWZ - Y - 'InZ) nKz‘ Yoz ~ Y2 2 Tn2
¥ -
\° (YBZ - Y2 - RbZ) nKZ’ le - Yg2 2 Rb,

: : It should be noted that the dry friction force given by Equation (14)
: : is approximate; a more advanced model requires simultzneous solution
of several equations and has not been included in this initial formulation,

B-3.,2 The Middle and Rear Suspensions

The middle and rear suspensions, formed by the bogie leai
springs are identical. Figure B-5 shows the schematic diagram of these

i
é suspensions,
;‘
; For the middle suspension, the forces are
i :
E Fsys Ial.:3 + Fb3£ * F:n-.cop 3 (19)
g Fk3-8pring stiffness force
!
ii Fk3 = K3 53 (20)
l .
| % where 6, = Y.p3 + Yw3 - Y., (21)
4 §
P
. Yup3' equilibrium suspension displacement
) i }f! 8 L, ﬁ g
‘ ! Yop3 = ’ iLz + i]3$ + 4 ) 1/K3 (22)

it gy > ST
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Yb=Y°+L3ain®+Ss4(1-con9)+8b(1-cos¢)

Fb3£" dry friction force
@)
Fb3£ * Fras K3 |Yya - Ya3l W
where '63 = irwa - ';{.3
:YsB -S‘Eb -acos¢;p
:fb H'.Yo +L3 cos@é)
+S34uin®é)+sbsin¢;b
Fntop 3" stop force
(Y3 = Vg3 = Tm3) nKyy Yo, - Y32 I,
Fytop 3 0 - Rby < Y4 - Y 5 < Jn,
- (Yg3 = Yy3 = Rbg)  aRyy Y 4 - Yo, > Rb,

Similarly for the rear suspe .sion, the forces are

+ F

sy4 k4 b4f stop 4
Fra = X3 &
64 % Yopu ¥ Yyu - Yy
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Yopa * [’4%‘;+ Lz_,‘) * Mg : } 1/K, (33)
Y4 =¥y tasing (34)
Fuas * Fras K3 | Yuu = Yool 8475, (35)
R SR 9 (36)
';'.4 ='§‘b ~i.-a.co-¢:p ‘ (37)
(Ywé R PV 333) I11{3‘ Ywe ~ Ygq 2 Juy

F‘top 4" 0 -Rby < Y ., -Y_ < Jn, (38)

3) 3 3

B-4 The Unsprung Mags

The front unsprung mass (each side) consists of the mase of half
the axie and one froat tire, while the middle and the rear unasprung mass
(each side) consist of the mass of half the axle and two tires (because
the rear axles have dual tirec),

B-4.1 Front Unsprung Mass

The free body diagram of the front unsprung mass is
shown in Figure B-6(a)., The equationa of motion in the vertical and
horizontal directions are

My ¥ p " -M, g+ F,-F, (39)

Fo, = Fyp {40)
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(b) Middle and Rear Unsprung Mase
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Acceleration terms are absent in Equation (40) because constant forward
velocity has been assumed,

B-4,2 Middle and Rear Unsprung Mass

The free body diagram of the middle and rear unsprung miass

is shown in Figure B-6(b),

The equations for the middle unaprung miass are:

My Y3 2 -Mzgt F,y- FoyS - Ty

F

sx3 * F

h3

Similarly the eguations for the rear unsprung mass are

Mg Yoq* Mg+ F-Fo-Fy,

F

sxid * F

h4

Stop forces F, and Fy, are determined as follows:

Gy, = S, (O-¢)+ Stulp - 84
Gf = Sf. (©-¢) + Stslp -03
then

Fea= 0 G, >0
= 'Kntop Gg Ky 0¢G;<hy
* atop (G£+h ) Kg + Katop Ky hl Gg > hl

Fbl = 0 Gb> 0
= 'Kltop Gy, Ky 0¢ Gy € h,

ltop (Gb+h ) Ky + Kutop Ky hl Gy> hu
Where K is the stop stiffnesa factor for bogle-step

stop
and hntop is the stop stiffness factor for bogie-hull
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VEHICLE RESPONSE PLOTS

A complete sot of PSDs of vehicle response obtained from the
.| M-809 truck simulation are shown in Figures C-l1 to C-10, The
5 i following symbois are keyed to the various curves.

L e e b ¢ 2 e T

|
z ; Square Point Contact Tire Model
I Circle Rigid Tread Band Tire Model
{ | Triangle Fixed Footprint Tire Model
Croas Adaptive Footprint Tire Model

e LB DT

Power Spectral Densities of Vehicle Force, Motion and

Acceleration for M-809 ‘Truck (Speed - 18 mph, Terrain Roughness - 1"rmas)

Cg Acceleration C-1

Front Axle Acceleration C-2
. Rear Axle Acceleration C-3
{ Front Arle Displacement C-4
1 Middle A<le Displacement C-5
"'! Resr Axle Digplacenient C-6
| E Vertical Tire Force (Front) C-7
“; , Vertical Tire Force (Rear) C-8
S Fore-and-aft Tire Force (Front) C-9
i Fore-and-aft Tire Force (Rear) c.l0
i
: !
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CG ACCLN

©. Point Contact Tire Model
-_g. Rigid Tread Band Tire Model
: Fixed Footprint Tire Model
o ] " Adaptive Footprint Tire Model
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Figure C-1, Simulated Response - CG Acceleration
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FRONT AXLE ACCLN

‘o QO Poiat Contact Tire Model

O Rigid Tread Band Tire Model
{\ Fixed Footprint Tire Model

<+ Adaptive Footprint Tire Model

1
)

1ot

¢ 2 = ; =y

PSD (FT°/SECt/RAD)
10°
. s el

10”

IR BRI

Frequency, hs

! ;
E_D. _l—ﬁ 7 v—rﬁﬂw|c A\ L] 11ttrrl YT ™M J
10 10 10 )
REDUCED FREQUENCY - RAD/FT
Figure C-2. Simulated Response - Froat Wheel Acceleration
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Figure C-3., Simulated Response - Roear Wheal Acceleration
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{\ Fixed Footprint Tire Modol
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Figure C-4. Simulated Response - Front Wheel Displucement
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Frequency, hsz

Poiat Contact Tire Model
Rigid Tread Band Tire Model
Fixed Footprint Tire Model
Adaptive Footpriant Tire Model
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Figure C-6. Simulated Response - Rear Wheel Displacement
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. FRONT TIRE FORCE (verticav) ,
| i
b ‘© O Point Contact Tire Model I
! O Rigid Tread Band Tire Model ‘
. : A Fixed Footprint Tire Model
3 ~ 4+ Adaptive Footprint Tire Model
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Figuve C-7. Simulated Response - Vertical Tire Force (Front)
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Figure C-8, Simulated Response - Vertical Tire Force (Rear)
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Recorded simulation control scheme described in this report is a
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A tarrain-tire-vehicle model nsoded to simulate vehicle motion i

developed. The vehicle sclected for the model is a typical throe axle

military txuck, The tires are represented by any of these independently

daveloped modals: point contact model, rigid tread band model, fixed

4 footprint model and adeptive footprint model, A comparison of the analytical
. and the field teat rosults demonstrates that the vehicle motion is sdequately

siznuiated, particularly whea the adaptive footprint or the fixed footprint

tire model is employed.

The coutrol system developed for storing the axle displacement records
{1 and playing them back incorporates a minicomputer, disc memory and input.
; output peripherals. Spectral densities of tha shaker input signals generated

. <
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by the cantrol system agree well with those obtained from the test results,
thexreoby verifying ability of the recorded simulstion control scheme,
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