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Abstract

Directional Dynamic Analysis of an Articulated Vehicle with
Articulation Dampers and Forced-Steering

Rama Krishna Vallurupalli

Articulated vehicles are known to exhibit appreciable yaw oscillations dur-
ing high-specd dircctional mancuvers, Excessive vehicle off-tracking of multiple axie
semitrailers causes rapid tire wear and poor maneuverability at low speeds. The con-
cepts in articulation damping and forced-steering of the semitrailer axles are investigated
lo achieve improved low speed maneuverability as well as high speed directional con-
trol performance of the vehicle. The concept of a damped articulation mechanism is
introduced and its potential benefits in limiting the yaw and lateral oscillations of semi-
trailer are investigated. Different force-steering algorithms are formulated to achieve
both improved low- and medium-speed manocuvrability and high-speed directional con-
trol performance. A nonlincar yaw plane model of an articulated vehicle with a multiple
axles semitrailer comprising two articulation dampers and forced-steering of a semitrailer
axle is formulated. The cornering forces and aligning moments of a radial truck tire
are characterized by a nonlinear function in normal load, side-slip angle and pneumatic
trail. The damping forces and moments acting on the sprung masses due to the articu-
lation dampers are derived from the kinematic and dynamic analysis of the articulation
mechanism. The equations of motion of the vehicle are solved for typic.' low-speed
cornering and high-speed lanc-change and evasive maneuvers. A parametric study is
performed to establish the influence of articulation damping coefficients on the magni-
tude of lateral and yaw oscillations of the semitrailer. The result of the study show

that the yaw and lateral oscillations encountered during high speed directional maneuvers
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can be significantly reduced by the articulation dampers. The low- and medium-speed
manoeuvrability and high-speed directional dynamics of the vehicle are further inves-
tigated using forced-steering of a semitrailer axle, assuming proportional control and
negligible generator dynamics. The results are discussed to highlight the influence of
the location of the forced-steering axle, feedback variables and control gains. The study
showed that a forced-steering algorithm based on articulation angle and speed sensitive
articulation angle offers considerable potentials in rcalizing both the improved low speed

manceuvrability and high-speed directional control performance.
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Chapter 1

Introduction

1.1 General

For reasons of economy, transport industry has indicated a continuing interest in increas-
ing the sizes and load camrying capacities of freight vehicles. The gross weight and
dimensions of these vehicles have been considerably relaxed during the past few years.
The use of multiple axle semitrailers has been increasing steadily to carry heavier loads.
The population of articulated vehicles with semitrailers with four-, five- or six-axles has
grown considerably, specifically in Quebec and Ontario. It has been established that
handling and directional control characteristics of articulated freight and passenger vehi-
cles are adversely influenced by the increased weights and dimensions. The increases in
weight, dimensions, wheel bases, center of gravity height have contributed to poor yaw
and roll stability limits of these vehicles. The lateral and yaw motions associated with
side-sway of the articulated vehicles, during a directional maneuver, specifically pose a

severe threat to the highway safety due to excessively high inertia of the heavy vehicle.

Articulated vehicles equipped with multiple-axle semitrailer and steering at the

tractor’s front axle yield excessive swept path and off-tracking during a turning maneuver.



The excessive off-tracking of these vehicles causes rapid tire scrub and wear, poor fuel

economy, and increased fatigue of suspension and axle components.

The semitrailers with multiple widespread axles are frequently equipped with ci-
ther one or two drop axles. The drop axles, when raised during turns, provide reduced
off-tracking, tire wear rate and transverse stresses on the chassis and improved maneuver-
ability limits. The increased loads on the remaining axles on the ground, however, cause
excessive road damage, which increases exponentially with the increased axle loads. Fur-
thermore, when the axles are raised, the lateral and roll stability limits of the vehicle are

affected in an adverse manner.

Alternatively, self-steering axles are increasingly being employed to improve the
maneuverability limits of articulated (freight and passenger transport) vehicles. While the
self-steering axles provide improved maneuverability and eliminate the excessive road
damage caused by drop axle semitrailers, considerably lower lateral comering forces
generated by these axles affect the directional stability and control in an adverse manner.
The concerns over highway safety, high tirc wear, high suspension and chassis stresses,
and poor stability and mancuverability limits of these vehicle have all contributed to
a strong desire to seek vehicles configuration, components and sub-system, and safer
operating practices that will lead to improved directional control and maneuverability.
Concepts in muliiple-steerable axles, which are increasingly being used in passenger cars,

have been proposed for heavy vehicles to achieve improved manoeuvrability limits and

reduced tire scrub.

In this dissertation two different concepts are investigated to explore the potential
improvements in yaw and lateral directional control characteristics, and maneuverahility
limits, respectively. The concept of damped articulated mechanism is introduced and its
potential benefits in limiting the yaw and lateral motion of the semitrailer are investigated.

The concept of forced-steering at the multiple-axle semitrailer is investigated to achicve



improved mancuverability and stability limits.

1.2 Review of Previous Investigations

The handling, directional control and stability characteristics of heavy trucks and articu-
lated vehicles have been extensively investigated during past two decades. The studies on
lateral dynamics of articulated vehicles have been thoroughly reviewed by Vik [1]. This
review concluded that only few investigations have focused on the directional dynamics
of such vehicles. In view of the changing weights and dimensions, and safety risks posed
by accidents involving such vehicles, numerous analytical and experimental studies have
been conducted to demonstrate the influence of weights and dimensions on the stability
and control characteristics. The relevant literature on directional dynamics of articulated

freight and passenger vehicles is briefly reviewed in the following sections.

1.2.1 Directional Dynamics of Heavy Vehicles

The directional dynamics of heavy vehicles are investigated to establish the handling,
dircctional control and directional stability characteristics of vehicles under steady and
transient steering maneuvers. Between the application of steering input and the attainment
of steady state motion, the vehicle is in a transient state. The behavior of the vehicle
in this period is usually referred to as transient response characteristics. The overall
handling qualities of a vehicle depend, to a great exten}, on its transient behavior. In
analyzing the transient response, the inertia properties of the vehicle must be taken into
consideration. During a turning maneuver, the vehicle is in translation as well as in
rotation. Steady state handling performance is concemned with the directional behavior of
a vehicle during a turn under non-time varying conditions. In the analysis of steady-state

handling behaviour, the inertia properties of the vehicle are not considered.



The earliest documented research on directional dynamics of truck-trailer vehicles
was performed by Huber and Dietz [2], and Dietz [3.4]. The experimental study was
specially concerned with the lateral stability of straight-running vehicle configurations
with two-axle towbar trailers equipped with either turnable or Ackerman steering. The
investigation involved testing of scale mode! trailers, constrained laterally, moving on
an endless moving belt. The study concluded that the trailer yaw oscillations could be
most effectively suppressed by introducing viscous damping within the tumtable. While
the Coulomb damping within the turntable was observed to be some what undesirable,
the Coulomb damping applied at the hitch was considered quite favourable, This ex-
perimental study was followed by a complementary theoretical effort by Ziegler [5,6].
by considering the tirc forces similar to the Coulomb damping. The directional stability
of truck-trailer vehicles, investigated by Laurien {7], also concluded that the trailer yaw
oscillations could be most effectively suppressed by the introduction of coulomb damping
at the hitch and at the trailer steering mechanism. The trailer with Ackerman sieering

was observed to be more prone to lateral oscillations than the trailer with turntable (dolly)

sleering.

Paslay and Slibar [8) investigated theoretically the yaw oscillations of a two axle
trailer with wrntable steering, assuming two degrees-of-freedom motion: yaw angle of
drawbar and yaw angle of the trailer body. The study was the first to consider the influence
of sideslip on the cornering forces. The characteristic equation was solved to determinc
the undamped natural frequencies of a two-axle drawbar trailer. The experimental and
analytical studies conducted by Zakin [9,10,11] on one- and two-axle towbar trailers
concluded that the lateral oscillations of the trailer may be reduced by increasing the
wheelbase and the towbar length. An analog computer model of a two-axle turntable
trailer incorporating turntable Coulomb friction was developed by Morozov et al. [12)
for theoretical investigations of the lateral dynamics. The trailer was modeled as a double

pendulum, and the influence of friction moment at the turntable, the position of the center



of gravily, and the latcral play within the hitch on the lateral oscillations was investigated.
The influence of tire cornering forces, wheelbase of the trailer, and overall trailer length
on the yaw oscillations was further investigated by Meyer [13], using a two-degrees-
of-freedom vehicle model. The coupling between the dynamics of truck and the trailer,

however, was neglected in all the above studies.

The interdependence between truck and trailer motions was investigated by Schimid
[14] and Jindra [15]. From the analog computer simulation of the coupled truck-trailer
model, Jindra concluded that the yaw oscillations of the trailers increase with an increase
in the yaw moment of inertia of the trailer body. Increased viscous damping at the hitch
or the turntable, drawbar length and trailer wheelbase resulted in reduced yaw oscilla-
tions. Gerlach [16] analyzed a similar mathematical model incorporating turntable offset,
coulomb and/or viscous damping at the hitch and the turntable. The results of the study
established that a truck-trailer combination with high cornering stiffness of tires, either
coulomb or viscous damping at the hitch, long drawbar and the turntable center located
ahead of the dolly axle, lead to good dynamic stability. While the viscous damping at the
turntable resulted in lower yaw oscillations, the coulomb damping resulted in continuous

undamped yaw oscillations of the trailer.

A vehicle dynamics simulation program was developed by Nordstrom et al. [17]
at the National Swedish Road and Traffic Research Institute. Several full-scale field tests
were performed to validate the simulation program and to evaluate proposed test methods.
The results of the simulation programs correlated quite well with those derived from the

tests (Nordstrom and Strandberg [18]).

A comprehensive digital computer program was further developed to simulate
for directional dynamics of combinations incorporating vehicles up to three articulations,
a maximum of nine axles, driving or braking forces, lateral load transfer, etc. The

eight degrec-of-freedom analytical model was developed assuming fixed roll axles, linear



springs, negligible interaction between lateral and longitudinal tire forces, negligible pitch
and longitudinal load transfer [19]. Based upon the simulation results for a lane change
directional maneuver, it was concluded that a satisfactory lane change behaviour can be
achieved by long trailer wheel base, low normal load on the tires, short distance between
the truck rear axle and the tow pin, and roll understeer on the trailer rear axle. A longer

drawbar, however, resulted in large amplitude lateral oscillations.

Bakhmutskii and Gineburg [20] have investigated the directional response char-
acteristics through road tests performed with various vehicle combinations and drivers.
The handling characteristics of the vehicle and the driver-vehicle systems were derived
from the test data. The tests were performed to step steer and lane-change mancuvers. A

linear four degrees-of-freedom mathematical model was used for the theoretical analysis.

Mallikarjunarao and Fancher [21] developed a lincar analytical model to study
the directional response and stability of tractor-semitrailer combinations with multi-axled
and multi-articulated tanker trucks, while neglected the roll dynamics. An eigen value
analysis was performed to determine the natural modes of oscillation and the directional
stability limits of the vehicle. The study concluded that the lateral acceleration of the
pub trailer of the Michigan double tanker is significantly larger when compared to that
attained by the tractor, during the obstacle-avoidance mancuver performed at highway
speeds. This rearward amplification of lateral acceleration was considerably reduced by

increasing the rigidity of the pintle hook connection.

Vik [1,22] indicated that while many studies have described the development
of various computer simulations models to analyze the lateral dynamics of articulaled
vehicles, there exist relatively few published studies on comparison of these models.
Further, the in-plane vehicle models discussed above assume linear tire cornering forces.
The influence of size and weight variables on the stability and control of heavy trucks

and tractor-trailer combinations was examined by Ervin et al. (23], using computer



simulations. The computer simulation studies were validated through a limited number
of ficld tests. These models clearly predicted the periodic yaw response of the trailer
about its equilibrium, but did not yield information about aperiodic trailer swing and

jackknife due to lack of a bounded and nonlinear tire model.

The research efforts, in the recent years, have been directed towards development
of increasingly sophisticated computer simulation models to handle complex tire mod-
els. Since the directional dynamics of a vehicle combination is strongly related to the
forces gencrated at the tire-road interface, nonlinear tire models have been used in the
lateral stability analysis of heavy vehicles subject to braking and steering maneuvers [24].
Susemih} and Kranter [25] developed a nonlinear vehicle model allowing the evaluation

of current design features, such as fifth wheel reactions and automatic anti-lock system.

A comprehensive three-dimensional vehicle model, referred to as the "Phase IV!
model”, was developed by UMTRI [26], to simulate the directional dynamics of heavy
vehicle combinations subject to braking and steering maneuvers. The model is capable
of simulating the directional dynamics of trucks, tractor-semitrailers, doubles and triples.
The mathematical model incorporates up to 71 degrees-of-freedom depending upon the
vehicle configuration. The nonlinear tire forces, and force-deflection characteristics of
the suspension are incorporated using a lock-up table. The simulation program may be
operated either for an open-loop (known steering input) or a closed loop (known path)

steering maneuvers on roads of specified grade or cross-grade.

Gindy and Wong [27] performed a comparative study of different simulation
packages of different levels of complexities developed for directional response analysis

of commercial articulated vehicles. The study focussed on four simulation models: the

"“The Phase 4 model is a time-domain mathematical simulation of a truck/tractor, a semitrailer, and
up to two full trailers. It represents UMTRI's latest thinking in computer modelling of the braking and
steering response of commonly used commercial vehicles. This model incorporates up to 71 degrees of
freedom.



linear yaw plane model; the TBS? total braking and steering model [28]; the yaw/roll
model; and the Phase IV model, developed by UMTRI [26]. The study concluded that
more sophisticated simulation model, such as the Phasc IV model, does not necessarily
yield more accurate predictions in quantitative terms than the simpler models, such as
the TBS or the linear yaw plane model. The transient steering response characteristics
of a tractor-semitrailer in a lane-change mancuver, analyzed using the four simulation
programs, were observed to be qualitatively similar. A comparison of the simulation
results with the measured data available revealed that the more sophisticated Phase 1V
model does not necessarily yield more accurate transient response than the simpler TBS

and linear yaw planc models.

1.2.2 Dynamics of Multiple-Axle Semitrailers

Multi-axle trailers are increasingly being used (o carry maximum permissible loads. The
axles of these trailers are spaced so that they distributc the load evenly on roadways and
bridge roads. The directional dynamics of vehicle combinations with multiple axle trailers
is strongly influenced by the number and spacing of the axles. Gillespic and Winkler
[29] investigated the cornering performance of heavy trucks incorporating multiple non-
steering rear axles and dual tires. The cornering performance evaluated in the lincar
regime was compared 1o that of a conventional two-axle vehicle. The study concluded
that the multiple axles generate a moment that resists turning. These vehicles thus require
larger steering angles 10 negotiate a turn, than the conventional two-axle vehicles. The
effective wheelbase of multiple axle vehicles is considerably larger than the geometric
wheel base. The curvature gain of a three-axle vehicle was observed to be 10-20 %
lower than that of the two-axle vehicle. Vehicles with more axles exhibit much greater

reductions in the curvature gain.

2TBS is a simplified non-linear mathematical model, originally formulated by Leucht. It is similar to
the yaw plane model, but with non-linear tire model and dynamic load transfers.



Fancher [30] investigated the influence of multiple axles and articulation points of
heavy truck combinations on the directional dynamics and performance characteristics.
The performance characteristics of these vehicles were evaluated in terms of steady turn-
ing, directional stability, forced response in obstacle avoidance maneuvers, and handling
qualitics. A handling equation was derived to analyze the steady turing performance of
vehicles with multiple axles. The study revealed that the vehicles with multiple-axle
full-trailers yield large rearward amplification, which must be appropriately considered

in evaluating the safety qualities of these vehicles.

The multiple-axle vehicles, not only affect the high speed directional dynamics
but also the low speed maneuverability. Non-steerable additional axles in a vehicle
combination yield increased off-tracking, larger swept path, rapid tire wear, and increased
stresses in axle components and the chassis [31]. The maneuverability limits of these
vehicles, specifically in tight turns, are adversely influenced by additional axles. The
steady-state off-tracking and the swept path of articulated vehicles with multiple and
non-steered axles have been investigated by Woodrooffe [32] and Sweatman [33]. The
multiple-axle vehicles cause increased side-slip angles at the trailer axles and thus the

rapid tire wear during turning maneuvers.

Since the regulations permit higher load limits for vehicles with wide spread
multiple axles, the trailers are frequently designed with widespread axles, which lead
to reduced manoeuvrability limits. Semitrailers with widespread axles are, therefore,
equipped with either one or two drop axles. The drop axles, when raised, make the vehicle
combination easier to maneuver during turns, while reducing the transverse stresses on the
chassis, The raised axles, however, overload the remaining axles on the ground resulting
in excessive road damage. Various studies have established that the road damage increases
exponentially with the increased axle loads [34]. Furthermore, the lateral stability of the
vehicle is adversely affected, when the axles are raised, due to reduced comering forces.

Self- and forced-steering axles have been proposed to eliminate the overloading of some

9



of the trailer axles, and to improve the mancuverability limits of multiple-axle articulated

vehicles.

1.2.3 Self- and Forced-steering Axles

There is a lack of technical information describing the influence of self-steering on vehicle
performance since the self-steering axles have evolved from the principle of “design
precedent”, that is, it has been developed in the field without the benefit of analytical
studies focusing on the detailed mechanics and dynamics of the axle and its effect on
vehicle behavior. Self-steering axle may be a fixed axle mounted on a turntable, or
a steering axle with a tilied kingpin installed as a supplementary axle without being
connected to the steering system. These self-steering axles are equipped with a self-
centering mechanism to ensure vehicle stability when unequal forces are applied to two
sides of the axle by the road obstacles or by braking on an uneven ground, The influence
of self-steering axle design parameters on the stcady-state handling behavior of various
vehicle configurations is examined, by neglecting the coulomb friction and lincarizing
the comering characteristics of the self-stcering axie. The principles of self-steering
axles and an analysis of the forces developed has been discussed by Leblanc et al. [35].
A study conducted by Woodrooffe et al. [36] concluded that the self-steering system
must generate a minimum lateral force of 25% of the rated axle load and a minimum
longitudinal force of 10% at the same axle load. The minimum force requirement must
be attained within 1 degree of steer. The angular displacement over which the minimum

force requirement must be maintained is 15 degrees.

Ina study conducted by the Ministry of Transportation of Ontario {37], there was
virtually no difference between the regular three-axie configuration and the one with a
tandem axle and a self-steering belly-axle. The low acceleration level during the test

was probably insufficient to activate the self-steering mechanism. At higher speeds,
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it is expected 10 react with characteristics between those of the two- and three-axle
configurations. It was also shown that the self-steering axle in the forward location results
in offtracking similar to that of the two-axle configuration. Although the offiracking was
observed to be worse than that of the fixed axle vehicle, the tire scrub was virally
eliminated. Billing et al [38] reported that there is little experience with self-steering axles
on semitrailers at this time. This was one of the reasons why they were not recommended
by the CCMTA/RTAC? Vehicle Weights and Dimensions Study. Two self-steering axles
would add considerable mechanical and dynamic complexity to these vehicles. While a
development and demonstration program of reasonable duration might address concerns
for single self-stecring axles, two self-steering axles are considered an inappropriate risk

at this time,

The self-steering axles, however, provide little or no lateral cornering force lead-
ing to poor directional stability and control performance. It is thus necessary to gen-
erate sufficient comering forces for the total vehicle weight. Alternatively, concepts of
forced-steering axles have been proposed to achieve improved maneuverability limits of
articulated freight and passenger transport vehicles. The forced-steering axles are steered
through either the mechanical linkages or hydraulic actuators in certain proportion to the
tractor’'s front axle angle or articulation angle. Forced-steering axles, employing me-
chanical linkages between the articulation mechanism and the axle, have been used in
articulated buses to achieve reduced tire wear and offtracking, and improved maneuver-

ability at low speeds [39].

Vik [40] proposed the control coneepts for forced-steering axles for articulated
buses. A linear yaw-plane model was developed to study the directional response of
articulated buses with forced -steering axle to a step steer input. The forced-steering
was introduced at the trailing axle of second unit, and the steer angle was generated as

a proportional function of articulation angle between the front and rear sections of the

3Road and Transport Association of Canada
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articulated bus. A comprehensive parametric study was carried out to study the influence
of various vehicle design parameters, such as masses of the front and rear sections,

turntable viscous damping constant, centre of gravity location of front and rear sections,

forward speed, etc.

Aurell et al. [41] studied the influence of steered axles on the dynamic stability
of different vehicle configurations. The influence of the location of the steered axles and
the steering principle on the dynamics stability was investigated. Self- or forced-steercd
axles were used to apply the steer-angle of the rear axle in the linear and non-lincar
models. The study concludes that, the steered axles can be located either in front or
behind the fixed axle of the trailer. The forced steering did not influence the dynamic
stability limits of single trucks. The self-stecring axle, when located as the rcar most
axle, resulted in directional instabilities. Better directional performance was achieved

when the self-steering was incorporated to the leading axle of the trailer.

Sankar et al [42] investigaicd the dynamic characteristics of a self-steering axle in-
tegrated to a three-dimensional nonlinear directional dynamic model of the vehicle. They
also developed two forced-steering algorithms relating the vehicle speed and response
quantities to the angle of the wheels of the stecrable axle, and integrated to the non-
linear directional dynamic model of the vehicle. Computer simulations were performed
to determine the directional response characteristics of a tractor-semitrailer with self-and
force-steering axles for low as well as high speed maneuvers. The directional response
characteristics of the vehicles with self- and forced-steering axles were discussed in view
of the self-steering parameters and forced-steering gains, and compared to those of the
vehicle with conventional axles. The study concluded that the low-speed maneuverabil-
ity and the dynamic directional performance of the vehicle is strongly influenced by the

steerable axle location, and its static and dynamic properties.
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1.3 Scope and Layout of the Thesis

From the literature review, it is evident that while extensive efforts have been mounted to
improve directional stability of articulated vehicles, the directional control and maneuver-
ability characteristics of multiple-axle vehicles remain the subject of concern. Although
earlier studies have described the significance of articulation damping in reducing yaw and
lateral oscillations of the trailers, the comprehensive vehicle dynamics analysis programs
developed during the past decade place very limited emphasis on articulation damping.
The primary objectives of this dissertation research are thus formulated to investigated the
directional control and manoeuvrability performance potentials of articulation damping
and forced-steering axles for articulaied vehicles. The detailed objectives of the study

arc:

1. To develop the analytical models of an articulated vehicle with articulation damping

and forced-steering.

2. To formulate the nonlinear tire lateral force model to be integrated to the vehicle

model.
3. To formulate different control concepts for forced-steering axles.

4. To investigate the yaw and lateral dynamics of the vehicle, as influenced by the

articulation damping and forced-steering axles.

Nonlinear yaw-plane model of an articulated vehicle incorporating nonlinear cor-
nering forces of the tires and kinematics and dynamics of the articulation dampers is
developed in chapter 2. The nonlinear lateral forces due to tires are represented as a
function of the normal load and side-slip angles. Different control schemes relating the

steer angle of the forced-steering axle to the tractor’s front wheel steer angle, forward

13



speed and vehicle response quantitics, are formulated. An articulated vehicle with mul-

tiple axle semitrailer equipped with forced-steering axle is analytically modeled.

The directional dynamics responsc characteristics of the articulated vehicle with
articulation damping and forced-steering are evaluated for low and medium-speed turning
maneuvers, and highway speed lane change maneuvers. The results of the study are
presented and discussed in chapter 3 and 4. The directional control characteristics arc
presented in terms of vehicle path, lateral acceleration, lateral velocity and yaw-response
of the vehicle. The manoeuvrability limits of the vehicle are characterized in terms
of tire side-slip angles, vehicle off-tracking and vehicle path. The directional response
characteristics of the vehicle model with articulated damping and forced-steering axle are

compared to those of a conventional vehicle model, and the relative performance benefits

are discussed.

The conclusions drawn from the study are summarized in chapter 5, and recom-
mendations for future studies on damping mechanism and control schemes for foreed-

steering angle generation arc proposed.
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Chapter 2

Development of Analytical Models

2.1 General

Numecrous in-plane and three-dimensional models of varying complexities have been
developed and analyzed to determine the yaw, lateral and roll directional dynamics of
heavy vchicles. The analytical models vary from simple linear yaw-plane model to the
sophisticated 71 degrees-of-freedom Phase IV model [26,44]). Vehicle dynamics simu-
lation programs have been developed to evaluate the directional response characteristics
of heavy trucks and truck-trailer combinations subject to steering and braking inputs. A
comparative study of some of the simulation programs revealed that more sophisticated
models do not necessary yield more precise simulation of vehicle motions. Further more,
the complex simulation models, such as yaw/roll and phase IV models require extensive
input data and computer time. A simpler yaw-plane model can thus be used to effectively
determine the yaw and lateral directional dynamics of heavy vehicles, while neglecting
roll dynamics and the influence of suspension forces. Linear yaw-plane models have been
extensively used to study the handling and directional control characteristics of heavy

vehicles.
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While the yaw-plane models, incorporating lincar cornering propertics of tires,
provide a reasonable estimation of periodic yaw response, the aperiodic response char-
acteristics cannot be accurately estimated due to lack of bounded and nonlinear tire
forces. Furthermore the lateral forces developed by current designs of radial truck tires
are strongly related to normal loads and side-slip angles. The measured tire data, reported
in the literature, suggest that the relationship between the tire lateral forces, normal loads

and side-slip angles are strongly nonlinear.

A nonlinear yaw-plane model is thus derived in this study to investigate the
directional dynamics of articulated vehicles with damped articulation and forced-steering
axles. The analytical models are initially derived for conventional vehicles assuming
linear tire cornering characteristics. The measured tire data is analyzed to derive a
nonlinear function relating the cornering force, normal load and side-slip angle, which is

then integrated to the yaw-plane vehicle model.

2.2 Linear Yaw-Plane model of an Articulated Vehicle with
Damped Articulation

Linear yaw-plane analysis of a vehicle is performed 10 determine the lateral and yaw
motions of the vehicle, while assuming negligible pitch and roll. The dynamics of
the steering mechanism are neglected, since the natural frequency of the wheel masses,
constrained by the steering stiffness and aligning stiffness of tires, is considerably higher
than the frequency of yaw motion. The dynamics due to the suspension is also neglected

in the yaw-plane analysis.

The damping within a conventional fifth wheel coupling is considered negligible
in the yaw-plane analysis. Many studies conducted in the 50°s and 60's have bricily

described the significance of Coulombs and Viscous damping within the hitch and towbar
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in reducing the yaw oscillations [2-7). The study carried out by Rakheja et al.[43] and
Sircteanu [47] demonstrated that higher damping is needed at higher velocities to retain
latcral stability of the vehicles. The conventional fifth wheel couplings provide damping
due to coulomb friction only between the fifth wheel plates. Additional dampers have
been recently introduced at the articulation of an articulated bus to reduce the lateral
vibrations transmitted to the passengers [39]. While no analysis have been performed,
the additional dampers are observed to reduce the transmission of lateral jerk to the
passenger’s neck [40]. A damping mechanism, similar to the one used in articulation

buses, may be employed to realized articulation damping of freight vehicles.

The damping mechanism comprises two dampers installed near the articulation
between the tractor and the semitrailer, as shown in Figure 2.1, The damping forces
and moments imposed on the tractor and semitrailer vnits are related to the kinematics
of the damper links, damping coefficients, and dynamic response of the two units. The
damping forces incorporating geomeltric nonlinearities due to damper links are derived
and integrated to the yaw-plane model of the tractor-semitrailer vehicle incorporating
lincar comering properties of tires. The equations of motion for the vehicle model are

derived subject to following assumptions [44].

1. The vehicle is assumed to move on a horizontal surface with uniform friction

characteristics at constant forward velocity.
2. The variations in longitudinal tire forces are considered negligible.

3. All joints are frictionless and articulation takes place about the vertical axis. The
tractor and semitrailer units are free to yaw relative to each other, while the motion
of two units are constrained along the lateral and longitudinal directions at the

articulation point.
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4. The comering forces and aligning moments generated at the tire-road interface are

assumed to be lincar functions of the side slip angle at the tire.

5. Anticulation angles arc assumed to be small, such that sin v =+ and cos vy =1,

where - is the articulation angle.

6. Each element or unit of the combination is considered as a rigid body and the
unsprung masses are assumed to be rigidly attached to their respective sprung

Massces.

7. Gyroscopic moments due to rotating elements such as wheels and tires are assumed

to be small and hence neglected.

8. Steering system dynamics are neglected and steer input is characterized by the front

wheel angle, assuming parallel steering.

Figurc 2.2 illustrates the yaw-plane model of an articulated vehicle comprising a three-
axle tractor (Unit 1) and a three-axle semitrailer (Unit 2). The equation of motion of the
vehicle, derived upon considering the longitudinal and lateral forces, and yaw moments,

are presented below:

2.2,1 Equations of Motion

Unit 1:
my (i) —um) = —Fysin 6+ Fxa— Fsi cos §; — Fsp cos B (2.1)
my (U +wn) = Ficoséb+ Fp+ Fa+ Fya
— Fspsin B+ Fgp sin () (2.2)
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Iy = Fcos § Xy ~ FaXip ~ FaXas
+ My + Mg+ M3 — Fyy Xia+a Fsp cos B
+ b Fspsinfy—a Fspcos(~b Fyp sin () (2.3)

Unit 2:

my (2 — mr2) = —Fxa cos v+ Fyasin y

+ Fsicos (3 + Fsp cos 3y (2.4)
my (th+w23) = Fy+ Fp+ Fy — Fypc0s ¥~ Fxasin v
— Fsp sin (G + Fsg sin 3, (2.5)

—(Fya cos v+ Fxasin ) Xog— FXa — FaaXo

- Fzgx-n + 11'.’[21 + ﬂ{[zz + A‘Iz; +C FSL €os Cz

L7,

— d Fsp sin (3 +d Fsp sin B — Fsp cos 3 (2.6)

where m; and m;, are the masses of tractor and semitrailer, respectively. I, and
L represent the yaw mass moment of inertia of the tractor and semitrailer units. U;, Y
and r; are the longitudinal, lateral and yaw velocities of unit i (i = 1,2), respectively. F;;
and M;; are the lateral forces and aligning moments, respectively, due to tires on axle j
of unit i, 6 is the front wheel steer angle and + is the articulation angle. Fx, and Fy4
are the longitudinal and lateral constraint forces at the articulation point. Xi; represents
the longitudinal distance between centre of gravity (c.g.) of unit i and axle j attached to
the same unit. X4 and X4 are the longitudinal distances between the articulation point

(fifth wheel) and the c.g. of units 1 and 2, respectively.
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Figure 2.3: Kinematic model of the articulation damper and damper
forces acting on the two units
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Fsy, and Fgp are the damping forces acting on the two units, generated by the left-
and right-dampers, respectively. 3, 5, {; and ( are the angles derived from kinematic
model of the dampers, shown in Figure 2.3. Various forces and moments due to tires,

articulation and dampers are derived in the following sub-sections.

2.2.2 Lateral Tire Forces (F};)

Assuming lincar comering characteristics of the tires, the lateral forces generated at the

tirc-road interface are expressed as:
F; = -Cja; (2.7)

where ¢; is the average side-slip angle developed at the tires mounted on axle j of unit
i. Ci; is the cornering stiffness of tires, and is equal to C,, when identical tires are
used. The cornering stiffness of a pneumatic tire is derived from the lateral forces F;;

developed at the tire road interface:

aFij; for a; =~ 0 (2.8)

Co = 651’, J

2.2.3 Aligning Moments M;;

The total aligning moment developed at the tire-road interface comprises of two compo-
nents: an aligning moment due to the dual tire effect and an aligning moment due to the

pneumatic trail effect [41]. The aligning moment due to dual tire is computed from
¥ij
(Mij)pr =~ (2—1;0-5) Ty (2.9)

where y;; is the dual tire spacing, C,; is the longitudinal stiffness of tire on axle j of unit

1, The aligning moment due to pneumatic trail is approximated by linear relationship:
(Mis) pr = Nijej (2.10)
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where 1V;; is a coefficient, representing the sum of aligning moments per unit side-slip,

developed by all the tires on an axle. The total aligning moment of the tires is thus

expressed as:

2 .
M;; = Nyjoy; — (y_u,_, .-n'j) Ty (2.1H
2.24 Side-Slip Angles «;;

The side-slip angles «;;, developed primarily due to lateral clasticity of the tires, are
related to forward and lateral velocities at the contact patch. Figure 2.4 illustrates the
longitudinal and lateral velocities, and the side-slip angles developed at contact patch of

the front and rear most tires. Assuming small angles, the side-slip angles are derived as

Uy + 2Ty
o =———— -6

and

oy = AT TN gy (2.12)

2.2.5 Constraint Forces and Velocities

The two units are free to yaw relative to each other, while in the lateral and longitudinal
directions, the two units are constrained to move together at the articulation point. Equal
and opposite forces thus act on the leading and trailing units due to the motion constraint

posed by the articulation, as shown in Figure 2.5.
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vV, = X,n) (V, + X5 )

Figure 2.5: Forces and velocities at the articulation joint
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The constraint forces acting on the trailing unit can thus be expressed in terms of those

acling on the leading unit:

Fx = Fxpcos y— Fyasiny

Fy=Fypcos v+ Fxa siny (2.13)

From constraint relationships in the lateral and longitudinal directions (Figure 2.5), as-
suming small angles, the lateral velocity of the trailing unit can be related to that of the

leading unit in the following manner:
= +Uy-Xianm—-Xan
and
B=th+Um —-m) - Xiath-Xa (2.14)

where U = u; = u,, and () - r) is the articulation rate, 4.

2.2.6 Damping forces and Moments

The kinematic representations of the two articulation dampers mounted between the trac-
tor and the semitrailer are illustrated in Figure 2.3, LM and CB represent the left- and
right-dampers attached to the tractor at pivot L and C, respectively. The two dampers are
attached to the semitrailer at pivot points M and C. The points L and C are located at a
distance of "a’ from the longitudinal axis passing through the c.g. of the tractor (). The
pivot points M and B are located at a distance of 'c’ from the longitudinal axis passing
through c.g. of the semitrailer ((3;). The point O represents the articulation point, which
is located at a longitudinal distance of 'g’ from the pivot points on the tractor, and 'f” is
the longitudinal distance between the articulation point O and the pivot points L and C.

i and (; are the angles between the axis of the dampers LM and the longitudinal axes
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of the tractor and semitrailer, respectively. 8, and 3; are the angles between damper CB

axis and the longitudinal axes of the tractor and semitrailer, respectively.

From the gecometry, shown in Figure 2.3, the angles 3,. 5; ¢, and (; are derived

as:
Bi=Bh-~
. ({Xpcos~y
_ 1
B = sin (—Zn )
G=CG+y
G = sin™! (———-—J\LZC,?S 7) (2.15)
where,

. c
Xi=a——— —gtan v
Cos7y

Vp=a— [C29SMY,
“Hht cos~y '
L= \/('X;: +Y12 =2 X1 YL cos (80 +7));
- 9 _ ,
Yio=f+ o c tan ~;
Yr = f+ g cosy— (c— gsiny)tan 7;

Zp= \/Ean +Yp? =2 X Yg cos(90 — v));

The damping forces developed by the articulation dampers, along their respective

axis, are derived from the relative velocities across the dampers. The relative velocities
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along the axis of the dampers are relaied to the longitudinal, lateral and yaw velocities of
the two units, and the dampers geometry. Figure 2.6 illustrate the velocities at the pivot

points of two dampers, derived from kinematic relations.

The damping forces due to left- and right- dampers, Fs; and Fsp, developed

along the axis of the dampers are expressed as a linear function of the relative velocities:
Fs1,=Csp % AVsy,
and

Fsp=Csp* AVsp (2.16)

where Csy, and Csp are the viscous damping coefficients, and AVsz and AVsy
are the relative velocities across the left- and right dampers, respectively. The relative
velocities across the dampers, along their axes, derived from Figure 2.6, are expressed

as.:

AVs, = (U+am)cos( — (v —bny) sin;

— (U+em) cosGa+ (v, +d 1) sin(y

AVsp (U -amr)cosf + (v —bn) sinf

— (U-cmr)cosfy— (n +d ) sinfl (2.17)

Upon elimination of the constraint forces, using equations (2.13), substituting for
semitrailer lateral velocity from (2.14), and assuming constant forward velocity (driving
forces balanced by the motion resistances), the yaw-plane dynamics of the vehicle can

be represented by the following first-order coupled differential equations of motion.
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m + wr)+mpih+ur) =P+ Fo+ Fy+ Fy + Fp+ F

+ Fsp (sin 3 — sin By) + Fsy, (sin (; — sin () (2.18)

Ity = [mp(h+wna) = Fo — Fn — Fsl Xia
+ FuXn - FaXip = FisXos + My + Mz + Mis
+ Fsp(acos By +bsin B — X4 sin ;)
— Fsp (acos GG +bsin (- Xja sin () 2.19)

Ly = |ma(r+wre) — Foy = Fn — F3]1 Xaa
— Xy — FXp — FisXas + Mhy + My + My
+ Fsp(ccos G —dsin G+ X4 sin ()
— Fsp(d sin B, — ccos B~ Xy sin ) (2.20)

The rate of articulation, 4, is derived from the yaw velocities of the two units.

=1 —12 (2.21)

Equations (2.18) to (2.21), together with equations (2.7), (2.11), (2.12) and (2.16),
describe the yaw plane dynamics of an articulated vehicle with damped articulation. The

equation of motion can be cxpressed in the following matrix form

[AH{g} = [[Bl+[BDI] {g} + {{CD} +{C} 6} (2.22)

where, [A] is (4 « 4) matrix of mass and inertia properties of the vehicle, {B] and {BD)]
arc {4 » 4) matrices of constant vehicle parameters, and damping forces and moments,
respectively. {C} is an (4 = 1) vector of vehicle parameter, and {CD} is the forcing-

damping vector. {g} is the vector of generalized coordinates, given by {vy,my,m. v}~
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2.3 Yaw-Plane model of the Articulated Vehicle with Non-
linear Tire Forces

The yaw-planc model, presented in section 2.2, describes the lateral directional dynamics
of the vehicle assuming linear cornering characteristics of the tres. Majority of the
studies, reported in the literature, have utilized this lincar model with zero damping
forces to estimate the handling and directional control characteristics of the vehicle, It
has been established that while these models provide a reasonable estimate of the periodic
yaw response, the aperiodic response characteristics cannot be accurately estimated due
to abscnce of the nonlincar and bounded tire model [23]. Furthermore, the measured
data reported for truck tires, clearly illustrates that the comnering forces developed by
the tires are strongly dependent upon the normal load and the side-slip angle. Figure
2.7 illustrates the comering force characteristics of an 11R22.5 radial truck-tire with
1/3 tread, as a function of the normal load and the side-slip angle, for normal inflation
pressure [8-12). From the figure, it is evident that the comering force increases with an
increase in the normal load and side-slip angle in a highly nonlinear manner. The lincar
cornering force relationship, described in 2.7, can be considered valid only in the vicinity
of a given normal load for slip angles below 4 degrees. The normal loads on tires of
articulated vehicles vary considerably depending upon the loading of the vehicle, The
cornering characteristics of the tires are thus expected to vary with the vehicle loads. A
nonlinear model of the tire is thus derived and integrated to the yaw-planc model of the
vehicle in order 1o estimate the directional response characteristics under varying loading

and operating conditions.
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Figure 2.7: Cornering force characteristics of an 11R22.5 Radial tire
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2.3.1 Nonlinear Cornering Force Relations of Tires

The cornering characteristics of tires arc expressed as nonlinear functions of the normal

load and side-slip angles, using two methods:

1. A Piece-wisce Linear Describing Function

2. A Continuous Describing Function

Piece-wise Linear Describing Function of Tire Forces

The comering characteristics of tires, presented in Figure 2.7, reveal that for a
given normal load the lateral force can be characterized as a picce wise linear function of
the side-slip angle. The comering force curve is thus divided into three lincar segments,
and piccewise lincar cornering stiffness coefficients are defined in each segment. For a
given normal load, the cornering force expressed as a piecewise linear function of the

side-slip angles, in the following manner:

[ Csacs o] < vy
F =1 Csaoqsgn(a) + Csglo — aysgn(a)] o < o] < ey, 2.23)
Csacsgn(c) + Csglaz — ay)sgn(a)
| +Csc [ — apsgn(cy)]; o] > oy

where Fj, is the cornering force developed by the tire, and « is its side-slip angle.
Csa, Csp and Cse are the cornering stiffness coefficients in the three linear segments,
oy, and o define the limits of the linear segments. The limits selected from the measured
data are oy = 4 degrees; and o, = 8 degrees. The cornering stiffness coefficients of the

tires, however, vary with the normal load, as illustrated in Figure 2.7. The variations in
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these cocfficients are approximated by a quadratic function in the normal load:
Csi = axg F2 + by Fy + cx for K = A,B,C (2.24)

A curve-fit algorithm is used to determine the constant coefficients ag by and cg. The
piccewise lincar cornering stiffness cocfficients of tire, formulated using the measured

data, are cxpressed as a function of the normal load, Fy:

Csa = —0.001705 F5* + 13.7403305 Fy — 1832.07326; for |a] <4°
Csp = 0.000397 F;* + 150445696 F; + 387.12113; for 4° <|a| <8°

Csc = —0.00004234 F)* + 1.441345 F, — 489.357524; for |of >8° (2.25)

The cornering forces derived from the piecewise linear model, described by equations
(2.23) and (2.24), are cumpared to the measured data to demonstrate its validity. Figure
2.8 presents a comparison of the measured and estimated cornering forces for three
different normal loads. The comparison reveals thal the piecewise linear model can
accurately represent the cornering force characleristics for the load range considered in
this study, except for low slip angles. For light loads, the piecewise linear model provides

slightly lower values of cornering forces for slip angles below 4 degrees.

Continuous Describing Function of Tire Forces

Aliemnatively, the nonlinear comering forces of a pneumatic tire may be charac-
terized by a continuous polynomial function in the normal load and the side-slip angle.
A regression analysis is performed to determine the coefficients and the order of the
polynomial that best describes the measured data in the selected ranges of load (8800 N -
42000 N), and side-slip angles (0% - 12°). A statistical package, referred to as "minitab’,

was used 10 carry out the regression analysis based on the least square method [45). The
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analysis revealed that the nonlincar cornering characteristics can be best described by the

following fourth order polynomial in normal load and the side-slip angle:

FE = G+ C+xFz + Gxa + Cixa? + Gy
+ Cs*Fzz—!-Cb*FZ"+C7*FZ*Q+C'5*FZZ*QZ
+ Cg*(\""i'Cm*Fz."l‘Cll*FZ*az

+ Clz*Fzz*C\* + 013*F2*03 + C].;*FZ“*O’ (226)

For, 0 < |of € 12°and 8800 N < F, < 42000 N. The constants Cy
to Cis, derived from the regression analysis, arc Cp = —283.03, C, = 0.158761,
G = 54050, Cy = —159.348, Cy = 11.4736, Cs = —0.0000197, C; = (.168234,
Cs = —0.00000008, C}; = —0.00000383 and C}» = —0.00070750.

The comering force characteristics, computed from equation (2.26), are compared
to the measured data, as shown Figure 2.9. The comparison reveals a reasonable cor-
relation between the measured and estimated values, with certain errors at low side-slip
angles. A comparison of Figures 2.8 and 2.9 reveals that a piccewise lincar model can
more accurately describe the nonlinear cornering characteristics of the truck tire. The
piecewise linear model, however, may yicld crrors in the vehicle response near the dis-
continuities (cv = ;, or o = oz). The nonlincar aligning moment component due to
pneumatic trail of tires are computed from the nonlinear cornering forces and the pneu-

matic trail;

(JVLJ)pT = Fy..j * 15 (2.27)

where ¢;; is the pneumatic trail of the tire. The pneumatic trail of the tire is related to

the normal load by the following relation {46]:

b =[2.10 + 125% 107*(4.536 x Fy;; — 6040) ] » 0.0254 (2.28)

In the above relation, Fz,.j is the normal load in newtons and ¢,; is in meters.
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Figure 2.8: Cornering force of tire developed by Piecewise Linear Function
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Figurc 2.9: Cornering force of tire developed by Continuous Describing Function
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2.3.2 Equations of Motion

The equation of motion of the yaw-plane model of articulated vehicle incorporating
nonlincar cornering characteristics of the tires and damped articulation are identical to
those presented in Equations (2.18) to (2.21). The cornering forces (F;) are described
by cither the piecewise linear or nonlincar continuous functions presented in equations
(2.23), (2.24) and (2.26). The nonlinear aligning moments of the tires ( M;; ) are derived
from equations (2.9) and (2.27), while the damping forces remain the same as described

in equation (2.16). The equations of motion are expressed in the following matrix form:
[Al{¢} = [[BI+[BD)] {q} + {{CD} +{DD} + {C}é6) (2.29)

where [A], [B] and [BD] are (4x4) matrices of mass/inertia properties of the vehicle,
vehicle and tire parameters, and damping forces, respectively. {CD}, {DD} and {C}

are (4x1) vectors.

24 Yaw-Plane Model of the Articulated Vehicle with Forced-
steering Axles and Damped Articulation

In view of the recently relaxed weights and dimensions regulation, the population of
articulated vehicles with multiple axle semitrailers has been increasing rapidly. While ei-
ther one or two drop axles are currently being used to overcome the poor maneuverability
limits of vehicles with multiple axle trailers, the excessive road damage caused by the
raised drop axles has raised many concerns among the fleet operators and policy makers.
The self-steering axles are increasingly being used to improve the maneuverability and
to reduce the rate of tire wear during comering mancuvers. The tires of the self-steering
axles, however, provide limited or no cornering forces, and thus affect the directional
stability in an adversc manner. Alternatively forced-steering axles offer considerable

performance potentials by varying the steer angle of the trailer axles in response to the
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changing speed and dynamic response of the vehicle. Forced steering control schemes
relating the vehicle response quantitics to the angle of the wheels of the steerable axle
are purposed and integrated 1o the nonlinear yaw plane model of the vehicle to formulate
the directional dynamic model of the articulated vehicle with forced-stecring axles of the

semitrailer.

2.4.1 Forced-Steering Algorithms

The wheel angle of the forced-steering axle is expressed as a function of the selected
dynamic response quantitics. While only limited number of studies have been reported on
the influence of the feedback responsc quantities, the results of these studics have shown
the performance benefits of forced-steering axles, when the angle of the steered-axle is
generated in response to the front wheel steer angle (6), and/or the articulation angle ()
[40-42]. The results of these studies have also shown that the desired steered wheel angle
is strongly related 1o the vehicle speed [42]. The control scheme is thus formulated as a
composite function of the front wheel steer angle (4), articulation angle (+y), articulation
rate (%), and forward velocity /. Assuming proportional control and negligible dynamics

of the force generating mechanism, the wheel angle of the forced-steer axle is expressed

as

bpsj = K130 + Kajy + Koy + KUy + KsjU"}': Jj =123 (2.30)

where dpg; is the angle of the wheels mounted on the force-steered axle j. &) is the
constant front wheel steer gain, K;; is the articulation gain, 5, is the articulation ratc

gain, and I(; and Kj; arc the speed sensitlive proportional control gains.
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2.4.2 Equations of Motion

The equations of motion for the six-axle vehicle combination employing three forced-
steered axles at the semitrailer, and articulation damping are derived in a similar manner
as described in section 2.3, The angles are not assumed to be small in this analysis,
Figure 2.10 illustrates the yaw-planc model of the vehicle incorporating forced-steering
of the semitrailer axles. Note that the damping forces due to articulation dampers are not
shown in this figure. Assuming constant forward speed, the equation of motion of the

. vehicle model are derived as:

Unit 1:

my (hy +wr) = Fyy cos §+ Fia+ Fis + Fya — Fsg sin By + Fsy, sin (§ (2.31)

3
Ly = Fyucosbd Xy —Fa Xiz— Fi3 Xis— Fra Xia+ Zl\/fu

=

+ @ Fspcos Bi+b Fgp sin ) —a Fs cos § = b Fsp sin (;  (2.32)
ma(th + Uupry) = 23: Fyjcos bps; ~ Fyp cos v — Fyxa sin y
- ;5[, sin (z + Fsp sin 3 {2.33)
3

3
Ly = —(Fyacosy+Fyusin Y.Xoq - Z Xz; Faj cos bpg; + ZM’U
S

J=l

+ ¢ Fsp cos (3 —d Fgy, sin { +d Fsg cos % — ¢ Fsp cos f (2.34)

where Fj; and M;; are the nonlinear comering forces and aligning moments, re-
spectively, described in equations (2.32) to (2.34). The cornering forces and aligning
moments developed by the steered-tires of the semitrailer are related to their respective
side-slip angles. The side-slip angles of force-steered tire are derived from the longitudi-

nal and lateral velocities of the tire, and steer angle of the wheel. Figure 2.11 illustrates

41



the velocities, steer angle and side-slip angle of the tires on the rearmost axle. The
average side-slip angles of the steered and non-steered tractor and semitrailer tires have
been defined in (2.12). The average side-slip angles of the steercd-semitrailer tires are

expressed as:

;= tan™! (LE}“&) ~ Spsji for j = 1,23 @

=]
(e
N
R

The total aligning moment duc to the tircs comprises two components: (i) an
aligning moment arising from longitudinal forces duc to dual tire spacing; and (ii) an
aligning moment duc to pnecumatic trail of the tire. In a duai-tire arrangement, the
outer and inner tires are subject to different velocities, as shown in Figure 2,12, The
corresponding deformation slip and the longitudinal forces of the steered dual tire set
yicld an aligning moment (M;;)pr, which is related to the steer angle of the tires. This
component of aligning moment of tires on the steered axles of the semitrailer unit is

expressed as:

7 i - ’
(M) ppr =~ (i%u,—u) ricos bpg; for i=2, 1=1,2,3 (2.36)

The component of the aligning moment, arising from pneumatic trail of the tire,
is derived form equation (2.38). Upon climination of constraint forces, using cequation
(2.13), the cquation of motion of the articulated vehicle with forced-steering axles and

damped articulation are reduced to:

mi(ty + wn)+ma(th +upry) = Fy cos vy cos 6+ Fip cos v
3
+ Fjcos~vy+ Z sz cos 5[.*_5'1' + Fsp (sin } — sin fiy)
F=

+ Fgy (sin G — sin () (2.37)
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Figure 2.1i: Force-steer and slip angles of tire on axle 23
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Figure 2.12: The forward velocities of the steered dual tire set



3
L = [rrzz (G + 1y 1) — Z E;j cos 61."5,] cﬁ’i{ + Fy cos v X
=
3
— FaXn- FaXos+ ZM.,- + Fsp (a cos By +b sin B — Xy 4 sin ()
J=1
— Fsi (acos (i +b sin (G — Xy sin ) (2.38)
3 3
Ly, = [mc (U + 1Ty} = Z E; cos 6p5,-] Xoq — Z Xa; F3j cos bps;
j=l1 1=l

k]

+ ZM'-‘ + Fgy (¢ cos G — d sin G+ Xap sin ()
- };sln (d sin B — ¢ cos [ — X,4 sin ) (2.39)
and
=1 -1 (2.40)

The equations of motion can be expressed in the following matrix form:
{Ail{q} = [Bi+BD} {q} +{CD+{C}} 6} (2.41)

where [4;], [By] and [BD] are (4x4) matrices of mass/inertia propertics of the vehicle,
vehicle and tire parameters, and damping forces respectively. {CD}, and {C}} are (4x1)

veclors,

2.5 Summary

Nonlincar yaw-plane models of an articulated vchicle incorporating geomelric nonlinear-
ities duc 10 damped articulation mechanism, and forced-steering axles of the semitrailer
are developed. The nonlincar cornering properties of tires are modeled using piecewise
lincar and nonlinear continuous describing function. The validity of the describing func-

tion is verified by comparing the estimated cornering forces with the measured data for
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different normal loads in the side-slip angle range of 0-12 degrees. The comparison re-
vealed that the nonlinear cornering characteristics of the tires can be reasonably estimated

using both models.
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Chapter 3

Dynamic Response of the Vehicle
with Articulation Dampers

3.1 General

The equations of motion describing the yaw and lateral dynamics of the vehicle are solved
using numerical integration techniques. The articulated vehicle model incorporating non-
lincur cornering characteristics of tires and articulation dampers are solved 1o investigate
the influence of damping on the yaw and lateral dynamic response of the vehicle. The
nonlincar comering characteristics of tires, represented by a continuous describing func-
tion of side-slip angles and normal loads, are employed in order to eliminate the influence
of discontinuitics encountered while using the piecewise linear tire model. The results
of the analytical model are first compared to those established from the linear yaw-plane
simulation program developed by UMTRI [44]. For comparison purposes, the simulation
results of the model, developed in chapter 2, are obtained by setting Csz = Csp = 0,
and using lincar comering characteristics of the tires. The comparison revealed identical
results for both the models. The directional response characteristics of the nonlinear
vehicle model are derived for various low-speed and high-speed directional mancuvers

using open-loop steering input and closed-loop path input, respectively. The results are
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discussed to highlight the influence of articulaiion damping on the steady-state and tran-
sient directional response of the vehicle. The response characteristics are compared 10
those of the vehicle with conventional articulation (Csy, = Csp = 0) to derive performance

benefits or limitations of the articulation dampers.

3.2 Simulation Vehicle Parameters

The simulation vehicle is a 2.59 m wide tractor-semitrailer comprising of a three-axle
tractor, and a 14.63m long three-axle semitrailer with independent air-spring suspension
and a conventional fifth wheel, The front axle of the tractor is fitted with a leaf-spring
suspension and the tandem axle with a walking-beam leaf-spring suspension. The vehicle
dimensions and parameters are given in Table 3.1. The tirc model employed in the
simulation represents the cornering characteristics of a Michelin XZA 11:00R22.50 Radial
dry tire with 1/3 tread. The cornering forces are obtained from the non-lincar describing
function and the corresponding aligning moment of tires arc obtained from the comering

force and the pneumatic trail relation, described in equation (2.28).

3.2.1 Method of Solutions

The directional dynamic model of the articulated vehicle is capable of analyzing the
directional response for both open- and closed-loop directional mancuvers. In an open-
loop maneuver, the time history of the steer input is provided while the tangent trajectory
to be followed by the vehicle is considered in a closed-loop manecuver. In a closed-loop
maneuver, the front wheel steer angles required to execute the required mancuvers are

computed using a driver model [42].

The equation describing the acceleration vector in terms of various vehicle
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Table 3.1: Tractor and semitrailer’s dimensions [46]

SIMULATION VEHICLE PARAMETERS

TRACTOR
Weight of the Sprung mass (kg) 7439
Sprung mass yaw moment
of incrtia (kg m/s?) 1958.6
Wheelbase (m) 4.826
axle 11 axle 12 axle 13
Axle load (kN) 48.808 75.569 75.569
Circumferential Stiffness
of tire (kN/unit slip) 13.84 1384 1384
Horizontal distance from
figure  sprung mass c.g. (m) 1.400 -2.670 -4.215
Dual tire spacing (m) 0.000 0330 0.330
Maximum wheel spread (m) 2591 2591  2.591
SEMITRAILER
Weight of the Sprung mass (kg) 36559
Sprung mass yaw moment
of inertia (kg m/s?) 80658.382
Wheelbase (m) 11.735
axle 21 axle 22 axle 23
Axle load (kN) 80.015 75.569 75.569
Circumferential Stiffness
of tirc (kN/unit slip) 13.84 13.84  13.84
Horizontal distance from
sprung mass c.g. {m) -2,959 -4.179  -5.399
Dual tire spacing (m) 0.330 0330 0.330
Maximum wheel spread (m) 2.591 2591 2,591
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parameters is expressed as

{g} = (A" (B +BD} {q} + LA™ {{CD} +{C7} 6) 3.1

Where A, is the inertia matrix, C; is the force vector, B, is the transformation
matrix of vehicle dimensions and velocities, BD and CD are the matrices of articulation
dampers parameters, and {q} is the velocity vector. A numerical integration algorithm
based on trapezoidal method is employed to solve the equations of motion. The tire forces
and aligning moments arising due to the side slip angle are computed depending upon
the steer input and the sprung mass velocities at each integration step. The directional
response simulations are terminated when the simulation time reaches the maximum

simulation time specified by the user.

3.2.2 Directional Maneuvers

The yaw and lateral directional response of the vehicle is computed for open-loop constant
stecr maneuvers at low-speeds and a closed-loop path follower model is used for high-

speed lane change and obstacle avoidance mancuvers.

Open-loop Constant Steer Maneuver

A steady or constant steer is defined as a modificd step steer where the steer angle
initially increases as a ramp function until it reaches a specificd value, the steer angle
is then held constant during the simulation. Figure 3.1 illustrates the front-wheel angle

corresponding to a constant steer input.

Closed-loop Lane Change and Evasive Maneuver

The articulated vehicle combinations experience high rearward amplification and

lateral acceleration response during lane change and cvasive mancuvers. The directional
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Figure 3.1: Constant Steer Input

dynamics are thus investigated using a closed-loop path-follower mode! developed to
compute the front wheel angle required 1o follow the prescribed path for lane-change and
evasive mancuver as shown in Figure 3.2. For a given path, the front wheel steer angle

(6) is computed in the following manner:

6=0,-6, (3.2)

where, 6, is the slope of the line joining the center of the front axle and the coordinates
of the specified path and 8, is the slope of the line joining center of front axle and the
future position of the center of the front axle after a small preview time interval, of 7
seconds. Figurc 3.3 illustrates the iront wheel steer angles computed for lane change and

evasive mancuvers at a forward speed of 100 km/h.
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Figure 3.3: Front Wheel Steer Angle for Lane-change and Evasive Maneuvers at 100
km/h

3.2.3 Damping Parameters

The yaw and lateral dircctional dynamics of the vehicle with articulation dampers are

computed for the following combinations of damping coefficients, Cs; and Csp:

o Combination 1: The damping coefficient of left damper Cys;, is varied from O to
1200 Ns/m, while the damping coefficient of right damper Csp is assumed to be

{, to investigate the influence of left damper alone.

o Combination 1I: The damping coefficient of right damper Csp is varied from 0
to 1200 Ns/m, while the damping coefficient of right damper Cysy, is assumed to

be 0, to investigate the influence of right damper alone.

e Combination IIE: The damping coefficient of both left- and right-dampers, Cs;,

and Csp are varied from 0 to 1200 Ns/m to investigate the influence of both
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dampers.

The simulation results revealed that the values of damping coelficients greater
than 1200 Ns/m yield longer settling time for the directional response of the vehicle. The

maximum values of damping cocfficients are thus limited to 1200 Ns/m.

3.2.4 Location of Axle 21

The directional dynamics of an articulated vehicle with multiple-axle semitrailer is strongly
related to the location of the semitrailer lead axle (axle 21). Computer simulations are
performed for different values of X3, to determine the optimal axle location. Figure 3.4
illustrates the lateral acceleration and yaw velocity response of the tractor and semitrail-
ers, for different location of axle 21, when subject to 2 degree constant steer input. An
examination of the directional response characteristics reveals that the axle 21 located
1.22m ahead of axle 22 (X3, = 2.96 m) yields lower values of the response. The further

studies are thus carried out using this optimal location of axle 21.

3.3 Response to Constant Steer Maneuvers

The stcady-state handling and dircctional dynamics of the articulated vehicle are investi-
gated for the three combinations of articulation damping. The response characteristics are
expressed in terms of lateral and yaw velocitics of the semitrailer, turn radius, off-tracking
and side-slip angles of the semitrailer axle tires. The steady-state values of the response
parameters for three combinations of articulation damping are presented in Tables 3.2 to

3.4, respectively. The semitrailer acceleration, a; is computed from:

Uy = i)l +U T — XIA ™ — in T2 (3.3)
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...........................................................

LATERAL ACCELERATION {m/s*s)

TIME (a)

YAW-VELOCTTY (degree/s)
w
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Figure 3.4: Lateral Acceleration and Yaw-Velocity response, for different locations for
Axle 21 at 50 km/h

(000 X7 = -3.57 m; xxx Xy = -2.47 m; +++ Xoy = -1.56 m; *** Xy =-0.66 m; ... X5
=025 m; -- X5 = 115 m; - - Xy = 2.06 m; — Xz = 2.96 m)
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Table 3.2: Steady-State Response of the Vehicle with Left-Articulation Damping, Con-
stant Steer Maneuver at 50 km/h

| COMBINATION 1 |

Csy (&£2) = 200 | 400 | 600 [ 800 [ 1000 [ 1200
Csp (22 = 0 0 0 0 0 0 0

a (mF) 138 142 [ 147 [ 154 | 162 | 173 | 193

v, (m]s) 029 [ 030 | 031 | 032 | 034 | 036 [ 040

7, (degrees]s) 569 | 587 | 608 | 634 | 6.68 | 7.15 | 1.97

~ (degrees) 461 | 478 | 498 | 522 | 553 | 598 | 677

OT-23L-11R () 0.81 (.84 0.87 (.91 .97 1.04 1.20
TURN RADIUS (m) | 139.91 | 135.60 | 130.84 | 125.45 [ 119.14 ] 111.27 [ Y9.84

cm (de Jrees) -0.99 | -0.97 -0.94 -().91 -0.86 | -00L81 | -0.74
o2 (degrees) 0.16 | 019 | -0.22 | -0.26 | -0.32 | -0.40 | -0.57
a3 (degrees) -0.79 -0.84 -0.90 -0.97 -1.06 -1.20 | -1.46
oy {degrees) -0.01 -0.01 -(0.02 -(0.02 -0.02 -0.03 | -0.05
oy (degrees) -(.51 -0.53 -0.55 -0.58 -(1.61 -0.66 | -(0.75
oy (degrees) -1.01 | -1.04 | -1.08 | -1.13 | -1.20 | -1.29 | -1.45

56



Table 3.3: Sicady-State Response of the Vehicle with Right-Articulation Damping, Con-
stant Steer Mancuver at 5¢ km/h

| COMBINATION 11 |
Csr (22) = 0 0 0 0 0 0 0
Con 2y = | 000.00 | 200.00 | 400.00 | 600.00 | 800.00 | 1000.0 | 12000
a (m]<2) 138 [ 137 | 136 | 1.34 | 1.33 | 132 | 131
v (1m]s) 029 | 039 | 029 | 028 | 028 | 028 | 0.28
7, (degrees]s) 569 | 564 | 559 | 554 | 5.50 | 545 | 5.41
v (degrees) 4.61 4.57 4.54 4,50 4.47 444 4.40
[ OT-23L-1IR m) | 0.81 0.80
TURN RADIUS (m) [ 13991 ] 141.14 | 142.35 | 143.56 | 144.75 | 145.93 | 147.11
ayy (degrees) 099 | -101 | -1.03 | -1.05 | -1.06 | -1.08 | -1.09
o2 (degrees) 0.16 | -0.16 | -0.17 | -0.17 | -0.17 | -0.17 | -0.18
o3 (degrees) 079 | -079 | 079 | -0.79 | -0.78 | -0.78 | -0.78
o) (degrees) -0.01 | -001 | -0.01 | -0.01 | -0.01 | -0.01 | -0.01
oz (degrees) -0.51 | -0.5T | -0.50 | -0.50 | -0.50 | -0.49 | -0.49
cyy (degrees) -1.01 | -1.00 | -099 | -099 | -098 | -0.97 | -0.96

57



Table 3.4: Steady-Statc Response of the Vehicle with Left- and Right-Articulation Damp-
ing, Constant Steer Mancuver at 50 km/h

| COMBINATION IIT |

CsL () = 000,00 | 200.00 | 400.00 | 600.00 | 800.00 | 10000 | 1200.0
| Con(dy = 000.00 | 200.00 | 400.00 i 600.00 | 800.00 | 1000.0 | 1200.0 h
[ Pcak Paramciric Valuesat50kmh |
a; (m]s?) 138 | 141 | 144 | 153 | 153 | 158 | 1.65

v (m/s) 0.29 0.30 0.30 0.31 0.32 0.33 0.34
ry (degrees/s) 3.69 5.81 5.95 6.11 6.30 6.53 6.81
~ (degrees) 4.61 4.74 4,88 5.04 5.24 548 5.69

|| OT-23L-11R (m) I 0.81 | 0.83 ] 0.86 I 0.88 | 092 | 096 | 1.02 ||

TURN RADIUS (m) | 13991 | 136,92 | 133.69 | 130.15 | 126.25 | 121.87 | 116.8Y

ay (degrees) 099 { 009 | 098 | -098 | -098 [ -0.98 | -0.899
v, (degrees) 0,16 | -0.19 | -0.23 | -0.27 | -0.32 | -0.39 | -0.48
a3 (degrees) 079 [ -0.84 | -089 [ -095 | -1.02 | -1.12 | -1.24
az) (degrees) -0.01 -0.01 0.02 | 002 | -0.03 | -0.03 | -0.04
o (degrees) -0.51 | -0.52 | -0.54 | -0.56 | -0.58 | -0.60 | -0.64
s (degrees) -1.01 | -1.03 | -1.06 | -1.09 [ -1.13 | -1.18 | -1.23

The steady-state off-tracking of the vehicle is computed from the path prescribed by
the front right wheel of the tractor and the rearmost left-wheel of the semitrailer and is
represenicd by OT-23L-11R. The coordinates of the vehicle path are also computed to

determine the steady-state turn radius of the vehicle,

For a left-handed constant-steer input, the sieady-state values of lateral acceler-
ation, yaw velocity, lateral velocity, articulation angle, side-slip angles and ofl-tracking
tend to increase with an increase in the left-articulation damping, as illustrated in Table
3.2. The lateral force and yaw moment caused by the left-articulation damper, however,
yield smaller turn radius of the vehicle. The left-articulation damper thus enables the
vehicle to negotiate tighter left-handed turns. The turn radius decreases from 1399 m
for the conventional vehicle to approximately 100 m when Cs;, = 1200 Ns/m. The in-
fluence of right-articulation damper on the steady-state directional response, however, is

the opposite, as illustrated in Table 3.3, The latcral acceleration, yaw and lateral ve-
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locities, articulation angle, off-tracking and side-slip angles of the semitrailer decrease
when right-articulation damping is introduced. The change in these response parameters,
however, is not as significant as observed in Table 3.2. The turn radius also increases

slightly to approximately 147 m.

The sicady-state values of the directional response parameters of the semitrailer
also tend to increase when both articulation dampers are employed, as illustrated in Table
3.4. The increasc in the steady values, however, is considerably less than that observed
for combination 1. The turn radius of the vehicle decrcases considerably from 139.9 m for
the conventional vehicle to approximately 117 m for the vehicle with both articulation
dampers. The side-slip angles of the tires of the semitrailer axles, and the vehicle off-
tracking increases only slightly. Figure 3.5 illustrates the turn radii of the tractor and
semitrailer for different values of the damping coefficients. The figure clearly illustrates
that the turning ability of the vehicle improves with increase in articulation damping,.
The tighter turn radius is primarily achieved by the increased articulation angle, and
lateral and yaw velocities of the vehicle. Figure 3.6 illustrates the articulation angle and
semitrailer yaw velocity response for different values of damping coefficients. Figure 3.7
shows the lateral acceleration response of the semitrailer. The response characteristics
increase linearly with time as the stecr angle is increased. The articulation damping does
not influence the directional response during the intial period, which may be attributed

10 low damping forces gencrated by low relative velocities across the dampers.

The side-slip angles of the tires on the lead and rearmost axles of the tractor
and semitrailer are presented in Figures 3.8-and 3.9, respectively, for different values of
damping cocefficients. The influence of articulation damping on the side-slip angle of the
tires on the tractor’s front axle (axle 11) is insignificant. The magnitudes of side-slip
angles of tires on axles 13, 21 and 23, however, increase with increase in articulation
damping. While the tircs on all the axles exhibit negative side-slip angles, the tires on

axle 21, exhibil positive side-slip angle corresponding to the interval 0 < t < 0.5s,
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where the steer angle increases. The magnitude of the side-slip angle of tires on this axle

is extremely small due to its location near the sprung mass c.g.

The steady-state handling characteristics of the vehicle with articulation dampers
are computed and compared to those of the conventional vehicle. The steady-state han-

dling characteristics of the tractor and scmitrailer are derived from their respective han-

dling equations.

Tractor:
L, . 2
b= E + I\m m‘
Semitrailer:
L .. U
== usl T K3
vy Rz'”\"g.-,l?z (3.4)

where, L; and L, are the wheel bases of tractor and semitrailer, respectively. Ry and
R, arc the radii traced by tractor and semitrailer, respectively. N, and I, are the
cocfficicnts of understeer of tractor and semitrailer, respectively. U and ¢ are forward

speed and acceleration due to gravity of the vehicle,

Assuming steady-state condition, the equations (3.4) arc expressed as

I\l..,m a = — (L][}'rl _ 6)

Ky a3 =~ (-LQUT2 - 7) (3.5)

where @, and a; are stcady-state lateral acceleration of the tractor and semitrailer, re-
spectively in g units. The handling characteristics of the vehicle are directly related to
K,, and K,,. Further, an understeer vehicle (K,, > 0; K,u > 0)is known o
be unconditionally stable. An oversteer tractor (/s < 0) may lead lo a directional

instability, while the oversteer semitrailer may yicld poor turning abilities. The handling
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Figure 3.5: Path traced by the Tractor and Semitrailer under a Constant Steer input at 50

km/h
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Figure 3.6: Articulation angle and Yaw Velocily response of the semitrailer under a
Constant Steer Maneuver at 50 km/h
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Figurc 3.7: Lateral Acceleration Response of the Semitrailer under a Constant Steer
Mancuver at 50 km/h

diagrams of the tractor and semitrailer, a plot of lateral acceleration against the handling
parameters ( Lo § or Lz ) are obtained from the steady-state response of the
vehicle for different values of damping coefficients of 0, 400, 800, and 1200 Ns/m, as

shown in Figure 3.10.

3.4 Vehicle Response to a Lane Change Maneuver

The transient directional response characteristics of the vehicle with articulation dampers
arc computed for lane change maneuvers performed at 80 km/h and 100 kmvh, using the
path foliower model described in section 3.3.1. The response characteristics are compared
1o those of the conventional vehicle to highlight the influence of articulation dampers on
the directional control properties of the vehicle. The directional control properties of an

articulated vehicle, subject to highway speed directional maneuvers, are directly related
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Figure 3.8: Side-Slip Angle response of axle 11 and 13 under a Constant Steer Mancuver
at 50 km/h
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to its lateral acccleration, yaw velocity and lateral velocity response. The directional
response of the articulated vehicle is often expressed by its rearward amplification, The
rearward amplification of lateral acceleration, ¢, is computed as the ratio of peak lateral
acceleration encountered by the semitrailer to that encountered by the tractor:

_ )pf.nk

(3.6)
a )pf.nk

Qp

The rearward amplification thus characterizes the amplification or attenuation of
the directional responsc of the articulated units. The rearward amplification of the yaw
response o, is expressed in a similar manner

_T )pmk

(3.7
L )pmk

The directional response characteristics and the rearward amplification factors of
the vehicle are computed for three combinations of articulation damping described in
section 3.2.2. The peak values of the response parameters for lane change maneuver at
100 km/h are summarized in Tables 3.5 to 3.8, respectively. The addition of damping
at the articulation joint tends to suppress the oscillatory directional response of the vehi-
cle. The peak values of lateral acceleration, lateral and yaw velocities, and articulation
angle response of sprung weights of both the tractor and semitrailer decrease consid-
crably, when only left-articulation damping is increased (Csz = 0), as demonstrated
in Table 3.5. The average side-slip angles of tires on all the axles also decrease with
an increase in the damping coefficient, Csy. The rearward amplification factors o, and
oy, also decrease with increase in the left-articolation damping coefficient. The lateral
acceleration rearward amplification factor of the vehicle with left-articulation damper
(Cst = 1200Ns/m) is obtained as 0.844, which is lower than that of the convectional
vehicle (o, = 0.889). The yaw velocity rearward amplification of the vehicle with the
lefi-damper (Cs, = 1200Ns/m) is approximately 14% lower than that of the conven-

tional vehicle. An examination of the peak response values clearly demonstrates that the
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directional control and stability limits of the vehicle can be improved considerably by
introducing the articulation damping. Further, the rate of tire wear can be reduced as

evident through the lower side-slip angles.

The introduction of right-articulation damping (Combination II}, however, tends
1o vary the directional response of the vehicle only slightly, when subject to left-handed
lane-change maneuver at 100 km/h, as shown in Table 3.6. The peak lateral acceleration
response of the damped vehicle is slightly larger (< 1%) than that of the conventional
vehicle. While the yaw velocity response of the sprung weight of the tractor decreases
slightly by 5.5% (for Csp = 1200 Ns/m), the peak yaw velocity of the semitrailer remains
almost unchanged. The peak lateral velocity response of the damped vehicle is almost
identical to that of the conventional vehicle, The rearward amplification factors, cv,
and o, thus vary only slightly ( < 1% ), when Cgp is varied from 0 to 1200 Ns/m.,
The corresponding side-slip angles of the tires on all the axies also exhibit only slight
variation. Although, the right-articulation damper exhibits insignificant influence on the
directional response to a left-handed lanc-change mancuver, ity influence on the response

10 a right-handed dircctional maneuver is a more significant, as shown in Table 3.7.

Table 3.8 summarizes the pcak values of the parameters when both articulation
dampers (Combination III} are employed. A comparison of Tables 3.6 and 3.8 clearly
reveals that the peak response of the vehicle with both dampers is quite similar 1o that of
the vehicle with left-articulation damper. The directional response characteristics of the
vehicle subject to a lane-change maneuver at 80 km/h are cvaluaied and the peak values
are summarized in Tables 3.9 to 3.11 for three combination of articulation damping,
respectively. While the peak values are considerably lower than those obtained at a
speed of 100 kin/h, the influence of articulation damping is identical to that demonstrated
in Tables 3.5 to 3.8. The transient response characteristics of the articulated vehicle arc

thus presented and discussed only for the lane change maneuver performed at a speed of
100 km/h.
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Table 3.5: Transient Response of the Vehicle with Left-Articulation Damping, Lane-
Change Maneuver at 100 km/h

|_ COMBINATION I: LANE CHANGE WITH DAMPING MECHANISM

Csi, (&2) = 000.00 [ 200.00 [ 400.00 | 600.00 | 800.00 | 1000.0 | 1200.0
Csp (1) = 0 0 0 0 0 0 0
| Positive and Negative Peak Parameters Values at 100 km/h |
[ +VE 521 | 518 | 5.16 | 515 | 5123 | 5.12 | 5.11
(m/s?) -VE -5.85 | -5.77 | -5.71 | -5.66 | -5.61 | -5.56 | -5.52
@ +VE 441 | 438 | 434 | 430 | 427 | 423 | 420 |
(m/s?) -VE 520 | -5.10 | -5.00 | -491 | -4.82 | -4.74 | -4.66
Rearward Amplification | 0.889 | 0.884 [ 0.876 | 0.867 | 0.859 | 0.853 | 0.844 |
1, | +VE | 1370 [ 1363 | 13.58 [ 13.52 | 1348 [ 1343 [ 13.39 |
(degreesfs) [ -VE | -17.16 | -16.99 | -16.82 | -16.67 | -16.52 | -16.60 | -16.23 ||
T3 +VE [ 11.53 | 11.38 | 11.25 | 11.11 [ 1098 | 10.87 | 10.75 ||
(degreesfs) [ -VE | -1430 | -13.90 | -13.53 | -13.19 | -12.89 [-12.60 | -12.34 |
Rearward Amplification | 0.883 | 0.818 | 0.804 | 0.791 [ 0.780 | 0.759 | 0.760 |
v +VE 076 | 071 | 068 | 0.67 | 066 | 0.66 | 0.65
(m/s) -VE 085 | -0.84 | -0.85 | -0.84 | -0.84 | -0.8¢ | -0.84
m +VE 084 | 079 | 074 | 0.69 | 0.66 | 0.62 | 0.59
(m/s) -VE | -0.60 | -0.59 | -0.58 | -0.57 | -0.55 | -0.54 | -0.54
~ +VE 494 | 490 | 4.86 | 484 | 479 | 475 | 4.72
(degrees) -VE 624 | -6.12 | -6.00 | -5.90 | -5.81 | -5.72 | -5.63
P-CGI (m) 436 | 4.36 | 4.36 | 4.37 | 438 | 438 | 4.39
0S-CG1 (m) 000 | 0.00 | 0.00 | 0.00 | 0.00 | 000 | 0.00
P-CG2 (m) 435 | 436 | 436 | 437 | 438 | 438 | 4.39
0S-CG2 (m) 000 | 000 [ 000 | 0.00 | 0.00 | 0.00 | 0.00 |\
) +VE 696 | 690 | 685 | 680 | 676 | 672 | 6.69
(degrees) -VE -5.22 | -5.24 | -5.26 | -5.28 | -5.30 | -5.32 | -5.33
2 +VE 255 | 249 | 244 | 240 | 236 | 233 | 2.30
(degrees) -VE 210 | -2.08 | -2.06 | -2.05 | 2.03 | 202 | 2.01
a3 +VE 327 [ 320 [*3.14 | 3.09 | 3.04 | 3.00 | 2.96
(degrees) -VE 275 | 272 | 270 | -2.68 | -2.65 | -2.64 | -2.62
o +VE 276 | 2.65 | 254 | 245 | 236 | 289 | 221
(degrees) -VE 195 | <192 | -1.89 | -1.86 | -1.84 | -1.81 | -1.79
o +VE 329 [ 317 | 305 | 295 | 285 | 277 | 2.68
(degrees) -VE 240 | 236 | -233 | -2.30 | -2.27 | 224 | 2.22
o3 +VE 385 [ 372 | 359 | 347 [ 336 | 326 [ 3.1/
(degrees) -VE 287 | -283 [ -2.79 | 276 | -2.72 | -2.69 | -2.66 |
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Table 3.6: Transient Response of the Vehicle with Right-Articulation Damping, Lane-
Change Maneuver at 100 km/h

[ COMBINATION II: LANE CHANGE WITH DAMPING MECHANISM |

Csp (&) = 0 0 0 0 0 0 0
Csp (1) = 000.00 | 200.00 | 400.00 | 600.00 | 800.00 | 1000.0 | 1200.0 h
Positive and Negative Peak Paramcters Values at 100 km/h
a +VE 521 | 520 | 518 [ 517 ] 516 | 5.15 | 5.14
(m/s?) -VE -5.85 | -585 | -5.86 | -5.86 | -5.87 | -5.88 | -5.89
a; +VE 441 | 441 | 441 | 441 | 441 | 441 | 441
(m/s?) -VE -5.20 | 521 | -5.22 | -5.22 | -5.23 | -5.23 | -5.24
Rearward Amplification | 0.889 | 0.890 | 0.891 | 0.891 | 0.891 | 0.889 | 0.889
T +VE [ 1370 ] 13.67 | 13.64 | 13.61 | 13.58 | 13.55 | 13.52
(degreesfs) | -VE [-17.16 | -16.99 | -16.83 | -16.67 | -16.52 | -16.36 | -16.22
T +VE | 11.53 [ 11.52 [ 1151 [ 1150 | (149 | 11.48 | 11.47
(degrees/s) | -VE | -1430 [ -14.27 | -14.25 | -14.23 | -14.22 | -14.21 | -14.20
| Rearward Amplification | 0.883 | 0.840 | 0.847 | 0.854 | 0.861 | 0.869 | 0.876
m +VE 075 1 077 | 079 | 081 | (.84 | 0.85 | 0.87
(m/s) -VE -0.84 | -0.84 | -0.84 | -0.84 [ -08F | -0.84 | -0.84
0 +VE 084 | 084 | 084 | 0.84 | 0.84 | 0.84 | 0.84
(m/s) -VE -0.60 | -0.60 | -0.60 [ -0.60 [ -0.60 | -0.60 | -0.60
v +VE | 494 | 493 [ 493 | 492 | 491 | 491 | 490 |
{(degrees) -VE 624 | -6.24 | -6.24 | -6.25 | -6.25 | -6.26 | -6.27
P-CGI (m) 436 | 437 | 438 | 438 | 439 | 4.39 | 4.40
0S-CGI (m) 0.00 | 000 | 000 [ 000 | 0.00 | 0.00 | 000
P-CG2 (m) 435 | 435 | 436 | 437 | 437 | 438 | 4.38
0S-CG2 (m) 000 [ 000 | 000 | 000 | 0.0 | 0.00 | 0.00
Y +VE 695 | 701 | 708 | 7.14 | 720 | 726 | 7.32
(degrees) -VE 522 [ 525 | 528 | -5.30 | -5.33 | -5.35 | -5.38
Qg +VE 255 | 257 | 259 | 262 | 264 | 267 | 2.69
(degrees) -VE 210 | 210 | 209 | 209 | 209 | -2.09 | -2.09
3 +VE 327 | 329 | 331 | 333 7] 336 | 3.38 | 341 |
(degrees) -VE 275 | 274 | 274 | 274 | 274 | -2.74 | 2.4
Qg +VE 276 | 275 | 275 | 275 275 | 275 | 275
(degrees) -VE -1.95 [ -1.94 | -194 | -194 | -1.94 | -1.93 | -1.93
o +VE 329 | 329 [ 329 | 329 | 329 | 329 | 3.29
(degrees) -VE -240 | -239 | -239 | -239 | -238 | -238 | -2.38
03 +VE 385 | 385 | 385 | 3.85 | 385 | 385 | 3.85
(degrees) -VE -2.87 | -287 | -287 | 286 | -2.86 | -2.86 | -2.85
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Table 3.7: Transicnt Response of the Vehicle with both Left- and Right-Articulation
Damping, Lanc-Change Mancuver at 100 km/h

| COMBINATION HI: LANE CHANGE WITH DAMPING MECHANISM '

Csy, (£2) = 200.00 | 400.00 | 600.00 | 800.00 | 1000.0 1200.0 |
| G- 000.00 | 200,00 | 400.00 | 50000 | 80000 | 10000 1200.0
Positive and Negative Peak Parameters Values at 100 km/h )
@ +VE 5.21 5.17 514 | 5.11 5.08 5.06 5.03
(m/s?) -VE -5.85 | -577 | -5.71 | -5.66 | -5.62 | -5.58 | -5.54
¢tz +VE 441 438 4,34 430 | 4.26 4.23 4.19
(m/s?) -VE -5.20 | -5.11 | -5.02 | -493 | 485 | -4.77 | -4.70
Rearward Amplification | 0.889 | 0.886 | 0.879 | 0.871 | 0.863 | 0.855 | 0.848
” +VE 1370 | 13.61 | 13.52 | 1344 | 13.36 | 13.28 | 13.21
{degrees/s) -VE -17.16 | -16.83 | -16.51 | -16.22 | -15.96 | -15.73 | -15.53
72 +VE 11.53 [ 11.37 | 11.22 | 11.08 | 1094 | 10.82 | 10.69

(degrees/s) -VE -14.30 -13.87 [ -13.49 | -13.14 | -12.83 | -12.54 | -12.28

Rearward Amplification | 0.833 | 0.824 [ 0.817 | 0.810 | 0.804 | 0.797 | 0.791
y +VE 494 | 489 [ 484 | 480 | 4.76 | 4.72 | 4.68

1) +VE 075 | 073 | 071 | 071 | 07T | 0.70 | 0.70
(m/s) VE -0.84 | -084 | -0.84 | -084 | -0.84 | -0.84 | -0.84
v +VE 084 | 079 | 074 | 070 | 0.66 | 0.63 | 0.59
(m/s) -VE -0.60 [ -0.59 | -0.58 | -0.56 | -0.55 | -0.54 | -0.53
(degrees) -VE -6.24 | -611 | -6.00 | -590 | -5.81 | -5.72 | -5.64
P-CGI (m) 436 | 437 | 438 | 439 | 439 | 440 | 4.41
0S§-CGI (m) 0.00 | 000 | 000 | 0.00 | 0.00 | 0.00 | 0.00
P-CG2 (m) 435 | 436 | 437 | 439 | 440 | 441 | 4.42
0S-CG2 (m) 000 | 000 | 000 | 000 | 000 | 0.00 | 0.00

o, +VE 695 | 696 | 696 | 697 | 698 | 699 | 6.99
(degrees) -VE -5.22 | =527 | -5.31 | -5.36 | -5.40 | -5.45 | -5.49
o2 +VE 255 | 251 | 248 | 244 | 242 | 239 | 237
(degrees) -VE 210 | -2.08 | -2.06 | -2.04 | -2.03 | -2.02 | -2.00
o +VE 327 | 321 | 316 | 3.12 | 3.08 | 3.04 | 3.01
(degrees) -VE 275 | 272 | -2.69 | 2.67 | 2.65 | -2.62 | 2.60
e +VE 276 | 264 | 254 | 245 | 237 | 229 | 222
(degrees) -VE -195 | -191 | -1.88 | -1.86 | -1.83 | -1.80 | -1.78
e +VE 329 | 317 | 3.05 | 295 | 286 | 277 | 2.69
{degrees) -VE 240 | 236 | -232 | 230 | =226 | 223 | 220
an +VE 385 | 372 | 359 | 347 | 337 | 327 | 3.18
(degrees) -VE -2.87 | -283 [ 279 | 295 | 271 | -2.68 | -2.65
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Table 3.8: Transient Response of the Vehicle with Left-Articulation Damping, Lanc-
Change Maneuver at 80 km/h

[ COMBINATION I: LANE CHANGE WITH DAMPING MECHANISM I

T Co (B = 000.00 | 200,00 | 400.00 | 600,00 | 800.00 | 1000.0 | 1200.0 |
Csp (22) = 0 0 0 0 0 0 0

| Positive and Negative Pcak Parametric Values at 80 km/h |

I a +VE 427 | 429 | 430 | 432 | 444 | 436 | 4.38
(m/s?) -VE 512 | 502 | 512 | 502 | 512 | 502 | -5.12
az +VE 315 | 314 | 314 | 314 [ 313 | 312 | 312
(m/s?) -VE 363 | -3.62 | -3.62 | -3.59 | -3.57 | -3.55 | 353
Rearward Amplification | 0.708 | 0.707 [ 0.707 [ 0.701 | 0.697 | 0.693 | 0.689 |
| +VE | 1248 | 12.52 | 1257 | 12.61 | 12.66 | 12.71 | 12.76 |
(degrees/s) | -VE_ | -15.96 | -15.97 | -15.98 | -15.98 [ -15.98 | -15.98 | -15.97
™ +VE 909 | 907 [ 9.06 | 9.04 1 9.02 | 899 | BYS
(degrees/s) | -VE | -10.92 | -10.89 | -10.84 | -10.80 | -10.75 | -10.70 | -10.64
[ Rearward Amplification | 0.684 | 0.682 [ 0.678 | 0.676 | 0.673 | 0.669 | 0.666
M w +VE 028 [ 028 | 028 [ 028 [ 029 ] 029 | 0.29
(m/s) -VE 047 | -047 | -048 | -048 | -0.48 | -0.49 | -0.49
+VE 017 | 0.17 | 017 | 017 | 017 | 017 | 017

(m/s) -VE 0.24 | -0.24 | -023 | 023 | -0.23 | -0.23 [ -0.23
~ +VE 473 | 476 | 476 | 478 | 480 | 481 [ 483
(degrees) -VE 3.9 | 579 | -5.78 | -5.78 | -5.77 | -5.76 | -5.75
P-CGl (m) 402 | 402 | 402 | 402 | 402 | 402 | 4.02
0S-CGI (m) 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.0
P-CG2 (m) 3.83 | 3.84 | 3.84 | 384 | 3.85 | 385 | 3.85
0S-CG2 (m) 000 | 0.00 | 000 | 000 | 0.00 | 0.00 | 0.0

o +VE 528 | 531 | 532 | 534 | 535 | 536 | 537
(degrees) -VE 3.66 | -3.67 | -3.67 | -3.67 | -3.67 | -3.67 | -3.67
o +VE 166 | 1.67 | 1.68 | 1.68 | 1.69 | 1.69 | L&Y
(degrees) | -VE 125 | -1.26 | -1.27 | -1.29 | -1.29 | -1.37 | -1.32
an +VE 263 | 2.64 | 264 | 265 | 265 | 2.65 | 265
(degrees) -VE 2.05 | -2.06 | -2.06 | -2.07 | -2.08 | -2.09 | 2.9
) +VE 121 | 121 | 1.20 | 119 | 19 | 118 T 117
(degrees) -VE 096 | 096 | -095 | 095 | -094 | -0.94 | -(.94
o +VE 176 | 176 | 175 | 175 | 174 | 173 | 171
{degrees) -VE -143 | -143 | -142 | -142 | -1.42 | -1.41 | -1.40
az; +VE 234 | 234 [ 233 | 232 | 230 | 229 | 2.28
(degrees) -VE 192 | -191 | -1.97 | -190 [ -1.89 | -1.89 | -1.88
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Table 3.9: Transient Response of the Vehicle with Right-Articulation Damping, Lane-
Change Mancuver at 80 km/h

L COMBINATION II: LANE CHANGE WITH DAMPING MECHANI‘%M |

F_ Csz (1) = 0 (
Csn (&) = 000.00 200.00 400.00 600.00 800.00 l()()().()l 1200.0
Positive and Negative Peak Parametric Values at 80 km/h |
a +VE 427 [ 426 | 425 | 423 ] 422 | 432 [ 419
(m/s?) -VE 512 | 50T [ =501 | -SAT | 500 [ -5.10 | -5.10
a +VE 315 | 315 | 314 | 3.4 [ 314 | 313 | 3.3
(m/s?) -VE | -3.63 | -3.63 | -3.63 | -3.63 | -3.62 | -3.62 | -3.62
Rearward Amplification | 0.709 | 0.710 | 0.710 | 0.710 | 0.708 | 0.710 | 0.710
™ +VE | 12.48 | 1245 | 1243 | 1240 | 12.37 [ 12.34 | 12.31
(degrees/s) -VE | -15.96 | -1590 | -15.83 | -15.77 | -15.72 | -15.67 | -15.63
Ty +VE 909 [ 907 | 906 [ 9.04 | 9.03 | 9.02 | 9.0
(degrees/s) | -VE [ -10.92 | -10.89 | -10.86 | -10.84 | -10.82 | -10.79 | -10.77
Rearward Amplification | 0.684 | 0.685 | 0.686 | 0.687 | 0.688 | (.688 | 0.68Y
[ v | +VE 028 [ 030 | 032 | 034 | 036 | 038 [ 040
(m/s) -VE 047 | -047 | -047 | 047 | 047 | -0.46 | -0.47
% +VE 0.17 | 017 1 017 | 017 | 017 | 097 | 017
(m/s) -VE 024 | 023 [ 024 | -023 [ 023 | -0.23 | -0.23
~ +VE 473 472 [ 472 T 472 471 | 470 | 470 ||
(degrees) -VE 579 | -5.81 | -5.83 | -5.84 | -5.87 | -5.89 | -5.91 |
P-CGI (m) 402 | 402 | 402 | 403 | 403 | 404 | 404 |
0S-CG1 (m) 000 [ 000 | 000 | 000 | 000 [ 0.00 [ 0.00 |
P-CG2 (m) 383 | 383 | 384 | 3.84 | 384 | 385 | 3.85
0S-CG2 (m) 000 1 000 | 000 | 000 T 0.00 T 000 | 0.00
o +VE 528 | 533 | 538 | 543 | S48 | 553 | 558 |
{degrees) -VE -3.66 | -3.69 | -3.71 | -3.73 | -3.75 | -3.78 | -3.80
o2 +VE 166 | 166 | 167 | 168 | 170 | 172 | 1.74
(degrees) -VE 125 ] -1.26 | -1.26 | -1.26 | -1.26 | -1.26 | -1.26
o3 +VE 263 | 263 | 262 | 2.63 | 263 | 2.64 | 2.65
(degrees) -VE 205 | -204 | 204 | 204 | 204 | 204 | -2.03
ag; +VE 120 121 [ 120 [ L9 [ 1.9 [ 119 1 18
(degrees) -VE | 096 | -096 | -096 | -0.96 | -0.96 | -0.96 | -0.96
a2 +VE 177 ) 176 | 175 | 175 | 175 | 174 | 1.74
(degrees) -VE 143 | -143 | -143 | -143 | -1.43 | -1.43 | -1.43
03 +VE 234 | 233 [ 233 | 232 [ 232 | 231 | 231
(degrees) -VE -192 | -192 | <191 | -191 | -1.91 | -191 | -1.9]
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Table 3.10: Transicnt Response of the Vehicle with both Left- and Right-Articulation
Damping, Lane-Change Mancuver at 30 km/h

COMBINATION 11I: LANE CHANGE WITH DAMPING MECHANISM

Cs (&) = 000.00 [ 200.00 | 400.00 [ 600.00 | 800.00 | 1000.0 | 1200.0
Con ()= 1000.00 | 200.00 | 400.00 | 600.00 | 800.00 | 1000.0 | 1200.0
r_ Positive and Negative Peak Parametric Values at 80 km/h |
a " +VE 427 | 427 | 428 | 428 | 428 | 429 | 4.29
’Ii(m/sz) -VE | -5.12 | 511 | 511 [ -5.11 | -5.11 [ -5.12 | -5.13
1 a; +VE 315 | 314 | 3.13 | 312 | 311 | 311 | 3.10
l (m/s?) -VE 3.63 | 3.62 | -3.60 | -3.58 | -3.56 | -3.54 | -3.51
| Rearward Amplification | 0.709 | 0.708 | 0.705 | 0.701 | 0.697 0.691 | 0.684
T +VE | 1248 | 1249 | 12.51 | 1252 | 12.54 | 12.56 | 12.58
(degreesfs) [ -VE | -15.96 { -15.91 | -15.85 | -15.81 | -15.77 | -15.74 | -15.72 |
T2 +VE 9.09 | 9.06 | 9.03 | 899 | 896 | 893 | 8.89
(degrees/s) [ -VE | -10.92 | -10.86 | -10.79 | -10.72 | -10.64 | -10.57 ] -10.49
Rearward Amplification | 0.684 | 0.683 | 0.681 | 0.678 | 0.675 | 0.672 | 0.667
T o | +VE 028 | 030 | 032 | 0.34 | 037 [ 039 | 0.40
(m/s) -VE -0.47 | -0.47 | -048 | -048 | -0.48 | -0.49 | -0.49
» +VE 017 | 017 | 017 | 017 | 017 | 017 [ 0.17
(m/s) -VE 024 | 023 | 023 | 023 | -0.23 | -0.22 | -0.22
~ +VE 473 | 474 | 476 | 476 | 477 | 478 | 479 |
(degrees) -VE 579 | -581 | -582 | -583 | -5.85 | -5.86 | -5.87
P-CG1 (m) 402 | 4.02 | 403 | 403 | 404 | 404 | 4.05 |
0S-CG1 (m) 000 | 000 | 000 | 000 | 0.00 | 0.00 | 0.00
P-CG2 (m) 383 | 3.84 | 3.85 | 385 | 3.86 | 3.87 | 3.88
05-CG2 (m) 000 | 000 | 0.00 | 000 | 000 | 000 | 0.00
) +VE 528 | 535 | 542 | 548 | 554 | 560 | 5.65 ﬂ
(degrees) -VE | -3.66 | -3.69 | -3.71 | -3.73 | -3.75 | -3.77 [ -3.80 ]
o +VE 166 | 167 | 1.69 | L71 | 173 1176 | 179 |
(degrees) -VE -1.25 | -1.26 | -1.27 | -1.29 | -1.30 | -1.32 | -1.33
- o +VE | 263 | 263 | 264 | 265 | 2.66 | 2.67 | 2.68
(degrees) -VE 204 | 205 | 206 | -206 | -2.07 | -2.08 | -2.09
oy +VE 121 | 120 | .19 | 1.8 | 1.17 | 1.16 | 1.15
(degrees) [ -VE | -0.96 | -096 | -0.95 | -095 | 094 | -0.94 | -0.54
o +VE 176 | 175 | 174 | 1.73 | 172 | 1.70 | 1.69
(degrees) -VE 143 | -143 | -142 | -142 | -141 | -140 | -1.40
Qs +VE 234 | 233 [ 231 | 230 | 228 | 226 | 2.24
(degrees) -VE 192 | -1.9T | -190 | -1.90 | -1.89 | -1.88 | -1.88
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The articulation damping influcnces not only the yaw and lateral response of the
vehicle, but also the steer angles required to follow the presceribed lanc-change path at
a given forward speed. Figure 3.11 illustrates the time-history of the front wheel steer
angle required to negotiate the path, at a speed of 100 kmvh. The steer angle required to
negotiate the lane-change increases only slightly when articulation damping is introduced.

The damped articulation also causes a slightly longer comrection phase as shown in the

Figure.

The lateral damping force and yaw damping moment generated by the articulation
dampers tend to reduce the magnitude of transient responsc of both the tractor and the
semitrailer, as cvident in Figures 3.11 to 3.17. The peak lateral acceleration response
of the tractor and semitrailer decrease with increasc in articulation damping, while the
settling time remains almost unaffected, as shown in Figure 3.12. The peak value of
lateral acceleration response just before the correction phase of the steering specifically
reduces with increase in damping. While the lateral velocity response of the tractor
reduces only slightly with increase in damping, the articulation damping suppresses the
peak lateral velocity of the semitrailer considerably (approximately by 30%), as shown
in Figure 3.13. The lateral oscillatory response of the semitrailer can thus be suppressed
significantly through damped articulation. The yaw velocity responsc of the tractor and
semitrailer of the damped vehicle are similarly lower than that of the conventional vehicle,
as shown in Figure 3.14. The peak yaw velocitics of the tractor and semitrailer of the

damped vehicle (Cs; = Csp = 1200 Ns/m) are 9.5% and 14% lower than those of the

conventional vehicle.

Figure 3.15 illustrates the path followed by the ¢.g.’s of the tractor and semi-
trailer’s sprung weights for different values of articulation damping. The figure reveals
that the damped vehicle tends to overshoot slightly more than the conventional vehicles.
The increase in the overshoot for tractor and semitrailer (for Csy, = C'sp = 1200 Ns/m),

however, is approximately 1%. While the conventional vehicle reverses its direction of
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Figure 3.11: Front Wheel Steer Angle Required 1o negotiate a Lanc-Change Mancuver
at 100 km/

travel slightly carlier than the damped vehicle, the overall settling times of both vehicles
arc quite similar, The increase in the overshoot and the delay in path reversal of the

damped vehicle may be atributed to the decrease in articulation angle caused by the

articulation dampers, as shown in Figure 3.16.

The side-slip angles of the tircs also decrease with increase in damping as evi-
denced in Table 3.8. The influence of the articulation dampers on the side-slip angles of
tires on the tractor axles, however, is relatively small. The peak side-slip angles of tires
on all the semitrailer axles reduce considerably when articulation damping is increased,

as shown in Figure 3.17.
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Figure 3.12: Lateral Acceleration Response of Tractor and Semitrailer for a Lanc-Change
Mancuver at 100 km/h
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Figure 3.13: Lateral Velocity Response of Tractor and Semitrailer for a Lane-Change
Maneuver at 100 km/h
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Figure 3.15: Path followed by the Tractor and Semitrailer c.g.s for a Lane-Change Ma-
neuver at 100 km/h
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Figure 3.16: Articulation Angle Response of Vehicle for a Lanc-Change Mancuver at
100 km/h

3.5 Vehicle Response to an Evasive Maneuver

The transient directional response characieristics of anticulated vehicle are further derived
for an evasive mancuver to investigate the influence of articulation dampers. The response
characteristics are computed using the path follower model in conjunction with the path
presented in Figurc 3.2 at forward speeds of 80 km/h and 100 km/h. The peak values
of directional response parameters and the rearward amplification factors of the vehicle
subject to an evasive maneuver at 100 km/h are computed for three combinations of ar-
ticulation damping and are summarized in Tables 3.12 to 3.14, Table 3.12 illustrates the
peak values for the left-handed evasive maneuver when only the left-articulation damper
is employed (Combination I). The peak values of lateral acceleration, lateral and yaw
velocities, and articulation angle response of both tractor and semitrailer decrease con-

siderably due to damping forces and moments generated by the lefi articulation dampers.
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Figure 3.17: Side-Slip Angles of tires on Semitrailer during a a Lane-Change Maneuver
at 100 km/h

82



The rearward amplitication factors, o, and o, also decrease with an increase in the left-
articulation damping cocfficient (Csy). A comparison of the peak response values of the
damped vehicle to those of the conventional vehicle reveals that the yaw-velocity, and
lateral acceleration rearward amplification factors reduce by 19% and 12.5% respectively,
when the damping cocfficient Csy, = 1200 Ns/m. The results of the swdy thus clearly
illustrate that the articulation damping increases the directional control performance of

the vehicle by reducing the amplitudes of yaw and lateral oscillation encountered.

The side-slip angles of tires on all the axles, except the tractor’s front axle,
reduce considerably with increase in the left-articulation damping. The peak magnitude
of side-slip angles of tires on the tractor's rear and semitrailer axles of the vehicle with
left-articulation damper (Cs = 1200 Ns/m) arc approximately 40% lower than those
of the conventional vehicle. The side-slip angle of the tractor’s front axle, however,
increase with increase in the damping cocfficient. The peak values of the tires on [ront
axle of the damped vehicle (C's;, = 1200 Ns/m } is approximately 30% larger than that
of the conventional vehicie. This increase in the side-slip angle of the front axle tires
is primarily attributed to increase in the front wheel steer angle required o negotiate
the prescribed mancuver, as shown in Figure 3.18. The peak front-wheel angle of the

conventional vehicle, observed ncar 12 degrees, increases to approximately 17 degrees
for Cs;, = Csr = 1200 Ns/m.

Table 3.14 summarizes the peak response values of the vehicle with only right-
articulation damper (Combination II), while negotiating the left-hand evasive mancuver at
100 km/h. It is evident from the table that the influence of right-articulation damper on the
peak values of directional response quantities is insignificant. The peak values of lateral
acceleration, lateral and yaw velocitics, articulation angle decreasc only slighdy when
the damping coefficient Csp is increased. The slip angles of tires on all the axles, except
the tractor’s front axle, also decrease by approximately 1%, when damping coefficient is

increase to 1200 Ns/m. The side-slip angle of the front-axle tires increases by almost 4%
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Table 3.11: Transicnt Response of the Vehicle with Left-Articulation Damping, Evasive
Mancuver at 100 km/h

| COMBINATION I: EVASIVE MANEUVER WITH DAMPING MECHANISM ]

Csr, (52 = 000,00 | 200,00 | 400.00 | 600.00 | 800.00 | 1000.0 | 1200.0
Csp (1) = 0o { o [ o] o[ o[ o 0

Positive and Negative Peak Parametric Values at 100 km/h

@ +VE 6.62 6.46 640 | 6.36 6.31 6.27 6.23

(m/s?) -VE 6.66 | -6.56 | -6.52 | -649 | -6.46 | -6.44 | -6.41
a2 +VE 636 | 608 | 583 | 5.62 | 545 | 531 [ 5.19
(m/<?) VE | -6.67 | -6.39 | -6.18 | -6.01 | -597 | -5.74 | -5.62
Rearward Amplification | 1.002 | 0.974 | 0.948 | 0.926 | 0.924 | 0.891 | 0.877
T = | +VE | 2042 | 1948 [ 1941 | 1940 | 1922 | 19.12 | 18.76
(degrees]sy [ -VE | -18.18 | -18.03 | -17.92 | -17.83 | -17.76 | -17.69 | -17.64
Ta +VE | 18.56 | 17.28 | 16.29 | 15.50 | 14.85 | 14.29 | 13.82

(degreess) -VE -17.19 | -16.03 | -15.25 { -14.65 | -14.16 -1374 | -13.38
Rearward Amplification | 0909 | 0.887 | 0.839 | 0.799 | 0.773 | 0.747 | 0.737

v +VE 132 | 1.16 [ 1L13 | 1.16 | 1.19 [ 1.21 | 1.20
(1) s) -VE -1.03 | -1.00 | -099 | -0.98 | -0.96 | -0.95 | -0.54
™ +VE 170 | 142 | 1.21 | 1.06 | 096 | 0.89 | 0.84
(mn/s) -VE -1.60 | -133 | -1.13 | -098 | -0.87 | -0.78 | -0.72
~ +VE 808 | 7.75 | 749 | 726 | 7.05 | 6.86 | 6.60
(degrees) VE 7.26 | 699 | -6.80 | -6.64 | -6.51 | -6.39 | -6.29
P-CG1 (m) 413 | 413 | 4.14 | 4.15 | 4.15 | 4.16 | 4.16
0S-CGI (m) 095 | -095 | -097 | -099 | -1.00 | -1.01 | -1.02
P-CG2 (m) 407 | 408 | 409 | 410 | 412 | 4.13 | 415
08-CG2 (m) -1037 [ -1.03 | -1.05 | -1.06 | -1.07 | -1.08 | -1.08
oy +VE 1475 | 1543 | 1625 | 17.13 | 17.98 | 18.76 | 19.45
(degrees) -VE | 923 | 903 | -895 | -8.89 | -8.85 | -8.81 | -8.86
2 +VE 356 | 330 | 316 | 3.06 | 298 | 292 | 287 |
(degrees) -VE 328 | 323 | -3.16 | -3.08 | -2.99 | -2.91 | -2.84
a3 +VE 436 | 409 | 394 | 3.82 | 3.74 | 367 | 3.6l
(degrees) -VE -406 | -400 | 391 | -382 | -3.71 | -3.62 | -3.53
o +VE 467 | 409 [ 363 | 328 | 3.00 | 281 | 266
(degrees) -VE -4.54 | -398 | -3.57 | -3.24 | -3.00 | -2.80 | -2.64
o +VE 533 | 471 | 421 | 383 | 354 | 333 | 3.18
(degrees) -VE -5.19 | -460 | -4.15 | 381 | -3.54 | -3.33 | -3.15
o +VE 601 | 534 | 481 | 440 | 408 | 3.86 | 3.70
(degrees) -VE -5.88 | -5.25 | -477 | -440 | -4.11 | -3.87 | -3.68
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Table 3.12: Transient Response of the Vehicle with Right-Articulation Damping, Evasive
Mancuver at 100 km/h

| COMBINATION II: EVASIVE MANEUVER WITH DAMPING MECHANISM J

Cst (B9 =

st (2 0 0 0 0 0 0
Csp (22) = 000.00 | 200.00 | 400.00 | 600.00 | 80000 | 1000.0 | 1200.0
| Positive and Negative Peak Parametric Values at 100 km/h ]
a +VE | 662 | 656 | 651 | 642 | 637 | 637 | 638
(m/s?) -VE | -6.66 | -6.65 | -6.64 | -6.64 | -6.63 | -6.63 | -6.62
s +VE 6.36 | 639 | 641 | 644 | 6.46 | 6.48 [ 6.50
(m/s*) -VE -6.67 | -6.67 | -6.66 | -6.60 | -6.66 | -6.66 | -6.66
Rearward Amplification | 1.002 | 1.003 | L.003 | 1003 | LOOS | LOOS | 1.6
T +VE | 2042 | 20.23 | 20.05 | 1988 [ 19,72 [ 19.56 | 19.41 |
(degrees/s) | -VE | -18.18 | -18.13 | -18.07 [ -18.02 [ -1798 [ -17.94 | -17.91 |
2 +VE | 18.56 | 18.54 | 1853 | 18.50 | 184S [ 1839 | 18.32 |
(degrees/s) -VE 1719 | -17.18 | -17.16 | -17.15 | -17.14 | -17.13 | -17.11 |}
Rearward Amplification | 0.909 | 0.916 | 0.924 | 0931 | 0.936 [ 0940 | 0.944
m +VE 132 | 131 | 130 [ 129 | 1.29 ] 1.28 | 1.28
{m/s) -VE | -1.03 | -1.05 | -1.06 | -1.07 | -LOR [ -1.07 [ -1.07
™ +VE 170 | 169 | 1.68 | 1.67 | 1.66 | 1.66 | 1.65
(m/s) -VE 160 | -1.61 | -1.61 | -1.62 | -1.62 | -1.62 | -1.62
¥ +VE 808 | 809 | 800 | 807 | 804 | 800 [ 795
(degrees) [ VE | 726 | 723 | 720 | 718 | -7.08 | T.03 [ LI |
P-CGI (m) 413 | 414 | 414 | 415 | 415 | 416 | 416 |
0S-CGI1 (m) 095 | -098 [ -1.00 | -1.03 | -1.05 | -1.08 | -L.11
P-CG2 (m) 407 | 407 | 408 | 408 | 409 [ 409 | 410
0S-CG2 (m) 103 | -1.06 | -1.08 | -1.11 | <113 | -1.16 [ -1.I8
g +VE | 1475 | 1486 | 1496 | 1507 | 1518 | 15.28 | 15.38
(degrees) VE 923 | 940 | 958 | -9.76 | -9.96 | -10.16 [ -10.37
ap +VE 356 | 3.54 | 352 | 350 | 349 | 348 | 347
(degrees) -VE 328 | 334 | -339 | -3.43 | -3.46 | -3.47 | -3.49
o +VE 437 | 434 | 433 | 431 | 430 | 429 [ 4.28
(degrees) -VE 406 | -4.13-| -4.19 | -424 | -426 | -4.28 | -4.28
) +VE 467 | 465 | 464 | 463 | 462 | 46! | 4.60
(degrees) VE 454 | -455 | -457 | -458 | 458 | 459 | -4.59
an +VE 533 | 531 | 530 | 529 | 5.28 | 527 [ 5.26 |
(degrees) -VE 519 | -5.21 | -5.23 | -524 | -5.24 | -5.25 | -5.25 |
o +VE 601 | 600 | 599 | 598 | 596 | 595 | 594 |
(degrees) -VE 588 | -590 | -5.92 | -5.94 | -594 | 595 | 595 |
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Table 3.13: Transient Response of the Vehicle with both Left- and Right-Articulation
Damping, Evasive Mancuver at 100 km/h

| COMBINATION 1II: EVASIVE MANEUVER WITH DAMPING MECHANISM |

Cs, ((2)= | 000.00 [ 200.00 | 400.00 | 600.00 | 800.00 | 1000.0 | 1200.0
Csn ()= 000.00 | 200.00 | 400.00 | 600.00 | 800.00 | 10000 | 1200.0
Positive and Negative Peak Parametric Values at 100 km/h
a " +VE 662 | 640 | 631 | 624 | 6.19 | 6.14 | 6.09
(m/s?) -VE -6.66 | -6.54 | -6.50 | -646 | -642 | -6.39 | -6.36
0 +VE 636 | 609 | 585 | 565 | 549 | 536 | 5.25
(m/s?) -VE | 667 | 639 | -6.19 | -602 | -5.88 | -5.74 | -5.62
Rearward Amplification | 1.002 | 0.977 | 0.952 | 0.932 | 0.916 | 0.898 | 0.884
T +VE | 2042 | 19.35 | 19.06 | 18.83 | 18.53 [ 18.17 | 17.83
(degreesfs) [ -VE | -18.18 | -17.98 | -17.82 | -17.68 | -17.56 | -17.56 | -17.36
T2 +VE | 18.56 | 17.26 | 16.25 | 15.45 | 14.80 | 14.26 | 13.80
(degrees/s) | -VE [ -17.19 | -16.00 | -15.19 | -14.57 | -14.05 | -13.62 | -13.24
Rearward Amplification | 0.909 | 0.892 | 0.853 | 0.821 | 0.799 | 0.785 | 0.774 |
[ u | +VE 132 | 115 | 112 | 112 | L12 | 112 | 110 )
(m/s) -VE -1.03 | -1.01 | -1.00 | -099 | -0.98 | -0.97 | -0.96
™ +VE 170 | 141 | 121 | 1.06 | 096 | 0.88 | 0.83
(m/s) -VE -1.60 | -133 | -1.13 | -099 | 0.88 | -0.79 | -0.73 |
¥ +VE 808 | 7.75 | 748 | 7.23 | 7.02°| 683 | 6.66
(degrees) -VE 726 | -697 | -6.75 | -6.58 | -6.43 | -6.31 | -6.20
P-CGI (m) 413 | 414 | 415 | 416 | 4.17 | 418 | 4.19 |
05-CGI (m) 095 | -098 | -1.00 | -1.03 | -1.06 | -1.08 | -1.10
P-CG2 (m) 407 | 408 | 410 | 412 | 413 | 415 | 4.17
0S-CG2 (m) -1.03 | -1.05 | -1.08 | -1.11 | -1.13 | -1.14 | -1.16
ay +VE | 1475 | 1552 | 1639 | 17.29 | 18.15 | 18.94 | 19.66
(degrees) -VE 923 | 9.8 [ 921 | -9.25 | -9.30 | -9.38 | -9.51
o +VE 3.56 | 329 | 314 | 3.03 | 294 | 288 | 2.82
(degrees) -VE 328 | -3.26 | -3.20 | -3.12 | -3.05 | 298 | -2.92
3 +VE 437 | 408 | 390 | 378 | 3.68 | 3.60 | 3.53
(degrees) -VE 406 | -403 | -3.96 | -3.86 | -3.77 | -3.69 | -3.62
ay +VE 467 | 409 | 3.64 | 331 | 305 | 2.84 | 2.69
(degrees) VE | 454 | 398 | -3.57 | -3.26 | -3.02 | -2.83 | -2.67
o +VE 533 | 471 | 423 | 387 | 359 | 337 | 3.20
(degrees) -VE | -5.19 | -460 | -4.16 | -3.83 | -3.56 | -3.36 | -3.19
o +VE 602 | 534 | 483 | 443 | 413 | 390 | 3.72
(degrees) VE | 588 | -526 [ -479 | -441 | 413 | -390 | -3.72
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Table 3.14: Transient Response of the Vehicle with Left-Articulation Damping, Evasive
Maneuver at 80 km/h

| COMBINATION I: EVASIVE MAI_\IEﬁVER WITH DAMPING MECHANISM

Cst (&) = 000.00 [ 200.00 [ 400.00 | 600.00 | 800.00 | 1000.0 | 1200.0
‘ Cor (£2) = 0 0 0 0 0 0o | o
| Positive and Negative Pcak Parametric Values at 80 km/h
a +VE 425 | 432 | 439 | 447 | 455 | 464 | 475
(m/s?) -VE 5.89 | -5.87 | -5.85 | -5.84 | -5.82 | -5.82 | -5.81
az +VE 332 | 3.33 | 3.3¢ | 336 | 337 | 338 | 340
(m/s?) -VE 5.02 | 497 | 492 | -4.86 | 479 [ -4.73 | -4.65
Rearward Amplification | 0.852 | 0.847 | 0.841 | 0.832 | 0.823 | 0.813 | 0.800 |
T +VE | 12.88 | 13.05 | 325 [ 13.46 [ 13.71 [ 1397 [ 14.26 |
(degreesfs) [ -VE | -17.21 | -17.22 | -17.24 | -17.26 | -17.29 | -17.33 | -17.37
T +VE 971 | 9.75 | 9.79 | 9.84 | 9.89 | 9.95 | 10.03
(degrees/s) [ -VE | -14.75 | -14.57 | -14.38 | -14.19 | -13.99 | -13.78 | -13.58
Rearward Amplification | 0.857 | 0.846 | 0.834 | 0.822 | 0.809 | 0.795 | 0.782
[ w | +VE | 046 | 045 | 044 | 043 | 041 | 041 | 042
(m/s) -VE 036 | -0.36 | -0.36 | -0.36 | -0.36 | -0.37 | -0.37
™ +VE 028 | 027 | 025 | 024 | 023 | 022 | 0.22
(m/s) -VE 021 | -0.21 | <021 | 021 | -0.2T [ -0.2T | -0.21
e +VE 504 | 509 | 5.16 | 523 | 530 | 538 | 547
(degrees) -VE 763 | -7.60 | -7.57 | -1.53 | -1.49 | -1.46 | -7.42
P-CGI (m) 386 | 3.87 | 3.87 | 3.87 | 387 | 387 | 387 |
0S-CG! (m) 021 | 021 | -022 | -022 | -0.23 | -023 | -0.24
P-CG2 (m) 359 | 3.59 | 3.59 | 3.59 | 3359 | 360 | 3.60
0S-CG2 (m) 0.07 | -0.08 | -0.08 | -0.09 | -0.09 | -0.10 | -0.11
an +VE 785 | 787 | 7.89 | 792 | 7.94 | 796 | 7.9
(degrees) VE [ 359 ] -366 | -3.73 | -382 { -392 | -4.04 | -4.16
oz +VE 234 | 235 | 237 | 239 | 240 | 242 | 243 |
(degrees) -VE -130 | -1.33 | -1.37 | -141 | -1.45 | -1.50 | -1.55
o3 +VE 342 | 343 | 344 | 345 | 346 | 347 | 347
(degrees) -VE 211 | -2.15 | 219 [--2.23 | -2.28 | -233 | -2.39
a1 +VE | 208 | 205 | 202 | 198 | 194 | 1.89 | 185
(degrees) -VE -1.05 | -1.06 | -1.06 | -1.06 | -1.07 | -1.07 | -1.08
a2 +VE | 283 | 279 | 275 | 271 | 266 | 2.60 | 255 ||
(degrees) -VE | -1.55 | -1.56 | -1.56 | -1.57 | -1.58 | -1.59 | -1.60 |
0 +VE | 3.61 | 357 | 352 | 346 [ 339 | 333 | 3.26
(degrees) -VE 2.07 | -2.08 | 209 | 209 | -211 | -2.02 | -2.13 “
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Table 3.15: Transient Response of the Vehicle with Right-Articulation Damping, Evasive
Maneuver at 80 kmv/h

COMBINATION II: EVASIVE MANEUVER WITH DAMPING MECHANISM ]

Cs;, (&)= 0 0 | O 0 0 0 0
Csp (22 = 000.00 | 200.00 | 400.00 | 600.00 | 800.00 | 1000.0 | 1200.0
| Posilive and Negative Peak Parametric Values at 80 km/h |
a +VE 425 [ 436 | 427 | 428 | 4.28
(m/s?) -VE -5.89 | -591 | -592 | -594 | -535 | -5.97 | -5.98
@ +VE 332 [ 334 | 335 | 367 [ 338 | 3.30 | 3.41
(m/s?) -VE | -5.02 | -5.02 | -502 | -5.03 | -5.02 [ 5.03 | -5.02
| Rearward Amplification | 0.852 | 0.849 | 0.848 | 0.847 | 0.844 | 0.843 | 0.839 |
[ oy +VE [ 12,88 [ 1234 | 1299 | 13.06 | 13.13 | 13.20 | 13.28
(degreesfs)| -VE | -17.21 | -17.36 | -17.54 | -17.69 | -17.86 | -18.02 | -18.18
Ts +VE 971 [ 975 | 979 | 984 | 988 | 993 | 997
(degrees{s) | -VE ~[-14.74 | -1474 | -14.74 { -14.73 { -14.72 | -14.71 | -14.69
Rearward Amplification | 0.856 | 0.849 | 0.840 | 0.833 | 0.824 | 0.816 | 0.808
v | +VE 046 | 051 [ 056 | 061 | 066 | 0.71 | 0.76
(mfs) -VE 1 -036 | -036 | -037 | -036 | -0.37 | -0.37 | -0.37
™ +VE 028 | 028 | 028 | 028 | 028 | 0.28 | 0.28
(m/s) -VE 021 | -021 | -021 | -02T | -0.2T | -0.21 | -0.21
~ +VE | 504 [ 507 | 509 | 512 | 515 | 5.18 | 5.21 |
(degrees) -VE -7.63 | -7.74 | 784 | -795 | -8.04 | -8.14 | -8.24
P-CG1 (m) 386 | 387 | 387 | 387 | 3.87 | 3.88 | 3.38
0S-CG1 (m) 021 | -022 | -022 [ -023 | -0.24 | -0.24 | -0.25
P-CG2 (m) 359 | 359 | 359 | 360 | 3.60 | 3.60 | 3.6l
0S-CG2 (m) -0.07 { -0.08 | -0.08 | -0.09 | -0.09 | -0.10 | -0.11
oy +VE 785 | 789 [ 792 | 796 | 7.99 | 803 | 8.06
(degrees) -VE | -359 | -3.65 | -3.72 | -3.78 | -3.85 | -3.93 | -4.00
2 +VE 232 | 242 | 252 | 261 | 270 | 2.80 | 2.89
(degrees) -VE -1.29 { -131 | -1.33 { -1.34 | -1.36 | -1.38 | -1.39
a3 +VE 342 1 351 | 360 | 3.69 | 379 | 3.87 | 3.97
(degrees) -VE 211 | 212 | -214 | -215 | -2.17 | 2.18 | -2.20
oy +VE 208 | 207 | 207 | 207 | 206 | 206 | 2.05
(degrees) -VE -1.05 | -1.06 | -1.07 [ -1.09 | -1.09 | -1.10 [ -1.11
x +VE 283 | 2.83 1 283 | 283 [ 282 | 282 [ 281
(degrees) -VE -1.55 [ -1.57 | -1.58 | -1.59 | -1.60 | -1.61 | -L.11
0z +VE 3.61 { 361 | 360 | 3.61 | 3.60 | 3.59 | 3.59
(degrees) -VE -2.07 | -208 | -209 | 211 | -2.13 | -2.14 | -2.16
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Table 3.16: Transient Response of the Vehicle with both Left- and Right-Articulation
Damping, Evasive Maneuver at 80 km/h

! COMBINATION 1I: EVASIVE MANEUVER WI

TH DAMPING MECHANISM |

600.00 | 800.00 | 1000.0 | 1200.0
. 600.00 | 800.00 | 1000.0 | 1200.0
| Positive and Negative Peak Parametric Values at 80 km/h
a +VE | 425 | 432 | 440 | 449 | 458 | 4.69 | 4.80 |
(m/s?) -VE 589 | -5.88 | -5.88 | -5.89 | -5.90 | -591 [ -5.93 |
a +VE 332 | 335 | 337 | 339 | 341 | 343 | 345
(m/s?) -VE 502 | -497 | -491 | -483 | 4741 -4.64 | -4.54
| Rearward Amplification | 0.852 | 0.845 | 0.835 | 0.820 | 0.803 | 0.785 | 0.766
r = +VE 12.88 | 13.10 | 13.34 | 13.61 | 1391 | 14.24 | 1459
(degrees/s) [ -VE | -17.21 | -17.39 | -17.55 | -17.72 [ -17.88 | -18.04 | -18.20
™ +VE 971 | 979 | 9.86 | 9.93 | 1001 | 10.08 | 10.17
(degrees/s) [ -VE | -14.14 | -14.56 | -14.33 | -14.08 | -13.80 | -13.52 [ -13.24
Rearward Amplification | 0.856 | 0.837 | 0.817 | 0.795 | 0.772 | 0.749 [ 0.727 H
v, +VE 046 | 050 | 052 | 0.54 | 056 | 0.60 | 0.66
(m/s) -VE 0.36 | -0.36 | -0.37 | -0.37 | -0.37 | -0.37 | -0.37
™ +VE 028 | 027 | 025 | 023 | 022 | 022 | 0.22
(m/s) -VE | 0.21 [ -021 | -021 | -0.21 | -0.21 [ -0.21 | -0.21
v +VE 504 | 512 | 5.21 | 529 [ 540 | 550 | 5.62
(degrees) -VE 763 | 190 | 776 | 7.9 | -7.80 | -7.80 | -1.79 |
P-CGI (m) 386 | 3.87 | 387 | 383 | 388 | 3.88 | 3.8Y
0S-CGI1 (m) 021 | -022 | -023 | -024 | -0.26 | -0.27 | -0.29 ﬁ
P-CG2 (m) 3.59 | 359 | 359 | 3.60 { 3.61 | 3.61 | 3.62 |
0S-CG2 (m) -0.07 | 008 | -009 | -0.10 | -0.11 | -0.13 | -0.15
vy +VE 785 | 791 | 7.96 | 802 | 8.07 | 812 | 8.17
(degrees) -VE 359 [ -7.72 | -3.86 | -4.02 | -421 | -4.43 | -4.67
o2 +VE 232 | 244 | 254 | 264 | 272 1 279 | 285
(degrees) -VE 129 | -1.35 | -1.40 | -145 | -1.51 | -1.58 | -1.66
a3 +VE 342 | 252 [ 361 | 3.68 | 3.75 | 380 | 3.84
(degrees) -VE | 211 | -216 | 221 | -228 | 234 | -242 | -2.50
Qg +VE 208 | 204 [ 200 | 195 [ 1.89 | 1.82 [ 175
(degrees) -VE -1.05 | -1.06 | -1.07 | -1.08 | -1.09 | -I.1T | -1.12
Qg +VE 283 | 279 | 274 | 268 | 260 | 252 | 244
(degrees) -VE -1.55 | -1.57 | -1.58 | -1.59 [ -1.61 | -1.63 | -1.64
o +VE 361 | 356 | 350 | 342 | 333 | 324 | 3.14 |
(degrees) -VE 207 [ -209 [ 211 ] -2212 | 214 | -216 | -2.18 |
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corresponding to Csp = 1200 Ns/m, due to corresponding increase in the front-wheel

steer angle.

A comparison of Tables 3.13 and 3.14 suggests that the left-articulation damping
can yicld considerable improvement in the directional control performance under a left-
handed evasive mancuver. The peak values of the directional response parameters of the
vehicle employing both articulation dampers (Combination III) are summarized in Table
3.14. From the table it is evident that an increase in articulation damping (Csg and Csy)
yiclds considerably lower peak values of the directional response and thus improves
directional performance. A comparison of Tables 3.13 and 3.15 shows the influence
of two articulation dampers (Combination III) is quite similar to that of the left-damper
(Combination I), while the implementation of both dampers yields slight further reduction

in the peak values.

The peak values of directional response quantities of the conventional and damped
vehicle, subject to an evasive maneuver at 80 km/h, also exhibit similar influence of the
articulation damping. The peak values of the response parameters, however, are lower
than thosc encountered during the evasive maneuver conducted at 100 km/h, as evident
in Tables 3.16 to 3.18. The transient response characteristics of the articulated vehicle

are thus presented and discussed for an evasive maneuver at 100 km/h.

The forces and moments developed by the articulation dampers affect the transient
response of both tractor and semitrailer in a considerable manner, as illustrated in Figures
3.19 to 3.26. The influence of aniculation damping on the lateral acceleration response
of sprung weights of the tractor and semitrailer subjected to an evasive maneuver is
demonstrated in Figure 3.19. The lateral acceleration response of the vehicle with damped
articulation is similar to that with conventional articulation during the initial period of
the maneuver (t < 2s). The low steer angle in this period yields lower side-slip angle,

cornering force, and low velocities across the dampers. The resulting damping forces
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Figure 3.18: Front Wheel Steer Angle required to perform an Evasive Maneuver at 100
km/h

and moments are low and thus do not influence the vehicle lateral acceleration. The
influence of articulation damping on lateral velocity, yaw velocity, articulation angle,
vehicle path and side-slip angles is also insignificant during this intial period of the
directional maneuver, as shown in Figures 3.20 to 3.26. As the front-wheel steer angle
is increased, the corresponding increase in the velocities and thus the damping forces
reduces the peak values of lateral acceleration, and yaw and lateral velocities. The
corresponding side-slip angles of tires approach the nonlinear regime (> 4 degrees) as

evident in Figures 3.24 to 3.26.

The peak values of the response paramélers during both lane-change and evasive
maneuvers decrease with increase in the articulation damping coefficients, while the
settling time increases slightly. While the lateral acceleration of tractor and semitrailer
of the vehicle with damped articulation are 8% and 16%, respectively, lower than those

encountered by the vehicle with conventional articulation, the influence of articulation on

91



LATERAL ACCELERATION OF TRACTOR

B ¥ v T v v T T
2
&
%
]
" . \ . . ,
0 1 2 3 4 s 6 7 8 9
TIME (s)
LLATERAL ACCELERATION OF SEMITRAILER
88— T T T t Y T T
£
5
é
[
é
-8 i L 1 A i
0 1 2 3 4 3 6 7 8 >
TIME (s)

Figure 3.19: Lateral Acceleration Response of Tractor and Semitrailer for an Evasive
Mancuver at 100 km/h
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Figure 3.20: Lateral Velocity Response of Tractor and Semitrailer for an Evasive Ma-

neuver at 100 km/h
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Figure 3.22: Articulation Angle Response of Vehicle for an Evasive Mancuver at LX)
km/h
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the lateral and yaw velocity oscillations are far more significant, as shown in Figure 3.20
and 3.2, respectively. The magnitude of peak lateral velocity oscillation of the semitrailer
of the vehicle with damped articulation (Csy, = Csp = 1200 Ns/m) is approximately 51%
lower than that of the vehicle with conventional articulation, The peak amplitude of
yaw velocity oscillations of the damped vehicle is approximately 26% lower than the
conventional vehicle, as shown in Figure 3.21. These figures suggest that the amplitudes
of yaw and lateral oscillations of the semitrailer can be considerably reduced by the

articulation damping.

An increase in articulation damping also reduces the peak amplitude of articulation
angle responsc as shown in Figure 3.22. The vehicle thus experiences slightly larger
overshoot, specifically during the correction phase of steering, as evident from the path
prescribed by the tractor and semitrailer shown in Figure 3.23. The lateral overshoot
distances of the tractor and semitrailer with articulation dampers ( Csgp = Csp = 1200
Ns/m ) arc observed to be 0.15 m and 0.13 m, respectively, higher than those of the
conventional vehicle. The side-slip angles of the tires on axles of tractor and semitrailer
decreases considerably with increase in the left- and right-articulation damping, except
for the side-slip angle of tires on axle 11 as shown in Figures 3.24 to 3.26. The side-slip
angle of the tires on the stecred axle 11 increases with articulation damping, primarily,

due to increased steer angle required to perform the maneuvers as shown in Figure 3.16.

3.6 Summary

The steady-state and transient directional response characteristics of the articulated vehicle
with articulation dampers are investigated. The directional response characteristics of the
vehicle are compared to those of a conventional vehicle to highlight the influence of
articulation damping. The effect of articulation damping on the steady-state and transient

dircectional response is investigated for constant steer, lane-change and evasive maneuvers
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at different speeds. The results of the study showed that the lateral damping foree and
yaw damping moment generated by the articulation dampers help to reduce the transient
lateral and yaw oscillations of the vehicle encountered during high speed directional

mancuvers.
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Chapter 4

Dynamic Response of the Vehicle
with Forced-Steering Axle

4.1 General

The low-speed manecuverability and high-speed directional stability of freight vehicles
have been adversely influenced by increased weights and dimension, and introduction of
multi-axle semitrailers. Conventional articulated vehicles with steering at the tractor’s
front axle alone yield excessive offtracking, tire scrub and wear, strain on the suspension
components and poor fuel economy. Air-lift axles have been used to improve the maneu-
verability and to reduce the rate of tire wear during cornering maneuvers. The increase in
weight on the remaining axles caused by the lifted axle, however, yield premature dam-
age to the pavement. Altematively, self- or forced-steering axles have been proposed
to increase the mancuverability limits and to reduce the rate of tire wear. While the
self-steering axles provide improved maneuverability and eliminate the excessive road
damage caused by drop axles, lower lateral cornering forces generated by these axles

decreases the directional stability and control of the vehicle.

A number of force-steering algorithms relating the vehicle response guantities to
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the angle of wheels of the steerable axle arc formulated, and integrated to the nonlinear
yaw-planc mode! of the vehicle, presented in Chapter 2. The influence of force-steering on
both the low-speed maneuverability and high-speed directional control of the articulated
vehicle is investigated for different algorithms. The results are discussed in view of the

conflicting requirements corresponding to low- and high-speed mancuvers.

4.2 Control Schemes

Different forced-steering control schemes are formulated to study their performance
potentials related to low-speed mancuverability and high-speed dircctional dynamics
[39,41,42). Assuming proportional control laws and ncgligible delays, the wheel an-
gle of the forced-steered axle is related to one or more response quantitics of the vehicle.
The directional characteristics of the vehicle are first investigated using a single control
variable feedback to establish the influence of independent variables. Articulated buses
have employed forced-steered axles at the trailing unit, where the wheel angle is gener-
ated proportional to the articulation angle [39]. In light vehicles, the rear wheel angle
is frequently generated in portion with the front whecl steer angle. The control schemes
based on single variable control are thus formulated as a function of front wheel steer

angle (8), articulation angle () and articulation rate (%):

Scheme A: bps;

1

I\‘lf 6

Scheme B: éps; =, Kai v

Scheme C: éps; IG; % {4.1)

Where, 6pg; is the wheel angle of the forced-steering axle i, and i = 1, 2, 3 represent
the axles 21,22 and 23 of the semitrailer, respectively. I;, A5 and Ii5; are the propor-

tional front wheel steer, articulation and articulation rate gains, respectively. Few studies
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reporied on the performance characteristics of forced-steering axles have indicated con-
flicting requirements for low-speed maneuverability and high-speed directional dynamics.
The angle of the wheels on the semitrailer axle needs to be in a direction opposite to
the tractor’s front wheel angle in order to achieve improved low-speed manoeuvrability,
off-tracking and reduced rate of tire wear [41,42]. The semitrailer axle wheel angle at
high-speeds, however, needs to be in the same direction as the tractor’s front wheel in
order to achieve improved directional stability limits [41,42). The forced-steering control
algorithms thus must be formulated as a function of vehicle speed, such that requirements

at low as well as high-speeds may be realized.

The directional performance characteristics of the articulated vehicle with forced-
steering axles are investigated for control schemes based on feedback from combination of
response quantitics and vehicle speed. Four different schemes are formulated to achieve

the forced steering angle of the steered axle:

Scheme It Spg; = Ay 6+ Ko

Scheme II: bpgi = I v+ R U

Scheme II: bps;

Ifl,' 6+ I\-."' U Y

Scheme 1V: éps; = Ky v+ LKy Uy 4.2)

4.3 Performance Criteria

The parameters and dimension of the six-axle articulated vehicle considered in the study
have been presented in Table 3.1. The nonlinear cornering properties of tires have been

described in Section 2.3.1. The location of axle 21 is derived from the simulation results
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discussed in Chapter 3. The axle 21 located 1.22 m ahecad of axle 22, yields lowest
amplitudes of yaw and lateral oscillation, and side-slip angles of tires on all the axles.

This finding is further supported by the studies reported in the literature [41).

The directional response characteristics of the six-axle tractor-semitrailer, equipped
with a forced steering axle, is investigated for steady and transient steer inputs. The
directional response characteristics are assessed in terms of low- and medium-speed ma-
noeuvrability, and medium- and high-speed directional dynamics. The low- and medium-
speed maneuverability characteristics of the vehicle are investigated for a constant steer
maneuvers (Figure 3.2) at forward speeds of 30 km/h and 50 km/h. The medium- and
high-speed directional dynamics of the vehicle are investigated for cvasive mancuvers
{Figure 3.3) at forward specds of 50 km/h, 80 km/h and 100 km/h using the path {ollower
model. The low- and medium-spced mancuverability of the vehicle arc assessed in terms
of steady-state off-tracking, curve radius, side-slip angles, and articulation angle. The
medium- and high-speed dircctional performance of the vehicle are assessed in terms
of lateral acceleration, lateral and yaw velocities, articulation angle, path overshoot, and
side-slip angles of tires of the semitrailer. A parametric study is carried out to determine

the influence of various control gains, on the performance indicates described above.

4.4 Results and Discussion

The steady-state handling and directional dynamics of the articulated vehicle are investi-
gated for a constant steer maneuver of 5% at forward speeds of 30 km/h and 50 km/h. The
magnitude of the wheel angle (5°) is selected to achieve a turn radius of approximately
70 m at 50 km/h. The transient directional response characteristics of the vehicle with
forced-steering axles are computed for an evasive manecuvers performed at 50 km/h, 80
km/h and 100 km/h. The peak values of the response characteristics of the semitrailer

with forced-steering are evaluated for different mancuvers and compared to those of a
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conventional vehicle in order to highlight the influence of forced-steering axle.

4.4.1 SCHEME A: Front Wheel Steer Gain

The forced-steered axle angle is varied in proportion to the tractor’s front wheel stecr
angle. The low-speed manoeuvrability and high-speed directional dynamics are evaluated
for forced-steering axle replacing the conventional semitrailer axle 21 or 22 or 23. The
influence of proportional control gains (J(}; or K, or Kj3) on the performance charac-
teristics is presented in terms of steady-state values of the vehicle response quantities.
The dircctional response characteristics of the vehicle with a forced-steering axle are
compared to those of the conventional vehicle to highlight the performance potentials of

the forced-steering axle.

Figurcs 4.1 and 4.12 present the steady-state values of directional response quan-
titics related to low-speed manoeuvrability (lateral acceleration, lateral and yaw velocities
of the semitrailer, curve radius, off-tracking, and side-slip angles) as a function of the
front wheel steer angle gain (L)), when the axle 21 is replaced by a forced-steering
axle. The peak lateral acceleration and yaw velocity of the semitrailer increase slightly
when negative front wheel steer gain is selected, irrespective of the vehicle speed. The
peak lateral velocity decreases with opposite steer control (K; < 0). The peak lateral
velocity, however, may approach high values for larger negative gains. Although the
curve radius and vehicle off-tracking, both decrease, when negative front-wheel steer
gain is selected, the corresponding magnitudes of side-slip angles of tires on semitrailer
axles increase. This control scheme thus yields increased tire wear rate, decreased off-
tracking and lateral oscillations corresponding to low- and medium-speed constant steer

maneuvers.

The low- and medium-speed directional response characteristics of the articulated
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vehicle with a force-steering axle located at 22 are summarized in Figures 4.3 and 4.4,
The figures reveal that the lateral acceleration and yaw velocity of the semitrailer vary
only slightly with variation in the control gain ([\},), irrespective of the vehicle speed,
The lateral velocity response of the semitrailer decrcases with negative values of the
proportional gain. At forward speed of 50 km/h, the peak lateral velocity approaches
high values for Kj; < =2, The curve radivs of the semitrailer, however, increases
slightly for negative values of the gain Kj,. Although, the negative gain values yield
low off-tracking, the side-slip angles of tires on all the axles incrcase. A comparison
of peak response values of vehicles with force-steering axle located at 21 (Figures 4.1
and 4.2) and 22 (Figures 4.3 and 4.4) reveals that the influence of forced-steering axle
located at 22 is less significant than that located at 21. The force-steering axle located at

22 also yields larger tumning radius of the semitrailer.

Figures 4.5 and 4.6 present the stcady-state response parameters of the semitrailer
under constant stecer maneuvers when conventional axle 23 is replaced by the forced-
steering axle. The pcak response values vary with the control gain Ay in a similar
manner, as discussed above. The variations in lateral acceleration and yaw velocity
are observed to be small, as shown in Figure 4.5. The lateral velocity response of
the semitrailer tends to decrcase with negative gain values at vehicle speed 30 km/h.
The lateral velocity response at SO km/h also tends 10 decrease with negative values of
gain A1s, provided the magnitude of the gain is low. The curve radius of the vehicle
increases (approximately 4m) for negative values of front wheel steer gain ;. Although
the vehicle off-tracking decreases irrespective of the direction of the forced-steering axle,

the reduction is more significant for negative steer gain.

The influence of front wheel steer gain (J/();) and the location of the forced-
steering axle on the directional response characteristics are further investigated for an
evasive maneuver performed at 50 km/h, 80 km/h and 100 km/h. Figures 4.7 10 4.12

present the peak response values for different control gains and locations of the forced-
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steering axle. The peak semitrailer lateral acceleration tends to decrease only slightly
for posilive steer gains (JX);) irrespective of the vehicle speed and the location of the
forced-steering axle. The ncgative front-wheel steer gains yield a considerable increase
of the peak lateral acceleration, as shown in Figures 4.7, 4.9 and 4.11. The peak lateral
acceleration approaches quite high values, well above the lateral acceleration threshold of
the vehicle related its roll stability. The peak lateral velocity response of the semitrailer
corresponding to high-speed maneuvers (80 km/h and 100 knvh) increases irrespective
of the control gain and location of the forced-steering axle. The peak lateral velocity
correspond to medium-speed maneuver, however, decreases slightly for negative values
of steer gain. Corresponding to high-speed (100 km/h) evasive maneuvers, the peak yaw
velocity responsc increases considerably with the negative values of steer gain, while the
variations are insignificant for positive values of the gains. The peak yaw velocity at
50 km/h and 80 km/h also varies only slightly irrespective of the gain values and the

location of forced-steering axle.

The maximum overshoot encountered at the completion of the maneuver is strongly
related to the vehicle speed as shown in Figures 4.7, 4.9 and 4.11. A conventional vehi-
cle cxhibits only small overshoot at medium speeds, and excessively large overshoot at
10(} km/h (approximately 1 m) due to increased lateral and yaw oscillations. A positive
value of the front wheel steer gain tends to reduce the overshoot encountered at high-
speeds, while the overshoot corresponding to medium-speed maneuvers remain almost
unaffected. The side-slip angles of tires on all the axles, in general, increase with the
front wheel steer gain irrespective of the vehicle speed, values of the control gain and
location of the forced-steering axle. The peak values of side-slip angle of tires of the

forced-steering axle, however, is observed to be larger than those of the non-steered axle.

The directional response characteristics presented in Figures 4.1 to 4.12 are exam-
ined to select the location of the forced-steering axle. The forced-steering axles located

at axles 22 or 23 yield larger slip angles of tires, and the forced-steering axle located at
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axle 22 influences the vehicle mancuverability only slightly. Further, the Quebec reg-
ulations do not permit installation of self- or forced-steering axles at the semitrailer’s
rearmost axle. The response characteristics of the forced-steering axle, located at axle 21
of the semitrailer, are thus further examined to derive the influence of front wheel steer

gain on the low-speed manoeuvrability and the high-speed directional performance.

An examination of Figures 4.1 and 4.2 reveals that a negative front wheel steer
gain (J(),) is desirable to reduce the vehicle off-tracking, curve radius and thus the tire
wear rate at low-speed directional maneuvers. A positive front wheel steer gain, however,
is needed to improve the high-speed directional dynamics as evident from the peak lateral
acceleration and path overshoot response presented in Figures 4.7 and 4.8, respectively.
The positive gain (parallel steer) further yields lower side-slip angles corresponding to
high-speed directional mancuvers. The control scheme A, based upon feedback from
the front wheel steer angle, thus cannot be used to achieve both improved low-speed

maneuverability and high-speed directional performance.

4.4.2 SCHEME B: Articulation Gain

The low-speed maneuverability and high-speed directional performance characteristics of
the vehicle with force-steering, based upon scheme B, are investigated for the mancuvers
described in previous section. The wheel angle of the forced-steered axle is determined
as a proportional function of the articulation angle (). The performance characteristics
are investigated for different location of the forced-siecring axle (axle 21,22 and 23). The
dependence of response characteristics on the forced-steering axle location was observed
to be similar to that obtained for the front whee! steer gain. The results arc therefore

discussed for the forced-steering axle located at axle 21 only.

Figures 4.13 and 4.14 illustrate the peak values of response of the vehicle with
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a force-sleering at axle 21 to constant steer maneuvers performed at forward speeds of
30 km/h and 50 km/h. A comparison of the peak response values of the forced-steered
vehicle to those of the conventional vehicle reveals that the peak lateral acceleration and
yaw velocily of the semitrailer increase slightly when the proportional control gain is
selected to be positive (J\2; > 0). The peak lateral velocity response corresponding to
dircctional maneuvers at 30 km/h reduces by approximately by 50%, when a negative
articulation gain is selected. The lateral velocity response corresponding to 50 km/h also
reduces considerably for low values of negative articulation gain, as shown in Figure 4.13.
The turn radius of the vehicle decrease when forced-steering with negative articulation
gain is introduced, irrespective of the speed. The reduction in the turn radius, however, is
insignificant for articulation gain, i3, < —1. The introduction of articulation dependent
forced-steering axle affects the vehicle off-tracking in a significant manner similar to
the front wheel stcer gain, The vehicle off-tracking, cotresponding to medium-speed
mancuver, decreases considerably (approximately 1 m) for negative values of articulation
gain. The off-tracking corresponding 10 low-spced maneuvers, however, reduces when
the articulation gain is selected in the range —~1 < A3 < 0. The off-tracking at this
speed tends to increase when the larger values of negative gains are selected (Ay; < —1).
While the side-slip angles of tires on axles 22 and 23 reduce for low values of positive
articulation gains. At Jow-speeds, the variations in side-slip angles are observed to be

quite significant for the gain values ranging from -1 to 1.

The peak response values of the articulated vehicle with forced-steered axle 21 are
evaluated for medium- and high-speed evasive maneuvers, and compared to those of the
conventional vehicle, as shown in Figures 4.15 and 4.16. The peak lateral acceleration,
lateral velocity and yaw velocity response of the semitrailer, in-general, decrease when
forced sicering with positive articulation gain is introduced. The peak lateral acceleration
and lateral velocity, however, increase considerably with negative articulation gain. The

influence of forced-steering axle on the vehicle response corresponding to the medium-
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speed (50 km/h) mancuver is relatively insignificant. The path overshoot of the vehicle,
and the side-slip angles of tires on axle 22 and 23 also decrease by 40% 1o 80% for
positive values of articulation gain. A comparison of results presented in Figures 4,13 to
4.15 indicate conflicting requirements on the articulation gain in view of the low-speed

maneuverability and high-speed directional performance characteristics.

443 SCHEME C: Articulation Rate Gain

The low-speed mancuverability and high-speed directional performance characteristics
of the vehicle with a forced-steering axle 21 are further investigated, where the wheel
angle of the forced-steered axle is varied proportional to the rate of articulation, Figures
4.17 10 4.19 summarize the peak response values corresponding to constant steer and
evasive maneuvers. The lateral acceleration, lateral and yaw velocities, curve radius and
side-slip angle response characteristics of the vehicle under constant steer mancuvers
were observed to be insensitive to the articulation rate gain. The vehicle off-tracking,
however, reduces considerably for positive values of the articulation rate gain, as illus-
trated in Figure 4.17. The positive articulation rate gain, however, tends 1o considerably
increase the peak lateral velocity, yaw velocity, path overshoot and side-slip angles of
tires on axles 22 and 23, under high-speed e¢vasive mancuvers, as shown in Figures 4.18
and 4.19. The peak lateral acceleration response reduces slightly when force-steering is
generated using positive gain values. Figures 4.17 to 4.19 clearly illustrate the conflict-
ing requirements on the articulation rate gain when both the low-speed mancuverability
and high-speed directional control performance are considered. The forced-steering al-
gorithms based upon single response variable contro! yield conflicting requirements on
the control gains, when both low-speed and high-speed mancuvers are considered. The
performance characteristics of the vehicle are thus investigated using forced-steering al-
gorithms based upon combination of response variables. The low-speed and high-speed

response characteristics of forced-steering employing control schemes [ and 1V, described
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in section 4.2 are investigated to deduce a desirable control algorithm,

4.44 SCHEME I: Front Wheel Steer and Articulation Combination
Gains

Figures 4.20 and 4.21 illustrates the steady-state offtracking, lateral acceleration, lateral
and yaw velocities, turn radivs and side-slip angles response of the vehicle employing a
forced-steering on axle 21 based on Scheme I, under constant steer mancuver at a speed of
30 km/h. It should be noted that the wheel angle of forced steer axle varics as a combined
function of front wheel steer gain and articulation gain (K);, A%) values of (0,0). The
figures clearly illustrate that the steady-state response of the vehicle is strongly related to
both gain values. The steady-state lateral acceleration and yaw response are more strongly
related to articulation gain. A positive value of articulation gain yields lowest lateral
acceleration irrespective of the front wheel steer gain. The corresponding reductions in
the lateral acceleration and yaw velocity, however, are small. The gain values (0.-1.25)
and (-2,0) yield lowest steady-state lateral velocity response. The lowest value of off-
tracking are realized using the gain combination of (3,-2), while the combinations (-2,0)
and (1,-2) yield lowest turn radius. While the side-slip angles of the tires on forced-
steered axle increase, the side-slip angle of tircs on axle 23 arc lowest for gain valucs
of (3,2). Figures 4.22 and 4.23 illustrate the steady-state response of the vehicle to a
medium-speed (50 km/h) constant stecr mancuver as functions of the front wheel steer
and articulation gains. The lowest off-tracking is realized for gain values (-2,-1.25), while
the lowest turn radius is observed for (-1,-2). The side-slip angles of tires on axle 23
approach lowest values for gains (-2,2), while the lateral velocity approaches ncar the

minimum for gain values of (-1,0).

Although the results presented in Figures 4.20 to 4.23 exhibit number of conflicting

requirements for the control gains. A close examination of the results reveal that the
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gain values of (2,-2) can yicld considerable reduction in the off-tracking, tum radius, and
articulation angle response, while the corresponding increase in lateral acceleration, lateral
velocity and yaw velocity is observed to be below 4%. This combination of gain values
may thus be considered to realized improved maneuverability at low and medium-speeds.
The peak lateral acceleration, lateral velocity, yaw velocity and the path overshoot of the
vehicle subject to an evasive maneuver at 100 km/h are illustrated in Figure 4.24 for
different values of control gains. The peak side-slip angles of tires on the semitrailer
axles are not discussed due to their highly transient nature, and they occur only for an
extremely short duration. It is evident from the figure that the peak lateral acceleration,
and latera! yaw velocity are observed to be lowest when the gain values are selected as
(-0.5,2). The figure further reveals that the peak lateral acceleration, lateral velocity and
yaw velocity response of the vehicle with a forced-steering axle employing these gain
values are 5%, 57% and 18%, respectively, lower than those of the conventional vehicle.
The path overshoot is observed to be considerably lower for gain values of 0 < Ky <

2and 0 < R < 2;andfor1 < Ay <€2and-125< K €2

An examination of Figures 4.20 io 4.24 also indicates conflicting requirements
on the combined front wheel steer and articulation gains in view of low-, medium- and

high-specd mancuvers.

4.4.5 SCHEME lI: Articulation and Speed Sensitive Articulation Rate
Gains

The results presented in sections 4.4.1 to 4.4.4 clearly illustrate the conflicting requirement
on the forced-steering control gains. While a negative gain yields improved off-tracking
and low-speed maneuverability, the positive gains are needed to achieve improved direc-

tional dynamics.
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This force steering control algorithm generates the wheel axle of axle 21 as a
function of the articulation gain (/y,), articulation rate gain (K ) and speed. The low-
and medium-specd mancuverability characteristics of the vehicle with force steering axle
21, employing this control algorithm, are investigated for constant steer maneuvers per-
formed at 30 km/h and 50 km/h, respectively. Since the steady state articulation rate
approaches 0, the low- and medium-speed dynamics are observed to insensitive to the
articulation rate, as shown in Figures 4.25 and 4.26. Although the lateral acceleration
varies only slightly with variations in the articulation gain (J(;;), a negative values of J3;
yields lower lateral velocity, turn radius and off-tracking. The low- and medium-speed
manocuvrability of the vehicle is similar to that achieved using scheme B, presented in
Figurces 4.13 and 4.14. The force-steering axle based on this control scheme affects the
high-speed directional dynamics of the vehicle in a significant manner as shown in Figure
4.3. The figure clearly illustrates that a positive articulation gain (J$;; = 1) and negative
articulation rate gain (l\s; = -0.005 h/km) yield low values of peak lateral acceleration,
lateral velocity, yaw velocity and path overshoot. A comparison of Figures 4.25 and 4.26
shows conflicting requircments of the control gains corresponding to low- and high-speed

mancuvers,

4.4.6 SCHEME III: Front Wheel Steer and Speed Sensitive Articula-
tion Gains

In this control scheme the wheel angle of axle 21 is generated as a function of the front
wheel sieer angle gain (K;), speed sensitive articulation gain (Jj;) and forward speed.
Figures 4.28 and 4.29 illustrate the steady state response to constant steer maneuvers at 30
km/h and 50 km/h, respectively, for different values of control gains. A comparison of the
steady statc response of the vehicle with forced-steering axle to that of a conventional
vehicle shows that the low- and medium-speed maneuverability can be considerably

improved by selecting &), = -0.6 and K = -0.015. These gain values yield wheel angle
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Figurc 4.26: Influence of articulation gain and speed sensitive articulation rate gain on
steady-state response at 50 km/h
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Figurc 4.28: Influence of fromt wheel steer gain and articulation gain on steady-state
response at 30 km/h
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Figure 4.29: Influence of front wheel steer gain and articulation gain on stcady-state
response at 50 km/h

( — K4 =0.015 hv/km; - - - I = 0.0075 Wkm; ooo I( = 0 b/km; -.-.- Ky = -0.0075
h/km; ..... 1{41 = -0.015 hlkm;)
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Figure 4.30: Influence of front wheel sicer gain and articulation gain on transient response
at 100 km/h
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of the forced steering axle 21 opposite to the front wheel angle resulting in considerable
reduction in turn radius, off-tracking and steady state lateral velocity of the vehicle. The
lateral acceleration of the vehicle with forced-stecring axle, however, is slightly larger
then that with the conventional axle. The increase in lateral acceleration is 2.5% and

3.7% respectively, for 30 km/h and 50 km/h constant steecr mancuvers.

The combination of control gains, however, deteriorates the high-speed directional
dynamics indicating the conflicting requirements as evident for schemes I and 11. Figures
4.30 illustrates the peak lateral acceleration lateral and yaw velocities, and path overshoot
response of the vehicle subject to an evasive mancuver at 100 kmv/h, The figure clearly
shows that for the gain valucs, selected to achieve improved low- and medium-speed
manocuvrability, the peak values of lateral acceleration, lateral velocity, yaw velocily
and path overshoot of the vehicle with forced-steering are considerably larger then those
of the vehicle with the conventional axles. The high-speed directional performance,

however, can be improved by selecting a positive values of the articulation gain (Ay)).

4477 SCHEME IV: Articulation and Speed Sensitive Articulation Gains

The forced-steering algorithm comprising an articulation gain (A3;) and speed sensitive
articulation gain (Jiy;) is formulated to achicve opposite and parallel steering of the
leading axle of semitrailer at low- and high-specds, respectively. The steady-state lateral
acceleration, lateral velocity, yaw velocity, turn radius, offtracking and side-slip angle
of tires on the semitrailer axle 23 arc cvaluated as functions of the control gains Az,
and ;. Figures 4.31 to Figures 4.34 illustrate the resporse characteristics for constant
steer maneuver at low- (30 km/h) and medium (50 km/h) forward speeds. The lateral
acceleration and yaw velocity response of semitrailer vary only slightly with changes
in the control gains, immespective of the speced. A combination of negative articulation

gain (-0.5 to -1.0} and positive speed sensitive articulation gain (0.015 to 0.03 h/km)
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yicld lowest values of lateral acceleration and yaw velocity. This combination provides
opposite steer at low- and medium-speeds resulting in lower side-slip angle, turn radius
and offtracking, as shown in Figures 4.32 and 4.34. While this combination yiclds lower

stcady-state lateral velocity at 30 km/h, the response at 50 km/h is relatively higher.

The peak lateral acceleration, yaw velocity and lateral velocity, and path overshoot
response of the semitrailer corresponding to an evasive maneuver performed at a speed of
100 km/h are presented in Figure 4.35. The figure clearly shows that the peak directional
response of the semitrailer decreases considerably when I, < O and Ay > 0. The
lowest values of peak lateral acceleration, lateral and yaw velocities and path overshoot
are attained when Jyy, = -1 and /vy, = 0.03. This combination of gains yields the desired
parallel steer of the forced-steering axle corresponding to high-speed maneuvers, An
cxamination of Figures 4.31 to 4.35 shows that this control algorithm can provide both
improved low-speed maneuverability and high-speed directional control for control gains,
L3 = -0.5 to -1.0 and Ly = 0.015 10 0.03.

Transient Response Analysis of Scheme 1V

Articulation and speed sensitive articulation gain scheme shows the desired dual
behaviour, improved low-speed mancuverability and high-speed directional control. For
a better understanding, a study on transient behaviour of the vehicle is made. Figures 4.36
to 4.38, shows the tr..nsient response of the articulated vehicle for an evasive maneuver
at 100 km/h, equipped with forced-steering axle at 21 and for gain values of I3 = -1
and Iy = 0.03 Wkm. In these figures, the peak values of directional response of lateral
acceleration, lateral and yaw velocities, and side-slip angles decreases considerably. The
corrcction phase peak values and settling time of the response also show a remarkable
decrease. The magnitude of the peak lateral acceleration and velocity response values
decrease by 6% and 40%, respectively, as shown in Figure 4.36. The peak amplitude of

yaw velocity oscillation of the damped vehicle is approximately 17% lower than the
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Figure 4.31: Influence of articulation gain and speed sensitive articulation gain on steady-
state response at 30 km/h

(— Ky =0.03 hkm; - - - Ky = 0.015 Wkm; oco I = 0 hfkm; -.-- Iy = -0.015
hfkm; ..... .K41 = -0.03 h/km;)
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Figurc 4.32: Influence of articulation gain and speed sensitive articulation gain on sieady-
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Figure 4.33: Influence of articulation gain and speed sensitive articulation gain on steady-
state response at 50 km/h
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Figure 4.34: Influence of articulation gain and speed sensitive articulation gain on steady-
state response at 50 km/h

( — K4 = 0.03 b/km; - - - Ky = 0.015 /km; ooo Ry = 0 Wkm; «.-.- Kj; = -0.015
h/km; ... K, =-0.03 h/km;)
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Figure 4.35: Influence of articulation gain and speed sensitive articulation gain on tran-
sient response at 100 km/h
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conventional vehicle as evident from Figure 4.37. These figures suggest that the ampli-
tudes of yaw and lateral oscillations can be effectively suppressed for gains Az = -1
and Iy, = 0.03 h/km. The reduction is oscillations of semitrailer brings stability in the
vehicle and reduction in overshoot of the semitrailer. The overshoot of the semitrailer
decreases by 0.63 m as shown in Figure 4.37. The side-slip angles of tires on axle 22 and
23 decreases considerably, as illustrated in Figure 4.38. The side-slip angles decrease by
47% and 40%, respectively, for tires on axle 22 and 23, in process increases the life of

tire by reducing tire scrub and wear.

4.5 Summary

The steady-state and transient dircctional response characteristics of the articulated vehicle
with forced steering equipped on one of the axle on semitrailer are investigated. Single
and combined control feedback algorithms are used o generale the foree-steer angle. The
response characteristics of the articulated vehicle for low- and medium-speed constant
steer, and high-speed evasive maneuvers arc compared to that of the conventional vehicle
to highlight the influence of forced-steering. The conclusions made from the investiga-
tion are the force-steering integrated within the lead-axle of the semitrailer yiclds better
performance than that integrated (o the rear axles. The force steering algorithms based on
single variable controls yield conflicting requirements for low-speed mancuverability and
high-speed directional performance. The steady-state directional performance is inscn-
sitive to force-steering based on articulation rate control. The forced-stecring algorithm
based on combined articulation gain and speed sensitive articulation gain can provide

both improved low-speed manoeuvrability and high-speed directional performance.
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Chapter 5

Conclusions and Suggestions for
Future Research

5.1 General

With the relaxation of weights and dimensions regulations, the population of articulated
vchicles with multiple axle trailers has been increasing steadily. The handling and direc-
tional control characteristics of articulated freight and passenger vehicles are adversely
influcnced by the incrcased weights and dimensions. The lateral and yaw motions asso-
ciated with side-sway of the articulated vehicles, during a directional maneuvers, specif-
ically posc a severe threat to the highway safety due to excessively high inertia of the
heavy vehicle. Articulz;ted vehicles equipped with multiple-axle, semitrailer and steering
at the tractor’s front axle yield excessive swept path and off-tracking during a turning
maneuver. The excessive off-tracking of the vehicles cause rapid tire scrub and wear,
poor fucl cconomy, and increased fatigue. Self- and forced-steering axles have been
proposed to achieve improved low speed maneuverability with reduced off-tracking and
rate of tirc wear. While the self-steering axles provide improved maneuverability and
eliminate the excessive road damage caused by drop axles semitrailers, considerably low

lateral cornering forces generated by thesc axles affect the directionai :tability and control

156



in an adverse manner.

The overall objective of this dissertation rescarch was to investigate the pertor-
mance potentials of articulation dampers and forced-steering axles in realizing improved
low speed maneuverability, and reduced amplitude of yaw and lateral oscillations en-

countered during high speed directional maneuvers.

5.2 Highlights of the Investigations

The steady-state and transient directional dynamics of an articulated vehicle with a mul-
tiple axle semitrailer are investigated through simulation of a nonlincar analytical model.
A nonlinear model of the vehicle in the yaw-plane is developed to study its lateral and
yaw directional dynamics. The cornering forces and aligning moments of the radial tires
are characterized by a nonlinear describing function in side-slip angles and normal loads.
The directional dynamics analysis of the vehicle with varying axle loads can thus be car-
ried out using the nonlinear model. The steady-state directional analysis is carried out for
constant speed maneuvers at low and medium speeds. The transient directional analysis

of the vehicle is performed for highway specd lane-change and evasive mancuvers using

a simple path-follower model.

5.2.1 Articulation Damping Mechanism

An articulation damping mechanism compresses of two damp.crs, arranged in a V-shaped
manner on either side of the articulation point, is configured. The damping forces and
moments imposed on the tractor and the semitrailer units are derived from the kinematics
analysis of the damper links, damping coefficients and dynamic response of the vehicle.

The damping forces incorporating geometric nonlinearitics duc to dampers links arc in-
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tegrated to the nonlincar yaw-plane model of the tractor-semitrailer vehicle comprising
nonlincar comering propertics of the tires. The yaw and lateral dynamics of the vehicle
with articulation dampers subject to constant steer, lane-change and evasive directional

mancuvers.

5.2.2 Forced-Steering

A number of force-stecring algorithms relating the vehicle response quantities to the
wheel angle of the steerable axle are formulated, and integrated to the nonlinear yaw-
planc model of the vehicle. Different forced-steering control schemes are formulated to
study their performance potentials related 1o low-speed maneuverability and high-speed
dircctional dynamics. Assuming potential control laws and negligible delays, the wheel
angle of the forced-steered axle is related to one or more response quantities of the vehicle

including front wheel steer angle, articulation angle, articulation rate and forward speed.

The performance potentials af the forced-steering axles are investigated in terms
of: (i} stcady-state off-tracking and tumn radius corresponding to low- and medium-speed
mancuvers; (ii) peak magnitudes of lateral acceleration, lateral velocity, yaw velocity
and path overshoot corresponding to high-speed evasive maneuvers. The forced-steering
algorithm, based on single variable control, are first investigated to establish the influence
of feedback variables and control gains on the low speed maneuverability and high speed
dircctional performance. The influence of location of forced-steering axle is further
investigated using the single variable control. A force-steering algorithms, based upon
combincd centrol variables, are then formulated to achieve improved performance for

low as well as high speed maneuvers.
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5.3 Conclusions

Following conclusions are drawn from the results of the study:

e The yaw and lateral dynamics of an articulated vehicle can be effectively repre-

sented through a yaw-planc model.

e The directional dynamics of a heavy vehicle is strongly related to the comering

properties of tires, nonlincar function of side-slip angles and normal load.

e The nonlinear cornering force of a radial tire can be accurately characterized by a

describing function in side-slip angle and normal load.

o The nonlincar aligning moment duc to pncumatic trail can be expressed using the

describing function and the pncumatic trail.

o The steady-state and transient directional response characteristics derived from the
analytical model with linear tire propertics correlated very well with those derived

from the linecar yaw-plane sofiware.

o The magnitude of yaw and lateral oscillations experienced during highway speed

maneuvers can be effectively reduced through articulation dampers.

e In aleft-turn constant steer maneuver, the articulation mechanism comprising cither
the left damper or both dampers, results in increased stecady-state lateral accelera-
tion, lateral and yaw velocity, side-slip angles, and articulation. The turn radius,

however, decreases by approximately 29%.

o The inclusion of right damper alone yields lower steady state response with in-

creased turn radius.

o The articulation dampers affect the high-speed dircctional dynamics in a significant

manner. The reduction in magnitudes of yaw and lateral oscillations encountered
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during an evasive mancuver is for more significant than that achieved for lane-

change maneuvers,

e The articulation damping mechanism comprising both dampers yields maximum

reduction in the yaw and latcral oscillation of the semitrailer.

o The laweral acceleration and yaw velocity rearward amplification of the vehicle arc

reduced considerably by the articulation dampers.

e The peak side-slip angles of the semitrailer axle tires reduces by approximately

40% corresponding to high-speed directional maneuvers,

s The forcc-stecring integrated within the lead-axle of the semitrailer yields better

performance than that integrated to the rear axles.

e The force steering algorithms based on single variable controls yield conflicting re-

quircments for low-speed manocuvrability and high-speed directional performance.

o Negative control gains (opposite steer) are desirable to achieve improved off-
tracking and turn radius for low speed maneuvers, while positive control gains

(parallel steer) are needed to achieve improved high-speed directional performance.

¢ The steady-state directional performance is insensitive to force-steering based on

articulation rate control.

o The forced-steering algorithm based on combined articulation gain and speed sen-
sitive articulation gain can provide both improved low speed manoeuvrability and

high-speed directional performance.
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5.4 Suggestions for Future Research

In view of the considerable performance potentials of articulation dampers illustrated in
this study, it is recommended to further investigate the directional dynamics of the vehicle
articulation dampers. A comprehensive directional dynamics analysis should be carricd
using a three-dimensional vehicle model comprising the yaw, roll and lateral dynamics
of the suspension and unsprung masses. The performance potentials should be further in-
vestigated for combined braking and steering maneuvers, which induce large magnitudes
of lateral and yaw oscillation. Road tests must be performed to validate the analytical
model, and an optimization study may be undertaken to derive optimal damping coeffi-
cients for typical directional maneuvers. A damper, in-general, generates the damping
forces which is a nonlinear function of the relative velocity. The damping forces devel-
oped by either a single- or multiple-stage orifice dampers may be derived using the shock
absorber models reported in the literature. The vehicle model comprising the nonlinear
damping force and moment may be analyzed to determine the performance potentials
of a realistic damping mechanism. The forced-steering algorithms should be developed
using the delays caused by measurements, signal processing and gencrator dynamics.
The control schemes based on integral control may also be explored to derive a forced-
steering algorithm that satisfies the requirements for low and high-specd maneuvers. The
performance characteristics of forced-stecring axles should be further investigated using
the three-dimensional vehicie models in conjunction with the dynamics of the hydraulic

system generating the forced-steering.
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