INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

in the uniikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand cormer and continuing
from left to right in equal sections with small overiaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

Bell & Howell information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48108-1346 USA
800-521-0800

®

UMI






Analysis, Detection and Early Warning Control of Dynamic Rollover
of Heavy Freight Vehicles

Peijun Liu

A Thesis
in
The Department
of

Mechanical Engineering

Presented in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy at
Concordia University
Montreal, Quebec, Canada

January 1999

© Peijun Liu, 1999



i+l

National Library
of Canada

Acquisitions and
Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Bibliothéque nationale
du Canada

Acquisitions et )
services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
Our file Notre rdférence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliotheque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.
The author retains ownership of the L’auteur conserve la propriété du

copyright in this thesis. Neither the droit d’auteur qui protége cette thése.
thesis nor substantial extracts from it  Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

0-61243566-0

Canada



ABSTRACT

Analysis, Detection and Early Warning Control of Dynamic Rollover
of Heavy Freight Vehicles

Peijun Liu, Ph.D.
Concordia University, 1999

The conceptual design of the early waming based roll instability enhancement
system is realized through systematic investigations on static and dynamic roll behavior
of the vehicles, identification of indicators for the onset of instability, and reliability
analysis. The relative and absolute roll instability criteria are initially derived from the
rollover mechanics of different heavy vehicle combinations. The relative roll instability
conditions are evaluated under steady cornering maneuvers through development and
analysis of static roll plane models. The sensitivity of the static rollover threshold (SRT)
measure to variations in design and operating factors of the vehicle and suspension
configurations is evaluated and the conditions of relative rollover for different vehicle
configurations are identified. A constant velocity three-dimensional model is derived for
relative roll instability analysis of articulated vehicles under dynamic directional
maneuvers. Dynamic rollover threshold of articulated heavy vehicles is proposed on the
basis of effective lateral acceleration (ELA4) and relative rollover criterion. The absolute
roll instability of heavy vehicles is further investigated using energy approach to derive
the absolute rollover limits. A number of potential rollover indicators are identified and
evaluated for a five-axle tractor semi-trailer combination using the constant velocity
three-dimensional vehicle model in terms of their reliability and early warning capability

for driver's actions.



The effectiveness of proposed indicators for the open-loop roll stability
enhancement is investigated through development and analysis of a comprehensive
vehicle model. incorporating braking dynamics. Time delays due to driver’s reaction and
the transportation lag of the braking system are characterized by a variable referred to as
reaction delay. The rollover indicators are investigated for their effectiveness for open-
loop roll stability control in various corering and evasive maneuvers, road conditions,
braking efforts, and reaction delays. The study revealed that the RSF is the most reliable
indicator, irrespective of the vehicle configurations, while its measurability is relatively
poor. The indicators based upon lateral acceleration, sprung and unsprung mass roll
angles and steering velocity factor yield good correlation with RSF, but exhibit certain

sensitivity to variations in design and operating factors.
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CHAPTER 1

LITERATURE REVIEW AND SCOPE OF THE DISSERTATION

1.1 INTRODUCTION

Heavy freight vehicles, due to their excessive weights and large dimensions,
exhibit lower directional stability limits and thus pose serious highway safety risks. A
review of heavy vehicle accidents in the U.S and Canada revealed that heavy trucks were
involved in 28% of single vehicle accidents, as compared with 19% for passenger
vehicles [1]. Almost 23% of the heavy vehicle accidents were either associated with or
resulted in rollover [2]. Highway accidents involving heavy vehicles cause a significant
amount of property damage and human fatalities. Most heavy vehicle accidents result
from instabilities, which may be classified into three types: (i) roll instability; (ii) yaw
instability; and (iii) trailer yaw oscillation.

The roll stability limits of heavy freight vehicles are known to be considerably
lower than those of the other road vehicles due to their excessive weights and dimensions,
and high center of gravity (c.g.) location. The roll instability occurs when the centrifugal
forces imposed on the vehicle during a maneuver exceed the rollover threshold of the
vehicle, resulting in vehicle rollover. The yaw instability, caused by either braking or
combined braking and steering maneuvers coupled with lock-up of axle wheels, can lead
to vehicle jackknife. Jackknife is characterized by rapid and uncontrolled relative angular
yaw motion between the tractor and the trailer. Jackknifing is one of the most frequent

causes of serious accidents in which the articulated vehicle sweeps across the path of the



oncoming traffic. Unstable yaw response along with rapid corrective steering maneuvers
of the heavy vehicle often leads to vehicle jackknife followed by a rollover. Heavy
vehicle instability in terms of trailer yaw oscillation or snaking is characterized by
periodic yaw motion of the trailer around the hitch.

The large weights and dimensions, high sprung mass center of gravity of heavy
vehicles, and highly complex tire-road interactions yield reduced dynamic stability limits.
The impending instability of the vehicle, in general, are averted by the corrective efforts
of the driver, which in most cases, are limited to braking, acceleration and steering inputs.
However, the driver is located at the front end of the vehicle and often remains unaware
of the impending instability, which is mostly initiated at the rear end. Consequently, very
little or no time is available for the driver to take appropriate corrective action upon
perception of impending rollover. The impending instability is therefore often beyond the
control of the driver. Almost all the drivers involved in rollover accidents felt that they
had no warning of the impending rollover [3]. The lack of waming of the impending roll
instability is due to excessive dynamic load transfer at the rearmost trailer axles where the
rollover is initialized [4-5]. Tractor jackknifing instability is characterized by extremely
rapid relative yaw motion caused by locked wheels at the tractor’s rear axle, resulting in
insufficient time for the driver to undertake corrective maneuvers. In the case of trailer
swing, the driver usually retains control of the tractor while the semitrailer may exhibit
large yaw oscillations [6]. Furthermore, in some cases the apparent corrective action such
as braking may aggravate rather than alleviate the impending instability.

The highway safety risks associated with low dynamic stability limits of heavy

vehicles can be minimized through early detection of an impending instability.



Appropriate control actions can then be undertaken to avert the potential rollover or
Jackknife. The directional control of the vehicle can be retained in an open loop manner.
in which an early warning of impending vehicle instability is generated for the driver to
take an appropriate corrective action. The early detection can further be utilized in a
closed loop manner by activating control devices to take corrective actions automatically.
An early detection feature. therefore. has significant potential to minimize the severity of
instabilities, minimize vehicle damage and increase highway safety.

Roll stability and handling performance characteristics of heavy vehicles have
been extensively investigated in the last two decades [7-9]. However, only a few attempts
have been made towards identifying the vital motion cues associated with onset of vehicle
instability [10]. While static instability measures have been proposed for on-line detection
of instability and control, these measures are considered unreliable due to lack of
consideration of directional dynamics of the vehicle. Alternatively, dynamic instability
measures should be established by examining the dynamic response characteristics of the
vehicle. This dissertation research is directed towards enhancement of handling and roll
stability of heavy vehicles through on-line monitoring and early warning of a potential
instability. The essential issues in this investigation include the study of dynamic
performance measures through development and analysis of heavy vehicle models, and
identification of a dynamic response vector directly related to the onset of vehicle
instabilities. A brief review of the literature on dynamic models of heavy vehicles,
directional and roll stability. as well as previous work on detection and control of heavy
vehicle stability are presented in the following sections to formulate the scope of this

dissertation research.



1.2 REVIEW OF RELEVANT LITERATURE

The detection and control of heavy vehicle instability is a complex issue
involving: development of a realistic heavy vehicle model; analysis and evaluation of
directional and roll instabilities; analysis and evaluation of response vectors to identify
reliable and directly measurable control parameters; and the design of controllers.
Extensive literature is available on heavy vehicle dynamics and stability analysis, which
must be reviewed in order to draw from the experience and knowledge base that has been
developed to date. The published works relevant to various aspect of this investigation are
reviewed and grouped under different subjects in the following subsections to formulate

the scope of the dissertation research.

1.2.1 Directional Dynamic Models

The handling and stability performance characteristics of heavy vehicles have
been extensively investigated through development and analysis of varying complex
vehicle models. A review of early works on the dynamic performance of articulated
highway vehicles was published by Dugoff and Murphy [11]. Of their cited references,
about one third related to directional dynamics and the remainder to braking performance.
VIk [12] conducted a more detailed review on the handling performance of commercial
vehicle combinations based upon nearly 250 published studies. It is concluded that the
problems associated with directional dynamics of truck-trailer combinations have been
addressed in only few studies. The most recent survey of the studies on static stability of

articulated commercial vehicles has been published by Fancher [13].



Jindra [14-15] and Ellis [16] developed articulated planar vehicle models in the
sixties using the linear equations of motion. The bounce, pitch, and roll degrees of
freedom were neglected in developing the vehicle models. and the tires were assumed to
possess linear braking and cornering properties. While such simple models could predict
the occurrence of trailer lateral oscillations, they did not yield information concerning the
Jackknifing and trailer swing. Schmid t17] conducted an analytical study on the
directional stability of vehicle combinations. characterized by a linear dynamic system
where each unit was considered to possess two degrees-of-freedom (DOF) of motion. The
equations of motion were derived upon incorporating the influence of braking and
acceleration, and the conditions of instability were derived from the characteristic
equations. A special design of fifth wheel was proposed, which was claimed to improve
the braking stability of the combination at the expense of larger pendulum movements.

In the seventies, the research efforts were directed towards development of
increasingly sophisticated vehicle models including considerations of large number of
degrees-of-freedom motion for each unit. multiple axles, and complex tire models.
Strandberg [18] presented a model for vehicle combinations with four degrees-of-
freedom (longitudinal, lateral, roll and yaw) for the leading vehicle unit, and described the
performance characteristics in terms of overturning risk and rearward amplification
factor. A comprehensive linear yaw plane model based on the work of Jindra et al [14-
15}, was developed by UMTRI (University of Michigan Transportation Research
Institute) [19]. The model was extended to include multiple axles on the various units of
the vehicle. The cornering forces and aligning moments generated at the tire-road

interface were assumed to be linear functions of the side slip angle of the tire. Each unit



of the articulated vehicle was assumed as a rigid body. and the unsprung masses were
assumed to be rigidly attached to their respective sprung masses. Mallikarjunarao [19]
developed characteristic equations for the linear yaw plane model and investigated the
vehicle stability using an eigenvalue analysis. Directional response characteristics of the
Michigan double tanker were also investigated via computer simulation, and compared to
those of other freight vehicles to demonstrate the performance potential of a modified
hitch.

Leucht [20] presented a tractor-semitrailer model with nonlinear tire properties,
which is frequently refereed to as 7BS model [21]. The lateral tire forces were expressed
as a nonlinear function of slip angle and vertical load. The dynamic load transfer in both
longitudinal and lateral directions had been taken into account in determining the normal
load on each tire. Bernard [22] developed a vehicle model to analyze the directional
response under steady turning and braking-in-a-turn maneuvers, while giving special
considerations to tire modeling.

Heavy vehicles are more likely to rollover than most other vehicles due to their
higher center of gravity (c.g.) height. The role of tire-road interaction in roll stability of
heavy vehicles was investigated by Shapley [23] through development of a roll plane
model, which incorporated pneumatic tires by lateral springs. It was indicated that the roll
instability of a vehicle could arise from high c.g. location, and tire and suspension
characteristics. All the displacements and rotations were assumed to be small and the
study did not present numerical values for the roll limits. Miller and Barter [24] attempted

a simple theoretical analysis of rollover of articulated vehicles, while neglecting the



contribution due to all dvnamic forces. It was assumed that rollover occurs when the sum
of the forces acting on the trailer c.g. falls outside of the trailer’s outside wheels.

A sophisticated static roll model of articulated vehicles was developed by
Mallikarjunarao et al. [25] to determine the rollover threshold of articulated vehicles
during steady turning maneuvers. For multi-axle tractor-semitrailer combinations the
axles with similar suspension properties were grouped together such that all axles on the
vehicle were represented by a set of three composite axles: tractor front axle; an
equivalent tractor rear axle; and an equivalent semitrailer axle. The sprung mass of the
tractor was modeled as two sprung weights coupled through torsional stiffness of the
tractor frame. The sprung weight of the semitrailer was coupled to the tractor rear weight
by the torsional stiffness of the fifth wheel and semitrailer structure. Tires were modeled
as linear springs, while the non-linear properties of suspension springs were included in
this model. Extensive tilt table test results were used to validate the model [25]. An
extensive parametric sensitivity analysis of the model was carried out by El-Gindy [26].
where the vehicle design parameters were classified into three groups based upon their
influence on the rollover threshold. The first group included the set of parameters that
have no effect on the response. while the second group of parameters represented those
which must be considered in the model. The last group represents the most important
required input parameters, which need to be measured accurately. Piché [10] investigated
static rollover thresholds of semi-trailers with different vehicle combinations using the
static roll model developed in [25]. A compliance factor with a typical value of 0.72 was
introduced to reflect the influence of the compliance of suspension springs and tires on

rollover threshold.



The dynamic rollover of commercial vehicles has been studied using a nonlinear
roll plane model developed by Verma [27]. The model. considered valid for large
amplitude motion, is used to illustrate some of the dynamic phenomena associated with
vehicle rollover, especially the interactive coupling between the roll and the vertical
modes of motion. The study indicated that suspension backlash adversely influence the
rollover threshold of the vehicle. It was shown that rollover of a vehicle could occur at
lateral acceleration levels less than its static acceleration limit or rollover threshold due to
roll mode resonance of the vehicle. Das et al [28] investigated maneuver-induced rollover
threshold of commercial vehicles using this model. While computer simulation was
carried out based on low speed experimental data, curve-fitting techniques were used to
extrapolate for the threshold values of lateral acceleration and forward velocity.

A comprehensive three-dimensional directional dynamic model of commercial
vehicle combinations, referred to as yaw/roll model, was developed for analysis of single
and multiple articulated vehicles engaged in constant speed directional maneuvers [29].
The equations of motion of the vehicle were formulated by treating each of the sprung
masses as a rigid body with motions along the five-degrees-of-freedom (lateral, vertical,
yaw, roll and pitch), while each axle was treated as beam axle with two-degrees-of-
freedom (roll and bounce). The yaw/roll model, however, does not adequately evaluate
the rollover threshold of vehicles that exhibit yaw divergence at lateral acceleration levels
lower than the rollover limit. A comprehensive three-dimensional vehicle model, refereed
as the Phase 4 Model, was developed at UMTR/ [30] for simulating the braking and
steering dynamics of trucks, tractor-semitrailer combinations, doubles, and triple

combinations. The dynamics of the vehicle combinations were represented by differential



equations that are solved by successive time increments and digital integration. The
directional analysis can be performed using either directional maneuver, where the time
history of front wheel steer angle is specified. or closed-loop driver path-follow
maneuver, where the coordinates of the path are specified. The mathematical model
incorporates up to 71 degrees-of-freedom. derived from the following:

(1) The motion of sprung mass of the truck or the tractor is described by six
degrees-of-freedom.

(2) The motion of the semitrailer sprung weight is characterized by three
rotational degrees-of-freedom. while the translational degrees-of-freedom are
effectively eliminated by the dynamic constraints.

(3) The motion of each full trailer is described by five degrees-of-freedom and up
to two full trailers can be accommodated in the model.

(4) The motion of each of the 13 axles allowed is characterized by two degrees-
of-freedom (bounce and roll).

(5) The motion of each of the 26 wheel allowed is described by one rotational
motion.

El-Gindy and Wong [31] conducted a comparative study of various computer
simulation models developed for directional analysis of heavy vehicles, including the
linear yaw plane. the TBS, the yaw/roll and the Phase 4 models. The study concluded that
a sophisticated simulation model did not necessarily guarantee a more accurate predication
than a simpler one. It is however important to select a simulation model appropriate for a
specific task on performance measures.

The majority of the analytical models reported in the literature and summarized
above have been developed to analyze only certain measures of the directional
performance. These models have been used to assess various measures inciuding handling,

static and dynamic roll stability. lateral dynamics, yaw oscillations, braking performance,



etc. The highlights of the reported models and their conclusions are thus further grouped

under specific stability measures and discussed below.

1.2.2 Roll Stability Analysis

In view of the high rollover propensity of heavy vehicles, the roll stability of such
vehicles has drawn considerable attention from the policy makers and the industry. The
research efforts on roll stability analyses can be classified into two groups: static analysis
and dynamic analysis. Static roll stability analyses yield a static rollover threshold, while
dynamic analyses attempt to establish the dynamic rollover stability measures. Many
theoretical and experimental investigations reveal that the likelihood of a vehicle rollover
is strongly related to its Static Rollover Threshold (SRT), defined as the lateral
acceleration level which the vehicle can sustain without suffering a divergent roll
response [32, 33]. Vehicles with a low SRT are bound to be less safe than those with a
high SRT [34]. The SRT, in general, depends on the vehicle geometry, suspension
characteristics and tire properties, and can be evaluated experimentally and theoretically.
The experimental methods include road test, side-pull test and tilt table test, of which the
latter is extensively used to measure SRT of heavy vehicles. The tilt table attempts to
simulate a lateral acceleration field. which the vehicle could experience during a steady
cornering maneuver by inclining the test vehicle in the roll direction. The tilt table test is
known to be simple with high degree of repeatability [35]. The tilt table used by Miller
and Barter [24] was one of the earliest facilities developed to investigate the roll
characteristics of articulated trucks. Preston-Thomas et al [33] investigated the rollover

threshold of a selected number of heavy vehicles using the tilt table test. The SR7T values
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of the loaded 3-axle and 4-axle dump trucks range from 0.45 g to 0.5 g. The rollover
threshold of a specified tractor-semitrailer approaches 0.34 g. when loaded. The tilt table
test. however. has been criticized because it does not accurately represent a vehicle in a
lateral acceleration field caused by steady state comering. As the inclination angle
increases, vertical force acting on the vehicle decreases. This will cause a change in the
vehicle’s c.g. height, and thus influence its rollover threshold [36]. Although there exist
some drawbacks to the tilt table test, the Society of Automotive Engineers (S4E) has
proposed to make it a standard device to measure SRT of heavy vehicles. Fancher and
Mathew [37] proposed an “example target” SRT value of 0.38 g for tractor-semitrailers in
the US. EI-Gindy et al proposed the 0.4 g minimum SRT with a suggestion that a
tolerance of +5% be considered in Canada.

Miller and Barter [38] attempted a theoretical analysis of the articulated vehicle
rollover ignoring all the dynamic forces and assuming that rollover occurs when all the
wheels on one track of the vehicle experience lift-off. It indicated that the trailer c.g.
height is the most important control parameter for rollover. The study concluded that
speeds which drivers estimated quite safe are often quite close to the vehicle’s rollover
limit. Almost all the drivers involved in rollover accidents were surprised with the
outcome and the lack of warning they had. A simple analytical treatment of the roll
behavior of multi-axle vehicles has been cutlined by Ervin et al [4, 32]. The static
rollover threshold of a rigidly suspended vehicle is initially estimated as the ratio of half
the effective track width to the c.g. height, referred to as Static Stability Factor. The
contribution due to suspension and tire compliance are then considered by lumping

various axle sets together to realize a single axle representation. Lumped compliant



suspensions and tires lead to a relatively lower value of static rollover threshold. For a
multi-axle vehicle with different suspension properties, the three-axle representation of
the vehicle would be required. which leads to even lower SR7. The simitrailer axles due
to their relatively stiff suspension encounter larger load transfer than that experienced by
the tractor’s axles. This load transfer at the rearmost axles of the combination and the
linear nature of the steering behavior up to the rollover limit implies that the driver is
given very little or no warning of the impending rollover situation [3].

El-Gindy and Hosameldeen [26] published the results of a comprehensive
parameter analysis of a tractor semi-trailer conducted using the Static Roll Model. It was
concluded that, for the vehicle under consideration, the parameters of fundamental
importance to the SRT include the c.g. heights of the sprung masses, the fifth-wheel
separation moment, and the following parameters for the trailer and the tractor drive-
axles: track width, suspension spring rates and spring-lash characteristics, vertical tire
stiffness characteristics, auxiliary roll stiffness, and roll center heights. Rakheja et al. [39]
investigated the roll stability of a partially filled tank vehicle for steady turning
maneuvers with a modified Static Roll Model to reflect the influence of lateral movement
of the liquid cargo. The study concluded that the rollover threshold levels of such vehicles
are significantly lower due to lateral load shift, as compared to those of the vehicles
carrying an equivalent rigid cargo. Influence of tank compartmenting on the steady
turning roll response of the vehicle was analyzed and an optimal order of unloading a
compartmented tank was proposed.

Significant research efforts have also been directed towards finding correlation

between vehicle design parameters and rollover statistics from accidents databases. Jones
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and Penny [40] conducted a statistical analysis to establish the influence of vehicle
parameters on the rollover propensity. The study concluded that the Static Stability
Factor was the strongest predicator of vehicle rollover for pickup trucks and utility
vehicles. Statistical research was also carried out by NHTSA (National Highway Traffic
Safety Administration. USA) [41] to evaluate several different metrics to determine their
usefulness as indicators of likelihood of rollover of light vehicles. This research
concluded that there exists a clear relationship between rollover stability measures and
rollover propensity. Among the three basic roll stability metrics evaluated (tilt table ratio,
static stability factor. and side pull ratio), the tilt table ratio appeared to provide the
greatest explanatory power. As for heavy vehicles, no similar publication of statistical
research can be found in the literature.

The prior works on the analysis of roll stability of heavy vehicles were primarily
directed toward static roll phenomena that are applicable only under steady turning
maneuvers. There exists a need to investigate the dynamic rollover characteristics of
heavy vehicles. In general the dynamic rollover mechanism can be grouped into two
classes: (1) tripped rollover; and (ii) maneuver-induced rollover. In evaluating a vehicle’s
rollover stability in a tripped rollover situation, three dynamic measures based on energy
conservation have been proposed. Nalecz {42] developed an energy based function called
Rollover Prevention Energy Reserve (RPER) to study the vehicle tripped rollover
propensity. RPER is defined as the difference between the energy needed to bring the
vehicle to its tip-over position and the vehicle rotational kinetic energy that can be
transferred into gravitational potential energy to lift the vehicle. According to this

definition, the value of the RPER function drops below zero before a vehicle reaches its



tip-over position in a rollover case, but always remains positive in a non-rollover case.
Hinch et al [43] presented Rollover Prevention Metric (RPM) to predict tripped rollover
stability. which is defined as the difference between the initial lateral translational kinetic
energy and the rotational kinetic energy after the impact divided by the initial energy. The
third measure is called Critical Sliding Velocity (CSV) [44], which is a measure of the
minimum lateral velocity required to initiate a rollover.

El-Gindy [45] indicated two dynamic rollover stability measures for maneuver-
induced rollovers in terms of Load Transfer Ratio (LTR) and Rearward Amplification
Ratio. The LTR is defined as the ratio of the absolute value of the difference between the
sum of right wheel loads and the sum of the left wheel loads, to the sum of all the wheels
loads. The rearward amplification ratio is a frequency dependent measure, defined as the
ratio of the peak lateral acceleration at the center of gravity of the rearmost trailer to the
amplitude of lateral acceleration at the center of the tractor. A new proposed dynamic
measure is called Yaw Damping Ratio, which describes how rapidly the lateral
acceleration oscillations of the rearmost trailer of an articulated vehicle diminish after a
pulse steer input [45]. This measure is evaluated at a vehicle speed of 100 km/h, by
applying a steering wheel pulse input of 80° (half sine) over a 0.1s time interval. From the
successive peaks of lateral acceleration decay of the rearmost trailer, a damping ratio is
calculated using the standard logarithmic decrement procedure.

Winkler et al [46] investigated the phenomena of rearward amplification of
articulated vehicles, and suggested a rearward amplification of 2.0 or less at 88 km/h for
articulated vehicles. Macadam [47] investigated the relationship between directional and

roll stability of heavy trucks. It indicated that yaw divergence will lead to rollover in the
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absence of corrective steering action or reduced speed. It should be pointed out that most
rollovers of heavy vehicles are maneuver-induced rollovers. This is because the static
rollover threshold of most heavy vehicles in gravity level is well below the normal road
adhesion factor 0.7 — 0.85. The lateral skid of the vehicle is thus not expected to be

initialized before it rolls over.

1.2.3 Directional Stability Analysis

There exist three types of yaw instabilities for heavy vehicle combinations:
trailing yaw oscillation, jackknifing and trailer swing. The early investigations on heavy
vehicle stability were limited to trailer yaw oscillations only. Laurien [9] launched both
experimental and theoretical investigations of directional stability of truck-trailer vehicles
in the fifties. The most important conclusion was 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 trailers with Ackerman steering are more prone to
lateral oscillations than the trailers with turnable (dolly) steering. Schmid [17]
investigated the dynamic stability of tractor-trailer combinations through analysis of
linear equations. Routh criteria were employed to distinguish between stability and
instability, considering trailer yaw oscillation and jackknifing (aperiodic instability)
separately. The investigation indicated that the following factors have positive influence
on the directional stability of truck-trailer combinations: understeer behavior of the truck;
large wheelbase of the truck; larger cornering stiffness of truck tires; the location of the
dolly c.g. in front of the trailer’s front axle; long drawbar; and large distance of turnable

point from mass center of trailer body. A study conducted by Collins and Wong [48]
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indicated that hitch loading. trailer length. mass, mass moment of inertia and small
variations in the tractor tire pressure can influence the trailer stability. It was indicated
that it is possible for a vehicle to exhibit a spinout response even in the absence of
braking effort due to unfavorable balance in the lateral forces generated at the front and
rear axle tires during cornering. An analysis conducted by Troger and Zeman [49] showed
that the location of the c.g. of a semitrailer with respect to the fifth wheel location is one
of the most critical parameters for the stability of tractor-semitrailer vehicle
combinations.

Heavy vehicle dynamic stability analysis is often conducted using two principal
methods: Routh-Hurwitz criterion and eigenvalue solution of the characteristic equation.
Crolla and Hales [50] investigated the lateral stability characteristics of a tractor-trailer
via an eigenvalue analysis. The study proposed the minimum damping and hitch load
criteria to improve the yaw stability performance of the vehicles. Mikulcik [51]
developed a set of algebraic equations to determine the stability boundaries of a car-trailer
system. A general criterion governing both the oscillatory and aperiodic stability was
derived using Routh’s criterion. The graphical representation showed a stable region
bounded by limits of oscillatory and aperiodic stability. A parametric sensitivity analysis
was conducted to evaluate comparative stability and the relative effects of parameter
changes. Mallikarjunarao [19] conducted eigenvalue analysis and computer simulation of
double tanks. Root loci were plotted as a function of different parameters, such as vehicle
forward speed. load distribution, trailer tandem axle location and fifth wheel location.

The principal finding from the simulations was that there exists a very large amplification
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factor between the lateral acceleration of the tractor and the lateral acceleration of semi-
trailer in an obstacle avoidance steering maneuver.

Control of a truck-trailer combination during steady-steady cornering was carried
out by Jindra [15]. Vik [12] broadened the investigation of Jindra by examining the yaw
stability of truck-trailer combinations during cornering. Ervin and Mallikarjunarao [52]
investigated the yaw stability of tractor-semitrailer combinations. It was concluded that
the combination was unconditionally stable when coupled with an understeer tractor. For
any form of directional instability (jackknifing or trailer swing) to occur, the tractor must
be oversteer. Jackknifing may occur when the semi-trailer is either understeer or
oversteer. Trailer swing occurs for a vehicle combination when the semitrailer is
oversteer and the ratio of the understeer coefficient of the semitrailer to that of the tractor
is greater than the ratio of the semitrailer wheel base to that of the tractor. El-Gindy and
Wong [53, 54} conducted a further study to analyze the steady state response of
articulated vehicles to steering inputs.

Transient directional response characteristics of heavy vehicles are primarily
investigated via computer simulations and scaled or full-scale tests using linear models.
Vlik [55] investigated the transient turning behavior of articulated vehicles to evaluate the
effects of variations in vehicle design parameters. The results showed that the directional
dynamics of the vehicle are substantially affected by the vehicle velocity and damping
between the units of the articulated combination. It has been further established that large
yaw oscillations can be prevented by the application of hydraulic dampers between the
two units of the articulated vehicle [56]. Vik [57] further investigated the lateral stability

of articulated buses using a three-dimensional nonlinear model. The directional stability
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of articulated vehicles were investigated from the time history of the articulation angle
response under an impulse steering input. The study revealed that articulated buses
employing pusher type axles should be provided with additional damping between the
front and the rear units to eliminate the possibility of Jjackknifing and trailing swing
during acceleration or braking in a turn.

Dynamic stability characteristics of different vehicle combinations have been
extensively investigated using full-scale experiments and computer simulations. Such
studies were performed in Sweden for combinations of up to three articulations [58]. The
dynamic stability characteristics were investigated by means of a double lane change
maneuver, and the following design features were recommended to obtain desirable lane
change behavior: long trailer wheelbase, short distance between dolly pintle hook and the
first semitrailer rear axle, high tire cornering stiffness, low center of gravity height and
high roll stiffness. The minimum performance requirements were proposed as follows:
rearward amplification of side slip angles should not exceed 2; the side slip angles must
not exceed 0.15 rad (8.6 degrees); the oscillatory damping must be such that all side slip
angles are less than 0.02 rad (1.15 degrees) when the first axle of the combination has
reached a point 75 m away from the entrance of the corridor. Singh [9] used a nonlinear
model. assuming negligible roll and pitch motion, to investigate directional performance
of a four-axle truck trailer during braking in a turn. It was indicated that the center of
mass of the truck should be closer to the front axle than to the rear axle of the truck in
order to reduce the jackknifing tendency. The distance from the center of mass of the
truck to the front hitch should be large, and a full trailer should have a long drawbar to

reduce the magnitude of trailer swing.
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While there exists a large body of published studies on the development of
various methodologies and computer simulation models for predicting the lateral
dynamics of articulated vehicles. there appear to be relatively few published studies on
the relative merits of different mathematical solution and simulation models. El-Gindy
[59] developed a closed form solution of the transient and steady state directional
response of a tractor semitrailer. The solution was then examined by two different
computer simulation models. The study concluded that the closed form solutions of the
linear mathematical model correlate very well with the results derived from the
simulation models. Mashadi and Crolla [60] investigated the theoretical relationship
between steady state and transient response properties of two-axle vehicles and concluded
that the damping ratio of oversteered vehicle is always great than unity and only
understeered vehicles can exhibit oscillatory response.

Braking performance of heavy vehicles is a very important factor as it directly
relates to yaw and lateral instabilities. When the front wheels of the tractor experience
lockup under sudden braking, the directional control of the vehicle is lost. The lockup of
the rear wheels of the tractor can lead to rapid tractor spin with respect to the trailer,
resulting in jackknife. One the other hand. when the trailer wheels experience lockup, the
trailer may spin about the coupling point, resulting in trailer swing [61]. The vehicle
combination may also exhibit instability, when all the wheels experience lockup at the
same time, in the presence of a yaw disturbance at the beginning of the braking maneuver
[62]. This directional behavior of articulated vehicles can be strongly attributed to the
braking and comering properties of the pneumatic tires. When the wheels experience

lockup. the tires can not develop cornering forces necessary to maintain a desired path.



The cornering forces generated by the tires are nonlinear functions of the normal load,
braking force and tire sideslip angles. Huston and Johnson [63] developed a relationship
to estimate the comering stiffness of tires and demonstrated that variations in cornering
stiffness due to changes in normal loads significantly affect the critical speed of a vehicle
combination. Segal and Ervin [64] investigated the influence of tire factors and
distribution of roll stiffness on truck stability. The study concluded that the fore-aft roll
stiffness distribution was the primary mechanism serving to aggravate the heavy truck
yaw instability. and the shear-force properties of the truck tires cause the trucks to
respond differently to parametric variations than the typical passenger cars.

The major factor that influences the directional stability of heavy vehicles is the
braking force distribution. Schmid [17] concluded in his analytical study that the greater
the proportion of the overall braking force of the combination upon the axles of the
trailer. the less is the tendency for jackknifing. Load sensitive brake force distribution for
the truck does not prevent the phenomenon of jackknifing, but certainly reduces
Jjackknifing. The use of anti-lock braking system (4BS) has been strongly emphasized in
many studies to achieve better braking performance and enhanced directional stability
[65-67]. Those studies have demonstrated that 4BS can prevent wheel lockup when

braking. and provides directional stability, steer control and optimum stopping distances.

1.2.4 Detection and Control of Directional and Roll Instabilities
Tractor jackknifing, associated with the locked wheel at tractor’s rear axle, is one
of the dangerous directional instability scenarios of tractor semitrailer combinations. The

development of tractor jackknifing is usually extremely fast, and thus prevents the driver
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from taking effective corrective actions [68]. An automatic stabilizing technique to
prevent tractor jackknifing is therefore needed to enhance stability. This technique
includes the detection of the onset of jackknifing and the subsequent application of
corrective actions. Trailer swing, on the other hand, occurs more slowly than tractor
jackknifing due to the length of the trailer. In this mode of instability, the driver usually
retains control of the tractor. Rollover of heavy vehicles poses another dangerous scenario
to road users. Previous studies revealed that speeds estimated as safe by the drivers during
a steady turn maneuver were often quite close to the vehicle’s rollover limit [38]. Almost
all the drivers involved in rollover accidents felt that they had no warning of the
impending rollover. The lack of warning of the impending roll instability has been
attributed to the large load transfer that first takes place at the rearmost axles of the
vehicle.

Susemihl and Krauter [69-70] attempted to define the onset of jackknifing in a
quantitative manner by using a nonlinear vehicle model. Local linearization was used to
derive a stability matrix. The onset of tractor jackknifing was taken as the time at which
the system, assumed to be originally locally stable, became locally unstable. However the
above definition of the onset of tractor jackknife can not be used to develop a method for
the detection of jackknife in a real vehicle. Instead, the relationship between the side force
and the slip angle was examined to find a clue for tractor jackknifing. Tractor jackknifing
is associated with saturation of the total side force produced by the drive axle tires. Such
saturation is assumed to occur if the magnitude of the slip angle at either drive axle tire
continues to grow when the rate of change of the total side force becomes zero. The

locking of a wheel at the drive axle could, therefore, be taken as the indication of an



incipient tractor jackknife. The measurable motion parameters, describing the onset of
vehicle jackknifing. have been established via computer simulation of a linear system
[71]. The study concluded that an abrupt increase in tractor yaw angle, the trailer yaw
velocity and tire skid at the tractor rear axles, can best describe the onset of jackknife.
Rakheja and Piché [5, 10] investigated the tractor jackknifing stability limits using the
three dimensional Phase IV model. It was concluded that the onset of vehicle jackknife
could be detected via monitoring an approximated side force at the drive axle and the
articulation angle. The necessary condition for tractor jackknifing is that the derivative of
the approximated side force approaches zero, while the articulation angle continues to
grow. The approximated side force can be derived from directly measurable response
parameters such as tractor’s lateral acceleration, forward velocity, yaw acceleration, yaw
rate and lateral force at the fifth wheel constraint. In practice, it is generally accepted that
in normal highway operations a jackknifing is imminent once the articulation angle
exceeds approximately 15° [71]. This value, however, does not define a stability limit, but
rather represents a value beyond which the driver has little opportunity to regain control
of the vehicle and jackknifing follows.

Roll instability of heavy vehicles could occur during low speed corering or high-
speed directional maneuvers. The roll instability can be directly related to the normal load
on the inside tires of the semitrailer and tractor rear axles. When the normal load acting
on these tires approaches zero, the tires lose contact with the ground indicating the onset
of a potential rollover. However, measurement of tire loads in a moving vehicle is quite
intricate, and thus such a parameter may be considered infeasible to detect the onset of

roll instability [5]. Alternatively. rollover during low speed cornering has been related to
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the measurable parameter. namely. static rollover threshold (SRT) of the vehicle. The
static rollover threshold is frequently used to rate vehicle's rollover propensity. It can not.
however, be used as an indicator for the onset of vehicle rollover. It has been recognized
that a vehicle rollover in a dynamic maneuver may occur at a lateral acceleration which is
less than its static rollover threshold. Piché [10] proposed a safety factor of 1.1 for using
the SRT as an indicator for onset of rollover, but provided no further explanation. The
study further used the Yaw/Roll model to investigate the dynamic rollover properties of
articulated vehicles, and concluded that the onset of vehicle rollover during high-speed
directional maneuvers can be detected via on-line acquisition and monitoring of a
semitrailer axle’s roll angle. Allen and Rosenthal [72] illustrated that rollover instability
can be simply identified using phase plane plots. A simultaneous increase in both body
roll angle and roll rate may imply an unstable exponential divergence of roll motion.
Upon detection of onset of vehicle instabilities, the most important step is to
prevent them from developing further. There are several different approaches used to
prevent a jackknife. The first approach is the wheel anti-lock braking system. This
method attempts to prevent a jackknife by retaining the tire side forces during the braking
maneuver. Susemihl [69] investigated three forms of anti-skid braking and concluded that
antiskid braking at all axles of the tractor appeared most desirable. The second approach
is to balance the side force between the front and rear tractor wheels by locking the
steering wheel at the same time the tractor and trailer wheels lockup, such as using a
brake proportioning system. The third approach to prevent jackknifing is to control the
articulation motion by applying damping, counter moment, or roll motion restrictions

between tractor and trailer. Snelgrove [73] et al evaluated several jackknifing control
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devices and concluded that the wheel anti-lock system provided the best anti-jackknifing
property.

To stabilize the roll motion of heavy vehicles, a restoring moment should be
generated by auxiliary anti-roll devices. However, few published studies have dealt
specifically with the issue of roll control, especially for heavy vehicles. Dunwoody et al
[74] presented an active roll control system to enhance roll stability of a semitrailer. The
key components of the system are a tiltable fifth-wheel coupling, actuators to apply a
moment to the trailer axles, a source of hydraulic power, sensors and a controller. It was
claimed that the system could increase the rollover threshold of such a vehicle by up to
30% through control of the lateral shift of the vehicle’s center of gravity during cornering.
Actively controlled anti-roll bars can also be used to enhance roll stability of heavy
vehicles [75]. The controlled anti-roll bar acts as a torsion spring when engaged, which
introduces auxiliary roll stiffness between the axles and the vehicle body leading to
reduced vehicle roll motion. Darling et al [76] examined an active anti-roll bar system
based on “ideal roll cancellation™. The ideal roll cancellation system did not address the
hydraulic implications of an active device but applied a vertical force at each corner of
the vehicle sufficient to overcome the roll moment generated by the action of lateral
acceleration on the vehicle center of gravity. The ideal system was then modified to
include a first order delay function to account for the dynamics of hydraulic actuators.

Constantine and Law [77] investigated the effects of roll control for passenger
cars during emergency maneuvers. Based on the understanding of the effects of roll
stiffness distribution on vehicle handling and braking performance, three types of roll

controllers were proposed. The first controller was based upon a semi-active bang-bang



control concept. which varied the front and rear axle roll stiffness without providing any
additional roll torque. This can be accomplished physically through variable state geared
or clutched stabilizer bars (anti-roll bars). The stabilizer bars are engaged when the
sprung mass roll angle exceeds certain limit. The second controller was based upon the
concept of an active roll control with stability augmentation, which applies roll torque to
the front and rear axles. The total applied roll moment is equal and opposite to the
moment induced by the lateral acceleration on the sprung mass. The distribution of
applied roll torque to the front and rear axles was estimated as inversely proportional to
the ratio of front-to-rear corrected lateral acceleration in order to achieve increased
understeer property during cornering. The last controller was referred to as active roll
control with handling augmentation, which varied the roll stiffness and applied additional
roll torque to improve lateral capability during avoidance maneuvers. A PID regulator
with roll angle perturbations as the error signal was used to generate the required torque,
and the gains were determined using pole placement techniques with Butterworth
constraints. It demonstrated that the semi-active bang-bang roll control halves the roll
angle during cornering. The other two controllers are quite effective in nulling out roll
angle with no apparent oscillations. Hwang and Park [78] presented an anti-roll control
algorithm for roll moment distribution based on predictive control to overcome the
actuator’s time lag.

It has been established that rollover of articulated vehicles is initialized at trailer’s
axles due to larger lateral acceleration at trailer’s center of gravity. Various design
approaches have been explored to reduce lateral acceleration of the semitrailer center of

gravity. One such an approach is to introduce multiple steered axles to heavy articulated
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trucks. The study conducted by Furleigh et al [79] concluded that active steering of the
tractor rear axles could improve the directional response of articulated trucks. At higher
speeds, the implementation of steerable rear axles can reduce the lateral acceleration
response at the trailer center of gravity in an obstacle avoidance maneuver. At lower
speeds, the tractor rear axle steering can improve performance for certain transient
maneuvers by reducing the minimum turning radius of the truck and by limiting the
offtracking. The influence of steered axles on the dynamic stability of heavy vehicles was
also investigated by Auell and Edlund [80], and Sankar, et al [81]. The results from [80]
indicated that active steering of the trailer rear axle could decrease the rearward
amplification. and thus increase the roll stability of such vehicles. Watanabe, et al [82]
investigated the effects of rear-axle steering on vehicle controllability and stability of a
medium-duty truck in terms of yaw rate resonant frequency, difference between yaw rate
steady-state gain and peak gain, phase lags of yaw rate, and lateral acceleration at specific
frequency (0.5 Hz). A feed-forward controller was used to achieve the design targets, and
it was concluded that the rear axle can yield increased yaw resonant frequency and
damping ratio, and decreased yaw velocity phase lag.

Palkovics and El-Gindy [83] examined four different control strategies for
directional and roll stability control of a tractor-semitrailer combination using LOR
(Linear Quadratic Regulator) approach. The control strategies included: active steering of
the tractor’s rear wheels; active steering of the trailer’s wheels; active torque control in
the fifth-wheel joint; and active control of yaw torque acting on the tractor. The LOR
controller was designed to minimize various vehicle response characteristics, including:

the yaw rate of the tractor; the articulation rate; the side-slip angle of the tractor; and the



articulation angle. The control strategies considered for the tractor rear axle steering and
yaw torque acting on the tractor resulted in improved performance of both the trailer and
tractor. The strategy involving active steering of the trailer's wheels affected only the
trailer’s oscillatory behavior. The main problem associated with the LOR controller is that
it does not compensate for the parametric uncertainties. To overcome the limitation of the
LOR controller, a robust Hoo/RLOR controller was examined with a nonlinear vehicle
model. The concept of an active braking system (unilateral braking) was proposed, which
generates the desired directional torque based on the measured lateral accelerations of
both the tractor and. semitrailer. When the yaw rate and side slip angle of the tractor
begins to increase, a torque of opposite sign is produced. which stabilizes the yaw

motions of the vehicle.

1.3 SCOPE AND OBJECTIVES OF THE DISSERTATION

From the literature review, it is apparent that heavy vehicles are prone to various
modes of instabilities due to their weights, dimensions and high location of c.g. Among
the modes of instabilities, yaw instability and trailer yaw oscillations including jackknife
have received significant attention. and have led to developments in ABS and auxiliary
yaw dampers. Roll instability and its control and prevention on the other hand, is a
difficult issue, where the drivers often remain unaware of the associated risk posed by the
roll instability which mostly originates at the rearmost axle. The risk of vehicle rollover
may thus be reduced by enhancing the driver’s perception of onset of the instability,
before it develops and propagates over the entire vehicle. In view of the lack of warning

on the onset of roll instability, some form of early warning and implementation of timely



measures is vital to ensure the safety of the vehicle. driver and other highway users. In
view of the need and potential for improvement, this dissertation research focuses on the
analysis of dynamic roll instability of heavy vehicles, detection of onset of roll instability,
and feasibility analysis of open-loop rollover contro!.

Establishment of potential measures for early detection of impending rollover
under dynamic conditions and its subsequent use in control of the instability is a highly
complex issue. A systematic study is therefore needed which will include: development
of realistic vehicle models; analysis and evaluation of dynamic roll instabilities; analysis
and evaluation of response vector to identify reliable and directly measurable control
parameters; and the evaluation of effectiveness of open-loop rollover control. In view of
limited investigations in open-loop rollover control in the literature, the major
contributions of this dissertation research would be: (i) development of roll instability
criteria, (ii) identification of rollover conditions of various configurations of heavy freight
vehicles, (iii) identification and analysis of impending rollover indicators in terms of
reliability, measurability, and through dynamic roll stability analysis, (iv) introduction of
new roll stability measures in terms of dynamic rollover threshold and absolute rollover
threshold, and (v) feasibility analysis of open-loop rollover control. The specific
objectives in this investigation along with organization of the thesis are outlined in the

following subsections.

1.3.1 Objectives of the Dissertation

The overall objective of the dissertation research is to contribute to the attainment

of highway safety through systematic analysis of dynamic roll characteristics of freight
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vehicles. and the application of the knowledge base in an open-loop roll stability
enhancement system. The concept of an open-loop stability enhancement system is based
upon detection of impending instabilities of the vehicle and generation of an early
warning for the driver. The specific objectives of the dissertation research are:

(1) Establishment of roll instability criteria and measures for heavy freight vehicles
based on roll mechanics analysis.

(2) Study of static rollover characteristics and identification of the relative roll
instability conditions of heavy freight vehicles in steady comering maneuvers.

(3) Study of dynamic rollover characteristics through development and analysis of
heavy vehicle models.

(4) Identification of dynamic response vectors directly related to onset of vehicle roll
instabilities.

(5) Reliability, measurability and early warning capability analyses of the response
vectors for a range vehicle design and operating conditions.

(6) Feasibility analysis of open-loop roll stability enhancement through on-line
monitoring and early warning generation through development of comprehensive
three-dimensional heavy vehicle model and computer simulation.
1.3.2 Organization of the Dissertation

In chapter 2, various configurations of heavy freight vehicles are reviewed in
terms of towing unit types, hitches, towed units, and accident occurrence rates. The
rollover mechanics of heavy vehicles are analyzed for single-axle and multi-axle
representations, respectively. The relative and absolute roll instabilities of heavy vehicles
are defined and clarified in terms of roll severity for static and dynamic rollover analyses.

Various measures of relative and absolute roll instability are defined for assessment of

rollover propensity and their potential in detecting onset of rollover of heavy vehicles.
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In chapter 3. a relative roll instability criterion is employed to investigate relative
rollover conditions of articulated heavy vehicles in steady cornering maneuvers. Two-axle
representation for straight trucks and full trailers is realized by grouping the front and rear
axles into their respective single composite axle. Static roll equilibrium equations are
derived by splitting overturning moments into the front and rear roll planes. An analytical
relationship between the sprung mass roll angle and the lateral acceleration is derived for
static rollover analysis of straight trucks and full trailers. Static roll plane models for
tractor semi-trailers and B- or C-train doubles are developed for investigation of relative
rollover conditions and static rollover threshold (SRT) of articulated freight vehicles. A
parametric sensitivity study is conducted to identify the influence of an array of vehicle
and suspension configurations on SRT and relative rollover conditions of tractor semi-
trailer combinations, B- or C- train doubles.

In chapter 4, a comprehensive yaw/roll plane model is derived for investigation of
dynamic roll response characteristics of articulated heavy vehicles. The concept of
effective lateral acceleration (ELA) is proposed to characterize all the centrifugal forces of
a complete roll unit. Dynamic rollover threshold is proposed based on ELA and relative
rollover criterion. A roll plane model for the investigation of absolute roll instability of
heavy vehicles is derived. The equations of motion are derived using the energy approach,
which are considered valid until the vehicle approaches its tip-over position. Absolute
rollover indicators are proposed and investigated for their effectiveness. Absolute rollover
threshold of heavy vehicles, based on absolute rollover criterion, is analyzed using the

proposed roll plane model.



In chapter 5. potential rollover indicators are identified through analysis of the
lumped two-axle roll plane model developed in chapter 3. The potential rollover
indicators are assessed in terms of measurability. reliability and time margin for driver’s
actions. Measurability analysis of the indicators is carried out based on current
engineering practice. Reliability analysis is conducted in terms of parametric sensitivity
analysis and linear correlation characteristics with RSF. The comprehensive yaw/roll
model derived in chapter 4 is employed to assess its capability to provide an early
warning of impending rollover with sufficient lead time for the driver’s actions. Different
designs of an early warning safety device are discussed.

In chapter 6, a sophisticated three-dimensional heavy vehicle model is developed
for the investigation of effectiveness and feasibility of open-loop roll instability control.
The steering system compliance, roll steer, bump steer, ackerman steer and wrap steer are
incorporated in the vehicle model. The magic formula tire model is used to generate
combined cornering and braking tire forces and moments with 4BS algorithm. Time delay
due to driver’s reaction and the transportation lag of the braking system are characterized
by a variable called reaction delay. The rollover indicators in terms of roll safety factor,
tractor and trailer lateral accelerations and roll angles, and the rearmost axle roll angle are
investigated for their effectiveness in open-loop roll stability control for various cornering
and evasive maneuvers. road conditions, braking efforts, and reaction delays.

The highlights of the study and the conclusions drawn are summarized in chapter
7. The recommendations for further investigation of roll instability control of heavy

freight vehicles are presented.
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CHAPTER 2

ROLL INSTABILITY CRITERIA AND MEASURES

2.1 INTRODUCTION

One of the most important issues in the investigation of heavy vehicle rollover
characteristics is the establishment of roll instability criterion under dynamic conditions.
The mechanism for heavy vehicle rollover can be categorized under two distinct groups,
namely: (1) tripped rollover, and (2) maneuver induced rollover. A tripped vehicle
rollover may occur when the vehicle strikes a curb or an obstacle during cornering, and it
often occurs in conjunction with lateral skid of the vehicle prior to the strike. A maneuver
induced vehicle rollover occurs during a directional maneuver, and is primarily attributed
to dynamic roll behavior of the vehicle, while the contributions from the tripping
mechanism are absent. On very slippery pavements, however, lateral skid of the vehicle
and strike with a curb may occur during a directional maneuver, resulting in tripped
rollover of the vehicle.

The maneuver-induced rollovers are more likely to occur due to the poor rollover
limits of the heavy vehicle combinations. The lateral acceleration rollover limits for most
heavy vehicles have been reported to be in the 0.3g to 0.6g range [84], which is known to
be well below the normal road adhesion factor of 0.7 - 0.85. Survey of highway accidents
involving heavy vehicles in Canada revealed that nearly 77% of rollover accidents
occurred on dry pavement, and could be classified as maneuver induced rollovers [85].

In this chapter, different types of heavy vehicles commonly used in Canada are

reviewed. An analysis of rollover mechanics of heavy vehicles is conducted to derive roll
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instability criteria of heavy vehicles in steady comering and transient directional
maneuvers. Roll instability measures defined on the basis of relative and absolute roll

instabilities are presented.

2.2 CLASSIFICATION OF HEAVY VEHICLES

Commercial freight vehicles are designed with a wide range of weights,
dimensions and design configurations ranging from straight trucks to triple trailer
combinations, which in general consist of a towing or lead unit, hitches, and one or more
towed units. Constraint forces and moments between the towing and towed units are
transmitted through the hitches or coupling mechanisms. Table 2.1 illustrates different
types of coupling mechanisms commonly used in articulated heavy vehicles. The towing
unit can be a truck or a tractor. The connection between various units within a
configuration is obtained through a hitch mechanism. Each of the hitch mechanism
provides different constraints on the relative motions between the units. The fifth wheel
permits relative yaw and pitch motions between the lead and trailing units, which exhibits
stiff characteristics in the roll mode. The kingpin-type connection permits only relative
yaw motions between the units. In the case of pintle hook connection, the trailing unit is
permitted to roll, bounce, yaw. and pitch with respect to the lead unit.

Dollies are used for additional trailers in a double or triple combination.
Commonly used dollies, referred to as A-dolly and C-dolly configurations, are illustrated
in Figure 2.1. An A-dolly is a conventional single-drawbar dolly, which connects the first
semi-trailer with a single pintle hitch to the second trailer with a fifth wheel (converted or

turntable coupling). Thus an A-dolly permits yaw motion between the dolly and the first



trailer, and is considered as a weak roll-coupling mechanism. C-dollies, on the hand.
practically eliminate relative yaw motion between the first trailer and the dolly through
the use of rigid double drawbars and two pintle hitch connections. They also provide
large roll stiffness between the first trailer and the dolly. Although there exists a variety of
modified A- and C-dollies, their essential features remain the same. The towed unit in a
heavy vehicle combination can be a semi-trailer, full trailer or B-type semi-trziler.

Table 2.1: Heavy vehicle units and coupling mechanisms.

Towing Units Hitches Towed Units

e Truck e fifth wheel e Semi-trailer

e Tractor e Pintle hook e  Full trailer
e Kingpin e B-type semi-trailer
e A-dolly
e C-dolly
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Figure 2.1: Schematics of single drawbar A-dolly and double draw-bar C-dolly.



A survey of the truck population in Canada revealed that seven generic families of
heavy vehicles could be defined based on the number of trailers and coupling methods, as
shown in Table 2.2 [86]. The schematic of each family of heavy vehicles is illustrated in
Figure 2.2. The survey reported that approximately 77% of all heavy combination
vehicles operating in Canada are tractor semitrailers, while 17% are A-train doubles, 5%
are B-train doubles, and the remaining 1% are C-train triples. Among the types of heavy
vehicles, only a straight truck has no articulation point involved, and can be considered as
a single roll unit. For articulated heavy vehicles, articulation mechanisms have significant
influence on directional response characteristics of such vehicles. It is thus very important
to classify heavy vehicle combinations into complete roll units. A complete roll unit is a
single unit or a combination of units that are not roll-coupled with other units. A tractor
semi-trailer combination can thus be considered as an independent roll unit. An
articulated heavy vehicle with A-dolly, however, should be considered as separated roll
units due to weak roll stiffness of A-dolly. The rollover limits of articulated heavy
vehicles are determined by the unit with the lowest roll stability limit. The last column in
the table lists the number of roll units within a combination for the seven families of
heavy freight vehicles.

A survey of rollover accidents involving heavy freight vehicles, conducted in
western Canada, revealed that 17.6% of all tractor-semitrailer accidents were associated
with vehicle rollover. and the corresponding percentages of accidents involving A-, B-
and C-train combinations were reported as 34.2%. 9.0% and 31.3%, respectively [87].
Table 2.3 summarizes the distribution of highway accidents involving different vehicle

configurations and cause factors. As shown, the highest percentage of single vehicle



accidents is categorized under rollover. It accounts for almost 23% of all heavy vehicle
accidents. The accident data further reveal that A-train and C-train combinations roll over
more frequently than other types of heavy vehicles. Although the rollover rate for tractor
semitrailers is not as high as A-train and C-train combinations, the total rollover accidents
involving tractor semi-trailer combinations can not be overlooked due to the large number
in use in Canada. The roll stability analysis and open-loop rollover control is thus

emphasized for the tractor semi-trailer combination in the later chapters.

Table 2.2: Generic families of heavy vehicles.

Combination Towing Unit Hitches Towed Units No. of roll
units
Straight trucks truck N/A N/A 1
Tractor semi-trailers tractor fifth wheel semi-trailer 1
A-train doubles tractor fifth wheels, A-dolly semi-trailers 2
B-train doubles tractor fifth wheels B-type semi-trailer, semi- |
trailer
C-train doubles tractor fifth wheels, C-dolly semi-trailers 1
A-train triples tractor fifth wheels, A-dollies semi-trailers 3
C-train triples tractor fifth wheels, C-dollies semi-trailers 1

2.3 MECHANICS OF VEHICLE ROLLOVER

2.3.1 Single Axle Representation

The mechanism of vehicle rollover during turning maneuvers can be illustrated

through a static roll analysis of a suspended vehicle. Figure 2.3 illustrates a heavy vehicle
lumped in a single roll plane prior to wheel lift-off. The combined weight of the sprung
and unsprung masses is represented by W, at a height 4 above the ground. The roll angle

@ is assumed small, and the vehicle is assumed to roll about a point on the ground plane.

When the vehicle is subjected to a steering maneuver, the primary overturning moment is
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caused by the lateral acceleration a, that acts on the sprung mass. As the vehicle rolls
about a point in the ground plane, the vehicle's center of gravity (c.g.) is displaced
laterally thus gives rise to an additional moment due to the lateral displacement. In
response to the overturning moments, a stabilizing moment is generated through transfer
of vertical load from the inside tires to the outside tires. For small angle ¢, the moment
equilibrium equation can thus be written as:

(FR-FL)T = Wha, + Who 2.1
where FR and FL are the vertical tire loads, which can be expressed in terms of tire
vertical stiffness &, :

FR—-FL=2kTyp 2.2)
Thus the relationship between the lateral acceleration and roll angle of the vehicle is

derived as:

2
a, =(21;’;; —1J¢ (2.3)

Equation (2.3) reveals a linear relationship between lateral acceleration a, and vehicle roll

angle ¢. This relationship can be considered valid as long as the tire-road contact is

maintained. As the lateral acceleration increases, the stabilizing moment (FR-FL)T
increases until the tire load FL approaches zero, which is referred to as the wheel lift-off
position. The maximum stabilizing moment is reached at this lift-off position and is equal

to WT. Thus the maximum lateral acceleration the vehicle can sustain without suffering a
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Figure 2.2: Schematics of seven generic families of heavy freight vehicles.
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divergent roll response. which is frequently called as static rollover threshold (SRT) is

obtained from Equation (2.1) as:

SRT = %—qpo 2.9

where ¢, is the vehicle roll angle at the wheel lift-off position.

2T
FL » FR

Figure 2.3:Lumped roll plane representation of a heavy vehicle before wheel lift-off.

The center of roll rotation of the vehicle model, considered near the center of
vehicle track, can not be considered valid, when one of the wheels loses contact with the
ground. As the inner tires of the vehicle lift off the ground, the rotation center of the
vehicle is shifted to the contact area between the outer tires and the ground, as shown in
Figure 2.4. Assuming that the vehicle has deflected along the roll axle by an angle a
after the loss of contact, the moment equilibrium equation about the roll center is

obtained as:

Wa (Tsina +hcosp) = W(T cosa — hsing) (2.5)
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where ¢ =a +¢,, is the total roll angle of the vehicle. The lateral acceleration can

therefore be expressed as:

_Tcos(p-¢,)—hsing
B T'sin(p — @,) + hcosg

(2.6)

-v

Equation (2.6) reveals that a, decreases as roll angle ¢ increases in the form of a
trigonometric function. The vehicle approaches its tip-over position when the mass center
is aligned vertically with the tire-road contact patch. The vehicle roll angle at the tip-over
position can be expressed as

@ =cot™ [(h—Tsing, )/ (T cosp, )] 2.7

The corresponding lateral acceleration that the vehicle can sustain is reduced to zero.

T \5/ V\ center

Figure 2.4: Lumped roll plane representation of the vehicle after the
loss of wheel-road contact.

The relationship between the lateral acceleration a, and roll angle ¢ during the

course of static roll response, expressed by Equations (2.3) and (2.6), is illustrated in

Figure 2.5. As roll angle ¢ increases from static position, the lateral acceleration
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increases until wheels on a single track lose contact with the ground, which occurs at a
roll angle ¢, . The maximum lateral acceleration that the vehicle can sustain or its static
rollover threshold (SRT) is derived as the acceleration achieved corresponding to roll

angle ¢, . After wheels lift off the ground, the lateral acceleration decreases with further
increase in vehicle roll angle @ . When the vehicle approaches its tip-over position, the
vehicle is in a critical equilibrium condition. The presence of a lateral disturbance or
perturbation will cause an absolute rollover of the vehicle. The important states of the
vehicle during a rollover are thus identified as:

(1) Under the application of a centrifugal force, the wheels on one side of the
vehicle lose contact with the ground surface, which corresponds to the
maximum lateral acceleration that the vehicle can sustain without rollover.

(2) With the continued application of the centrifugal force, the center of gravity of
the vehicle approaches the tip-over position, which corresponds to the
absolute rollover of the vehicle.

The above two states of vehicle rollover can be defined as The Relative Rollover

Instability, and The Absolute Rollover Instability, respectively.

Lateral Acceleration ay

/ ~
/ \ Absolute

~— rollover
~_ ¥

\ 4

Vehicle Roll Angle ¢

Figure 2.5: Vehicle lateral acceleration and roll angle relationship
during the course of rollover.
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2.3.2 Multi-Axle Representation

A single axle representation of the vehicle is not adequate for rollover analysis
when the various axles possess different roll stiffness characteristics that are not
proportional to the static loads supported by the axles [32]. A typical tractor-semitrailer
configuration can be represented by a set of three composite axles based upon their
suspension characteristics: tractor front axle; an equivalent tractor rear axle realized upon
grouping the tandem drive axles; and an equivalent semi-trailer axle realized by grouping
all the trailer axles with similar suspension characteristics, as shown in Figure 2.6. It is
assumed that the roll axis of the total vehicle is located on the ground plane for analysis
simplification. The combined weight of the sprung and unsprung masses is represented by
W, with overall c.g. located at a height 4 above the ground level. The equilibrium

equation in the roll plane of the vehicle subjected to a lateral acceleration a,, can be
written as:

3
S (FR,—FL, )T, ~Whe =Wha, (2.8)
i=l

where FR; and FL, are vertical loads acting on the tires of axle i (i=1 to 3), and T; is half

track width of axle i. Let ¥, be the load carried by each of the three composite axles, the

maximum roll resisting moment that is produced by each axle can then be derived as

W.T, (i=1 to 3). Depending upon the roll stiffness of each axle, the lift-off of tires on one

side of the axles takes place at different roll angles. Figure 2.7 illustrates the roll resisting

moment produced by each axle as a function of roll displacement of the vehicle. The lift-

off of tires on the trailer axles occurs at a relatively small roll angle of the vehicle ¢;,

followed by lift-off of the tires on tractor rear axles (@,). The lift-off of the tires on the
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front axle occurs at a relatively large roll angle (¢,) of the vehicle due to its low roll
stiffness. The overturning moment produced by the lateral shift of c.g. of the vehicle is
also shown in the figure by a line with negative slope. The sum of all the roll resisting
moments and the overturning moment represents the left side of Equation (2.8), referred

to as net roll moment.

®

Figure 2.6: Three composite axle representation of a multi-axle
tractor semi-trailer vehicle.

Trailer axles

Tractor rear axles

Roll moment

Tractor front axle

—>
@

Moment due to lateral
shift of c.g.

Figure 2.7: Roll moments versus roll angle for the three composite axle vehicle.
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Figure 2.8: Net roll moment versus roll angle for the three-axle vehicle representation.

The net roll resisting moment versus the roll angle of the vehicle is shown in
Figure 2.8. The points A, B, and C indicate the lift-off of tires on the trailer axles, the
tractor rear axles, and the tractor front axle, respectively. The maximum value for the net
roll-resisting moment is reached when the tires on the tractor rear axle lift off the ground
(point B). The roll moment due to the lateral force is also illustrated in the left half of the

figure as a function of «, . The static rollover threshold of the vehicle as determined from
the net moment diagram is a, . Thus the relative rollover condition of the vehicle is
reached as tires on the trailer and tractor’s rear axles lift off the road surface. If the roll

properties of all the axles were to be lumped together and represented by a single axle, the
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net roll moment versus roll angle plot would follow the curve ODE, as shown in Figure

2.8. Such analysis for this vehicle will predict a rollover threshold a, , which is greater
than a, . Thus the single roll plane representation tends to overestimate the anti-roll

ability of multi-axle freight vehicles.

2.4 CRITERIA FOR HEAVY VEHICLE ROLLOVER

The analysis of rollover mechanics for a steady tuming maneuver reveals that the
roll instability of a heavy vehicle could be considered to occur in two different forms in
terms of severity: (i) Relative Roll Instability; and (ii) Absolute Roll Instability. The
relative roll instability is associated with maximum lateral acceleration which the vehicle
can sustain without rollover in steady turning maneuvers. The absolute roll instability, on
the other hand, is associated with the maximum roll angle of the vehicle where it has zero
tolerance to lateral acceleration excitation. These rollover instability criteria along with

measures corresponding to each criterion are discussed in the following subsections.

2.4.1 Definition of Roll Instability

Relative Roll Instability

When a vehicle can not remain stable under the action of a constant level of
lateral force, the vehicle is said to be in a relatively unstable condition. The corresponding
maximum lateral acceleration of the vehicle, realized during a steady turn maneuver, is
referred to as the static rollover threshold. The relative rollover condition can be reached
when tires on a single track of a vehicle lose road contact, as illustrated by the single-axle

representation of heavy vehicles. For a multi-axle representation, the relative rollover
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condition may be reached when tires on one or two axles lose road contact, depending on
roll stiffness distributions of the vehicle. The existence of Relative Instability in a
dynamic maneuver, however, does not imply definite occurrence of an actual rollover of
the vehicle. Such relative instability can lead to an actual rollover, only if a sustained

level of lateral acceleration is attained for a period of time, until an absolute instability is

attained.

Absolute Roll Instability

The absolute roll instability of the vehicle occurs at tip-over, when center of mass
of the vehicle aligns vertically above the effective contact region of the outer tires with
the road. The existence of a lateral disturbance or perturbation will then lead to an actual
rollover of the vehicle. Thus an actual rollover of a vehicle happens in the time sequence
of first reaching the relative rollover condition, followed by an absolute rollover
condition. Since the vehicle c.g. is considerably higher at tip-over than at lift-off,

sufficient work must be done on the vehicle to bring the vehicle to its absolute instability

position.

2.4.2 Measures Based upon Relative Rollover Criterion

Various measures describing both static and dynamic roll stability characteristics
of heavy vehicles have been proposed [41, 42, 43, 45]. These measures proposed for
assessment of rollover propensity and rollover detection can be classified on the basis of
the above proposed roll instability criteria. Rollover measures based upon relative
rollover criterion can be summarized as follows.

(1)_Load Transfer Ratio (LTR)
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Relative roll instability can be numerically evaluated using the non-dimensional

overall load transfer ratio (LTR), defined as:

Z”:(FL, - FR )‘
LTR =" | 2.9)
D (FL +FR)

=1

where FL; and FR; are normal loads acting on the left- and right- wheels, respectively, of
the equivalent axle /, and n is the total number of axles used for a complete roll unit. The
LTR has been proposed as a measure to assess dynamic roll stability of heavy vehicles in
North America [45, 86]. It has been proposed that the relative dynamic roll stability of
heavy vehicles can be assessed from the LTR evaluated during a path change maneuver
conducted at 100 km/h, which yields a lateral acceleration response of approximately
0.15g at the c.g. of the towing unit. The trajectory of the path change maneuver is
illustrated in Figure 2.9. The target value of load transfer ratio has been recommended as
0.6 [45].

The LTR during a directional maneuver approaches the unity value when all the
wheels of the vehicle on a single track lose road contact. The overall LTR approaching 1
does not necessarily indicate the relative rollover condition, which may be realized with
lift-off of one or more axles depending upon axle loading and axle suspension
characteristics. Furthermore, variations in the design parameters of heavy vehicles may
yield considerable variations in the overall L7R corresponding to relative rollover
condition. Since there is no unique value of the overall LTR corresponding to relative

rollover condition, the overall L7R is not considered as a good indicator of the relative

roll instability.

-48 -



2.5

o=@ --@
2 ol
. ¢
."-.
£
o 1.5 - d
s 2
2 .
E [ J
5 .
§ 1
>‘_ ._c
...-
05 -
_.
.'.’..
.-.'.
.-."
0 o R =L - — —_————
0 20 40 60 80 100

X-Coordinate (m)

Figure 2.9: Path trajectory of a vehicle during a path change maneuver to assess LRT.

(2) Rearward Amplification Ratio (RAR)

Under high-speed evasive maneuvers, the articulated vehicles in general exhibit
considerably larger lateral and roll motion response of the rearmost unit when compared
to that of the lead unit. This phenomena is characterized by the rearward amplification
ratio (RAR), defined as the ratio of the peak lateral acceleration response of the rearmost
trailer to that of the lead unit [86-87]. This ratio describes the vehicle characteristics in
amplifying the severity of the maneuver initiated at the lead unit. A large value of RAR
portends an increased likelihood of rollover of the rearmost trailer. The RAR ratio may

thus be considered as a measure of dynamic rollover. It has been proposed that the
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rearward amplification factor of a combination vehicle subject to a path change
maneuver. described in Figure 2.9 must not exceeded a value of 2.2 [45].

(3) Static Stability Factor (SSF)

This factor is proposed to estimate the rollover propensity of heavy vehicles by
neglecting the compliance due to suspension and tires (rigid vehicle). The loss of wheel-
road contact in such a rigid vehicle occurs at extremely low roll angles. The relative
rollover condition can thus be satisfied when the vehicle roll angle is nearly zero. Let

@, =0, Equation (2.4) yields a measure of rollover propensity of a rigidly suspended

vehicle referred to as Static Stability Factor (SSF), and given by:
T
SSF = N (2.10)

The static stability factor is a function of effective wheel track width and c.g. height of the
vehicle. While effective track width of the vehicle is mostly limited by the weights and
dimension laws and designs, the c.g. height may vary considerably due to excessive
variations in loading and load distributions. SSF is frequently employed to achieve a
quick and conservative estimate of roll stability limit of a vehicle. A statistical analysis of
vehicle rollover accidents conducted by Klein [41] reported that SSF closely correlates
with actual rollover frequencies of road vehicles. Vehicles with lower SSF limits exhibit
higher tendency of rollover. Heavy vehicles, however, possess highly complex compliant
characteristics due to nonlinear force-deflection or moment-deflection properties of
suspension, tire and structure. The heavy vehicles thus exhibit roll instability at a lateral
acceleration considerably lower than SSF. Piché [10] investigated rollover limits of a

tractor semi-trailer combination with different suspension and tire properties. A
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compliance factor of 0.72 was proposed to account for reduction in the rollover threshold
of the vehicle caused by compliance of different suspension springs and tires.

(4) Static Rollover Threshold (SRT)

The rollover propensity of a heavy vehicle is described quantitatively by its sratic
rollover threshold (SRT). defined as the level of steady lateral accelerations, which the
vehicle can sustain without suffering a divergent roll response [32]. From various
accident databases, it has been established that vehicles with low values of SRT are more
likely to rollover than those with relatively high SRT [33]. A lower limit of 0.35g has
been proposed for SRT of commercial freight vehicles to minimize the highway safety
risks associated with potential roll instabilities. The recommended limit was further
adopted as a performance measure by the Road and Transport Association of Canada
(RTAC). Static rollover threshold can be evaluated in several ways, such as road, tilt-table
and pull tests, and analytical methods.

Evaluations through road tests require full scale testing involving outriggers to
ensure driver and vehicle safety. The road tests, however, are expensive due to
requirements of extensive instrumentation, data acquisition and analysis, and installation
of outriggers. Such tests exhibit poor repeatability and alter the inertial properties of the
vehicle and compliant properties of the suspension due to added outriggers [44].

A tilt table test leads to a rollover measure defined as Tilt Table Ratio. The tests
performed on a tilt-table attempt to simulate a steady lateral acceleration field which the
vehicle could experience during a steady cornering maneuver by inclining the test vehicle
in the roll direction. This causes components of the gravity force to act along the lateral as

well as the vertical directions. The angle of table inclination () is slowly increased until
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the vehicle approaches relative rollover condition. The static lateral acceleration or
rollover threshold in g units is then derived as tang. Tilt table tests do not require any
additional measurements, and is known to be a highly efficient and inexpensive test
method of assessment, which minimizes the risk of vehicle damage. The tilt table test
method, however, has been criticized since it does not accurately represent a vehicle in a
steady lateral acceleration field, caused by steady state cornering. As the table inclination
angle increases, vertical force acting on the vehicle decreases. This results in variation in
vehicle’s cg height, and thus influences its “rollover threshold”.

A side pull test may also be performed to assess static roll stability of a vehicle. A
side pull simulates a cornering induced lateral acceleration field by applying a horizontal
force at the total vehicle center of gravity. The rollover metric obtained is called Side Pull
Ratio. The side pull test, however, requires a prior knowledge of the c.g. height of the
vehicle, and poses relatively higher risk of vehicle body damage. Altemnatively, relative
roll instability or static rollover threshold (SRT) of a vehicle can be analyzed using
analytical methods. A large number of analytical or computer simulation tools have been
reported in the literature [25-34]. While all the test methods may be costly and time
consuming, the computer simulation approach is widely recognized as an alternative in
evaluation of rollover propensity of heavy vehicles. Simulation approach, however, poses
many complexities associated with identification and characterization of nonlinear

properties of several vehicle subsystems such as suspensions, tires and dollies.



2.4.3 Measures Based on Absolute Rollover Criterion

Three different measures defined on the basis of absolute roll instability criterion
are proposed for analysis of rollover propensity of vehicles in dynamic tripped rollover
situation.
(1) Rollover Prevention Energy Reserve (RPER)

Rollover Prevention Energy Reserve is proposed to study vehicle tripped rollover
propensity, defined as the difference between the energy required to bring the vehicle to
its tip-over position and the rotational kinetic energy of the vehicle, which can be

transferred into gravitational potential energy to lift the vehicle [88]. From this definition,

the RPER can be expressed as:
RPER =V, -T; .11)
where ¥, is the difference between gravitational potential energy with the vehicle in its

present position, and gravitational potential energy of the vehicle corresponding to its tip-

over position. 7, is total kinetic energy which can be transferred into gravitational
energy. The value of the RPER function approaches a negative value before a vehicle
approaches its tip-over position in a rollover case, but always remains positive in a non-

rollover case.

Two different approaches are proposed to compute the total kinetic energy of the

vehicle (7} ). In the first approach, kinetic energy associated with rollover motion consists

of two terms associated with angular and lateral velocities:

T, =-;—In,,ar’ +—;-mVy" (2.12)
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where /_, is roll mass moment of inertia of the vehicle about the roll center located at
the center of outer tire-road contact patch. /_,. corresponding to tip-over position. can be

derived from:

I o=1_+mT*+h?) (2.13)
where /. is roll mass moment of inertia of the vehicle about its mass center, m is vehicle
mass. @ is roll velocity and V. is lateral velocity of the vehicle. T denotes half wheel

track, and A represents vehicle c.g. height above the ground in static equilibrium
condition. The first term in Equation (2.12) represents vehicle rotational energy, while the
second term denotes the vehicle translational energy, which may be transformed into
rotational kinetic energy during rollover motion.

In the second approach, vehicle kinetic energy is calculated in a more conservative

fashion by excluding the translational energy:
I 0° (2.14)

The applications of total kinetic energy functions, presented in Equations (2.12),
(2.14) yield two rollover prevention energy reserve functions, given by:

RPER,; =V, -T,

ip —

RPER, =V,, - T, (2.15)
The subscripts ‘1° and ‘2’ in the above equation refer to the functions derived using two
approaches based upon 7, and 7,,. Reported experimental studies have concluded that
RPER, could be employed to achieve reasonable prediction of tripped rollover of

vehicles under mild-to-moderate impacts, while RPER, provides more reliable measure
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of tripped rollover under the most severe impacts. The function RPER, is thus

considered as a generally applicable rollover prediction function [88].

(2) Rollover Prevention Metric (RPM)

The rollover prevention metric is defined as the difference between the initial
lateral translational kinetic energy before the impact and rotational kinetic energy after the

impact divided by the initial energy, and expressed as:

RPM:IQ_-_ZL (2.16)
T,
where:
I | mV2n?
T,=—mV; and I =————— 2.17)
2 2 I,

Substituting for initial translational (7;) and final rotational energy after the impact (7))

into (2.16) yields:

RPM =1- m (2.18)
I, +m(SSF +1)

where SSF=T/h, as shown in Equation (2.10). Equation (2.18) reveals that RPM is a
function of vehicle mass, roll mass moment of inertia and static stability factor (SSF). The
results from Hinch [43] revealed that RPM has a very good correlation with rollover rates

of light vehicles.

(3) Critical Sliding Velocity (CSV)

The critical sliding velocity is a measure of the minimum lateral velocity required
to initiate a rollover in a tripped rollover situation. CSV is determined by equating vehicle

energy prior to a tripped impact with the energy that is required to raise the vehicle c.g. to
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its tip-over position [44]. Conservation of angular momentum about the tripped point can
be written as:

mV.h=1_06, (2.19)

where ¥, is the vehicle sliding velocity before impact, and 6, is the initial rotational
speed of the vehicle about tripped point after the impact. The minimum rotational energy
to bring the vehicle to tip-over position is given by:

I -, -
31_“,,6’5 =mg(Vh’ +T? —h) (2.20)

Critical sliding speed (CSV) can thus be derived from Equations (2.13), (2.19) and (2.20)

as:

CSV =V, = \/g gh[

1;;2 +SSF? +1](JSSF’ +1 -1) 2.21)
m
Equation (2.21) reveals that critical sliding velocity is a function of mass, roll mass

moment of inertia, c.g. height and static stability factor (SSF).

2.5 SUMMARY

Different configurations of heavy vehicles that are commonly used in Canada,
together with their rollover propensity based on accident statistics are reviewed. The
number of complete roll units for seven generic families of heavy freight vehicle
combinations is identified on the basis of roll coupling mechanisms, which is essential for
modeling and analysis of impending rollover of heavy freight vehicles in later chapters.
Rollover mechanics of heavy vehicles are analyzed for single-axle and multi-axle

configurations in order to derive criteria for relative and absolute roll instabilities of
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heavy vehicles. The relative and absolute roll instability criteria are proposed and defined
to characterize roll instability of different severity. The reported rollover measures in the
literature are categorized on the basis of roll instability criteria such that their function
scopes are clearly positioned. These measures are thoroughly examined in the following
chapters to identify their potential for detecting an impending rollover under a wide range
of operating conditions. Additional measures of rollover are further proposed to enhance

the reliability and lead time of the rollover prediction.
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CHAPTER33

DETECTION OF RELATIVE ROLL INSTABILITY IN STEADY
TURNING MANEUVERS

3.1 INTRODUCTION

Rollover of heavy vehicles frequently occurs during low speed cornering and high
speed directional maneuvers. Detection and early warning of impending roll instability of
heavy vehicles in such maneuvers is vital to ensure the safety of the vehicle, driver and
the highway. The detection of roll instability for the generation of an early warning,
however, cannot be realized upon absolute roll instability criterion, since sufficient lead
time for driver actions cannot be ensured. Furthermore, the loss of tire-road contact
during a directional maneuver may be considered undesirable in view of the need to
maintain directional stability and control of the vehicle. Relative roll instability criterion
may thus be considered appropriate for early detection of roll instability of heavy
vehicles.

Freight vehicle combinations comprise different numbers of multi-axle units,
where the suspension properties and loading conditions for each axle may differ
considerably. The roll response characteristics of different unsprung masses of the vehicle
subject to a directional maneuver may thus vary considerably. Under a severe directional
maneuver, the loss of tire-road contact may initially occur with wheels on one of the
axles, which may then be followed by the loss of contact between the road and wheels on
another axle. The relative roll instability criterion does not necessarily imply that all the

wheels on a single-track lift off the road surface. In typical designs of tractor semi-trailer
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combinations. for example. the tractor front axle supports relatively less load than the
tractor’s rear and trailer axles. The effective vertical spring rate of the front axle
suspension is also lower than those of the tractor’s rear or trailer axles. The relative roll
instability in general is initialized, when tires on the tractor’s rear and semi-trailer axles
lose contact with road surface, although the front wheels of the tractor may still retain the
road contact. For straight trucks and full trailers, the sufficient condition for the relative
instability may be reached when wheels on either all the axles or only one axle lift-off the
ground, depending on the vehicle configurations, suspension designs and loading
conditions. For evaluation of heavy vehicle roll stability performance, it is necessary to
identify the relative rollover conditions, which may vary based on vehicle configurations.
In this chapter, relative roll instability conditions and static rollover threshold of
different heavy vehicle configurations are evaluated under steady cornering maneuvers
through development and analysis of static roll plane models. A parametric sensitivity
study is carried out to identify the influence of an array of vehicle and suspension
configurations on SRT and relative rollover conditions of tractor semi-trailer

combinations, B- /C- doubles.

3.2 DEVELOPMENT OF ROLL PLANE MODELS OF DIFFERENT
COMBINATIONS

The rollover propensity of heavy vehicle combinations is strongly dependent upon
vehicle configuration, axle loads, weight distribution, vehicle roll stiffness, suspension
properties. etc. Detection of impending vehicle rollover necessitates analysis of vehicle

rollover propensity and relative rollover conditions for different configurations. While the
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simplified roll plane models presented in Chapter 2 can qualitatively illustrate roll
instabilities, they appear to be too coarse for the detection of relative rollover conditions
of heavy vehicles with different suspension, tire properties, and hitch mechanisms. A
large number of static roll analysis models have been proposed in the literature {25, 33,
34, 39], to derive the static rollover threshold limits of the vehicle. Such models,
however, do not emphasize the dependence of rollover propensity on the configurations,
and can not be employed to detect the relative rollover condition, and thus the onset of
roll instabilities. Roll plane models for various configurations, such as straight trucks or
full trailers, tractor semi-trailers, and A-, B-, and C- doubles are thus developed to
evaluate their relative roll instability conditions. The analytical models together with the

associated simplifying assumptions are discussed in the following sections.

3.2.1 Roll Plane Analysis of Straight Trucks and Full Trailers

Two-axle representation of heavy vehicles such as straight trucks and full trailers
can be realized by grouping the front and the rear axles into their respective single
composite axles, as shown in Figure 3.1. The roll center height of sprung mass hg,
measured from the c.g. location of the sprung mass, is considered to be constant and the
roll center of unsprung mass i (i=/, 2) is assumed to coincide with its c.g. location. The
destabilizing moments in the roll plane include those due to the centrifugal forces acting
through the c.g. of the sprung and unsprung masses, and that due to the lateral
displacement of the sprung mass center of gravity. The vertical load transferred from the
inside to the outside tires during cornering generates a stabilizing roll moment. The

rollover propensity of the entire vehicle can be derived from its roll plane model
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illustrated in Figure 3.1. The roll moment equilibrium may be further analyzed to derive

an analytical relationship between the sprung mass roll angle ¢, and the lateral
acceleration a,. Assuming small roll angles. the internal roll moment M, between the
sprung and unsprung masses can be written as:

M, =mh,(gp, +a,) (3.1
which is balanced by the restoring moment Af, generated by the front and rear axle
suspensions:

M, =K, (9. —9.) + K, (9, — 9,5) (3.2)
where ¢, is the roll angle of unsprung mass i (i=/, 2), and K, is the roll stiffness of

axle suspension i. Equations (3.1) and (3.2) yield:

?, o,
[le +K,,—m.gh, —mv‘hR] |:a :l= [K¢| K, [¢ l] 3.3)

The moment equilibrium equations for the unsprung masses can be written as:
MI + m\qlhuay + mulhmay + m.\'gqlzlil¢ul = (FRI - FLI )7: 3 i=1' 2 (3'4)

where ¢, =(L-a)/L, g, =a/L,and h, is the c.g. height of the unsprung mass i. A, is

the roll center height of suspension i. z, =h_, —h,, , is the vertical distance between the

suspension roll center and the unsprung mass roll center, and 7] is the effective half
wheel track width of axle i. Assuming that the internal roll moment M, is proportionally
distributed between the axle suspensions in terms of their roll stiffness, the roll moment

acting on axle i (i=1, 2) can be expressed as:

M =MK,[/(K,+K,)
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Figure 3.1: Roll plane model of straight trucks or full trailers represented by two-

composite-axle vehicles.
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M,=M,-M, 3.5)
The restoring forces due to tires on the right and left tracks of axle i (FR, and FL, ) can

be derived from effective vertical stiffness of tires. Assuming linear vertical force-
deflection characteristics of tires about the operating point, the vertical forces developed

due to tires are expressed as:

FR =k, [05(mg, +m, )g/k, +Tg,]
FL, =k, [05(m,q, +m,)g/k, -Tg,]; (i< 2) (3.6)
where k, is the linear vertical stiffness of the tire on axle i. In case of dual tires, &, is the

total vertical stiffness of the dual tires. Substituting Equations (3.1), (3.5) and (3.6) into

(3.4), the following relationship between the roll angles and lateral acceleration can be

Pu | |9 4 P G.7)
P2 - a, a,ja, ’

_ Kvlm\'ghR
(Kpl + ng )(2k:|T12 -m gz,.4q,)

established:

where

a,

a _ lemxghl?
2 (K¢1 +K,, )(21‘:27‘12 -m.gz,,9q,)

a, (mh.g, +m,h,)(K, +K;,)
a,=—/|1+
g thRKpI

_ a,,; 1+ (m.\thqZ +mu2hu2 )(Kol + KaZ)
® b4 m.thKw'.’
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A direct relationship between a, and @, can thus be derived from Equations (3.3) and
(3.7) as:

@

_ K, +K,,-mgh, - K,a, -K,a,

a ®, (3.8)

g mh, + K a,, + K a5,
It should be noted that the above relationship can be considered valid until the
restoring roll moment saturates. As the wheels of axle i (i=7 or 2) lose contact with the

road, the restoring roll moment approaches its limiting value, W,7,. Under such

conditions, the relationship between the lateral acceleration and sprung mass roll angle

can be derived as follows.

Considering that the tires on one side of axle 2 lose contact with the road, the
suspension roll moment acting on the axle can be derived from Equation (3.4):

M, =K, (9, —=9,,) =W-T, —(mqsh, + mh,)a, —m. 89,240, (3-9)

where W, =(m_q, + m,,)g . The roll moment due to first axle suspension can be derived

from Equation (3.5):

MI = K(pl (¢s —¢ul) = msghR¢s +(mshR + mquhc2 + muZth )a_v
+ M 8952 R2Pu2 — W1,

(3.10)

Equations (3.9) and (3.10) are solved to yield the roll angles of unsprung masses as a
function of the sprung mass roll angle and lateral acceleration, and expressed as:

1
sz —m.gq,Zp,

¢::2= [K¢Z¢\ + (m.\‘hhcz +mu2hu2 )ay - WZTZ ]

!
Gui = ?_[(Kq)l —m ghg Jp; —(mshg +mqrh.; +m k5 )a, +Wsz]
ol

—Mm8GrZR2Py2

3.11)



As the tires on axle 2 experience lift-off. the equation of roll moment equilibrium for the
entire vehicle can be derived as:

(mehe +my b, +my b5 )a, +mghpp, +m.gq,2p,0,; +M 843200,

) (3.12)
=2k I} @, —W,T,

where 4_ is the sprung mass c.g. height from the road surface, which can be considered as

a constant for small roll angles. Upon substituting for ¢, and ¢,, from Equation (3.11)
into Equation (3.12), a direct relationship between the lateral acceleration and sprung

mass roll angle can be derived as:
1
a, = ;(cq)‘. +e) (3.13)

where the coefficients ¢, d and e are dependent upon the vehicle geometry and suspension

parameters alone:

c=K, ~m.ghy —m gq,z,, (1- f)K,, (K, —m.gq,24,) —m, ghy f,

d = mth + m\qthl + mulhul + m.\'gq'.’zRZ (qulhcl + muZth )(1 - -f; )/(KOZ - m.rgqlzkl)

+f;(mxhx +mul +mu2hu2)

ul

€= Wz_Tz +W.T,m . gq,z,,(1- £1) (K, —m gq,zy,)+W,T, f,

K

fi = —
l 2k, T" —m gq,z,

Equations (3.1) through (3.13) describe the roll equilibrium of a straight truck or
full trailer vehicle represented by an equivalent two-axle vehicle model. The equilibrium
equations are solved under small successive increments in the sprung mass roll angle to

derive the lateral acceleration as a function of sprung mass roll angle. Equations (3.7) and
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(3.8) are initially solved corresponding to each perturbation in the sprung mass roll angle
@, . to determine the resulting unsprung mass roll angles (¢, and ¢,,) and lateral

acceleration a,. The corresponding tire loads are then evaluated from Equation (3.6). In

the event of loss of contact between the tires on any axle and the road, the solutions based
upon Equations (3.7) and (3.8) are considered invalid. Equation (3.11) is then solved to
determine the unsprung mass roll angles, while the resulting lateral acceleration is derived
from (3.13). The condition of relative roll instability can be established from the lateral
acceleration - roll angle response characteristics of the sprung mass. The relative roll

instability condition is realized, when the slope of a,6 ~¢, response approaches a
negative value (&a,/d¢, <0) due to insufficient restoring moment arising from

suspension roll stiffness.
The roll performance signature of a straight truck configuration with parameters

shown in Table 3.1, is presented in Figure 3.2. The a, ~ @, characteristics of the vehicle
are shown for two different values of roll stiffness of the front axle suspension, indicated
as K, and K 3, . In case of a relatively soft front axle suspension (roll stiffness = K_, ),
the lateral acceleration increases linearly with increase in the sprung mass roll angle. The

peak lateral acceleration is achieved when wheels on the rear axle lift off the ground. A

further increase in ¢, yields negative slope, which indicates that the roll stiffness due to

front axle suspension is insufficient to generate adequate restoring moment. The relative
rollover condition for such vehicles is thus realized when wheels on rear axle lose contact
with the ground. It can be further shown that the relative roll instability of such vehicles is

directly related to effective roll stiffness of front axle suspension. An increase in roll
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stiffness to K, can yield further increase in restoring moment and thus increase in the

ol

corresponding lateral acceleration. The static roll performance of the vehicle can be

significantly enhanced by increasing the roll stiffness of the front axle (K:,’l >K;) In

this case, the relative rollover condition is established when wheels on both the axles lift

off the ground. which results in increased static rollover threshold (SR7}).

Table 3.1: Simulation parameters for a straight truck configuration.

Vehicle configuration Symbol Parameter values
Wheel base (m) L 6.096
Distance between the front axle and a 451
sprung mass c.g. (m)
Sprung mass c.g. height (m) h, 1.8
Sprung mass (kg) ms 20884

front axle rear axle

Unsprung mass (kg) my; 545 1044
Suspension roll center height (m) he; 0.508 0.737
Unsprung mass ¢.g. height (m) Ry 0.508 0.508
Wheel track (m) T; 1.087 0.9144
Tire vertical stiffness (kN/m) K, 789 3156
Suspension roll stiffness (kNm/rad) Ky 156 1590

Since the distance from suspension roll center to the c.g. location of unsprung

mass is considered small for most heavy vehicle suspensions, Equation (3.13) can be

simplified by letting z,, = 0. The relationship between a, and ¢, may thus be expressed

as:

[K, —mgh,(1+f)lp. + WT(1+]))

a =

* m\'hR + m.\qlhcl + mu: hul + f/ (m\ h\ + mlllhlll + mu] huj )
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Figure 3.2: Roll performance signature of a straight truck.

In the above equation, / refers to the axle which experiences loss of tire-road contact and j

corresponds to the axle which retains the tire-road contact. In the present case when

K, =K, i=2 and j=1. The relative roll instability condition, (8a,/d¢p, <0),

@l

requires that K

-m.gh,(1+ f,) > 0, which yields:

N 2k,T}m gh,
2/(,] T;' -m_ gh,

K, (3.15)
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The condition of relative roll stability of straight truck or full trailer configurations can
thus be related to roll stiffness of the suspension and tires of the axle which continues to
retain the road contact. If the roll stiffness of both the axle suspensions satisfy Equation
(3.15), the relative roll instability is realized when wheels on both axles lose the road
contact. The relative rollover condition for such vehicles thus depends upon the roll
stiffness of the two axle suspensions, which satisfy Equation (3.15). Table 3.2
summarizes the different relative rollover conditions for the straight-truck or full-trailer
configurations. In some particular vehicle suspension designs, the front axle roll stiffness
may be considerably enhanced by using an anti-roll bar to achieve desired understeer
performance. The front axle suspension may satisfy Equation (3.15), while the rear axle
suspension does not. In this case, the relative rollover condition may be reached when

wheels on the front axle lose road contact, as illustrated in Table 3.2.

Table 3.2: Conditions of relative rollover of straight truck or full trailer configurations.

Suspension roll stiffness
Condition of relative satisfying the condition Condition of relative rollover
roll stability K K Loss of tire-road contact of
@l @2
R Yes Yes wheels on both axles
S 2k, T 'm gh, No Yes wheels on axle #2
a 2k, T? - m‘.ghR No No wheels on axle #1 or #2
/o : Yes No wheels on axle #1
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3.2.2 Roll Plane Analysis of Tractor Semi-trailer, B- and C- Train Doubles

A tractor semi-trailer combination can be characterized by a three-composite-axle
vehicle, shown in Figure 3.3. The axles with similar suspension properties are grouped
together such that all axles on the vehicle are shown by a set of three composite axles:
tractor front axle, an equivalent tractor rear axle and an equivalent semi-trailer axle [25].
The sprung mass of the tractor is modeled as two sprung weights, supported by front and

rear composite axles, coupled through torsional stiffness of the tractor frame KF,. The
sprung weight of the semi-trailer is coupled to the tractor rear sprung weight by the
torsional stiffness of KF,, which represents the compliance of the fifth wheel and the
trailer structure. The friction existed in the tractor frame is assumed to be hysterietic, and

the fifth wheel plate separation is modeled as an angular lash, as shown in Figure 3.4.

—_'._'_‘-11\
r { ) Fifth Wheel I
1
W Wi L |
1 KF2 |
T xR w |
! L Vs :
! N 52 l\ — i
f T o
)JWAXL, & WAXL, WAXL, §

Figure 3.3: Three-axle representation for the tractor semi-trailer combinations.
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Figure 3.4: Idealized representation of the tractor frame and the fifth wheel compliance.
The static roll analysis of a tractor-semitrailer combination thus requires
consideration of three-composite axle roll planes coupled through torsional compliance
due to tractor frame KF;, and the fifth wheel and trailer’s structure KF>. The roll plane
model of the vehicle for each composite axle presentation is shown in Figure 3.5. The
sprung masses are permitted to rotate about their respective roll centers, which are located

at a fixed distance from the sprung mass center of gravity. The roll centers, however, are

permitted to slide freely with respect to the axles along the l?m axis. The suspension

springs are assumed to remain parallel to the l?w axis of the axles and transmit only

elastic forces. Lateral forces between the sprung and unsprung masses are assumed to be
transmitted through the respective roll centers. The vertical stiffness of the tires is
assumed to be linear with spring constant k,;, where i =/, 2, 3 represents the axle, and
j=1 2, 3, 4 represents the tires of each composite axle. The lateral forces developed
by the tires on the inside of the turn are assumed to be negligible when compared to those

developed by the tires on the outside of the turn. The articulation angles are assumed to

-71-



be small such that their influence on the roll response of the vehicle is neglected. The
total vertical load carried by each composite axle is assumed to remain constant during
the roll process. The pitch motion of the sprung masses, however, is incorporated by
considering different vertical deflections of the sprung mass coordinates at each of the

axle locations.

KTI 1

Figure 3.5: Static roll plane model of heavy vehicles.
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B-train doubles are roll coupled combinations involving a tractor, a B-type semi-
trailer. and a semi-trailer. C-train doubles are also roll-coupled combinations including a
tractor, a semi-trailer, C-dolly, and a semi-trailer. These configurations can be represented
by a four-composite-axle vehicle model, as illustrated in Figure 3.6. For each
configuration, the first three axles represent the tractor semi-trailer combination, as
illustrated in Figure 3.3, while the last axle represents the composite axle of the last semi-

trailer. KF; denotes the compliance of B- or C-doily and the second fifth wheel of the

vehicle. The roll plane model of each composite axle is the same as that illustrated for the

tractor semi-trailer vehicle and shown in Figure 3.5.

P W,

* WAXL,

Figure 3.6: Four-axle representation for B-train or C-train doubles.

Static roll characteristics and conditions of relative roll instability of tractor-

semitrailer, and B- and C- doubles can be evaluated upon consideration of static roll
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equilibrium of n (n=3, 4) roll planes representing the combination. Generalized static roll
equilibrium equations for the roll plane model of tractor semi-trailer combinations,
presented in Figure 3.3, and for the B- and C- train doubles, presented in Figure 3.6, are
derived as follows.

In a steady cornering maneuver, each mass of an articulated heavy vehicle is

subjected to a static lateral acceleration a, The static roll characteristics of the vehicle

in the roll plane for each axle presentation are expressed in terms of generalized
variables: @ the sprung mass roll angle ¢, (i=/, 2, 3 for tractor-semitrailer, and i=/ to 4
for B- and C-doubles); @ the unsprung mass roll angle ¢, ; © the vertical distance from
the axle c.g. to the suspension roll center zz; @ the vertical distance from the ground
plane to the c.g. of the axle H,;; and @ the lateral displacement of tires on the outside of
the turn y;. A total of fifteen equations are needed to define the static roll equilibrium of a
tractor semi-trailer combination; and a total of twenty equations are thus required to
define the static roll equilibrium of a B- or C train double. The equations of static roll
equilibrium are derived upon balancing the roll moments acting on the sprung and
unsprung masses, lateral forces acting on the tires, and vertical suspension and tire forces.

Roll Moments Acting on the Sprung Masses

The roll moments acting on the sprung masses include moments due to
suspension forces, torsional stiffness of the tractor and semi-trailer structures, lateral
forces acting through the roll centers, and lateral components of the gravity forces.
Summation of roll moments acting on each of the sprung weights yields:

Fi[sicos( Qs =@y )+ hg; sin( g —@,; )] — Fiy[s;cos( @i — @y ) (3.16)
~hpisin(Qg =@, )] +M;— Fpihpicos(ps; —@,; )= K,i(@5i ~9,i ) =0
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where F} is the force due to suspension springs on axle i (i=/, ..., 3 for tractor semi-
trailer or i=/. .... 4 for B- and C- doubles). and subscript j (j=/, 2) refers to left and right
suspension springs, respectively. Fj, is the lateral force transmitted between the sprung
and unsprung masses on axle /, termed as the roll center force acting at the roll center. s,
is the half suspension spring track of axle i. K, is the auxiliary roll stiffness of axle i.
@, and @, are the roll angles of sprung and unsprung masses on axle i, respectively.

M, is the roll moment acting through different roll sections due to compliance of tractor

frame and hitch mechanisms. Different expressions are derived for tractor semi-trailer
combinations, and B-/C- doubles.

For tractor semi-trailer combinations:

KF;(¢.\'2 —Qsl)+WFR(ay _¢sl)zFRl (i = 1)
M, =SKF;(0; =0, ) —KF(Q,, =0, ) ~(WpZp: +Wsz5, )(a, —@,,) (i=2)
-KFy)(@;—p,)+W;z5(a, —9;) (i=3)

For B- or C- doubles:

KF(p, =@, )+ Wr(a, =@ )z ey (i=1)

M = KF(9;—0:)-KF (@, =@, ) —(Wegzpps + Wiz )(a, —@,,)  (i=2) (.17)
, KFi(p,,-¢;)-KF(p,;—9.,)+W;z5;(a, @ ;) (i=3)
~KF(p.,.-9.;) (i=4)

where W,, =W , +W; ~WAXL, is the vertical shear force acting through the tractor
frame. Note that W, and W; are the sprung mass weight on tractor’s rear axle, and load
on the fifth wheel, respectively. WAXL, is the normal load on the tractor’s rear axle. z,
(i=1, 2) is the distance from the tractor’s front and rear suspension roll centers to the

acting point of lateral force due to W, , respectively. z, (i=2, 3) is the distance from
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the tractor’s rear and trailer’s suspension roll centers to the acting point of lateral force
due to ;. a, isthe steady lateral acceleration of the vehicle.
Assuming small roll angle, such that cos(¢, —¢,)=1 and sin(p,-¢,)=¢, -@,,.
Equation (3.16) is simplified to:

(Fiy = Fiz)si+ [(Fyy + Fiy)hp —Kgi J(@s; =@ )+ M; — Fpihg; =0 (3.18)
Differentiation of the above equation yields:

(AF; — AF;; )s; + (AF; + AF ;3 )hgi(@g — @y ) +

(3.19)
[(Fiy+ Fiy)hpg — Ky J(Ap,; —A9,; )+ AM ; — AF g hp =0
with
For tractor semi-trailer:
KF (4p,;, - 4p., ) +Wr(da, — 4@, )z, (i=1)
AM, = KF,(Ap ;- A9,,)-KF (A9, = Ap,; ) —(Wpz i, +Wsz5, (da, — Bp,,) (i=2)
—KF,(4p,; - Ap,,)+W;z;;(da, —Ap,; ) (i=3)

For B- or C-train doubles:

KF(4¢,,-49p,, )+ WFR(m_v — AP )Z ey (i=1)

AM = KE(4p ; — A9, ) - KF,(Ap,, — Ap,, ) —(W 2 12 +VV525.’)(AI_V -4p,,) (i=2) (3.20)
l KF(4¢p,,—8¢;)-KF,(8p.; - Ap,, )+ Wiz, (da, - A¢,;) (i=3)
~KF(4p,, - 4¢,;) (i=4)

The changes in the suspension forces at axle i (AF, ) can be related to the variations in the

deflections, A¢,, A@,, , and Az, in the following manner:

AF, = F A, + il Ap, +—L Azp, ;. i=1, .., 30r1, .., 4 andj=1, 2 (3.21)
§¢51 aqom O}Ri
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The partial differentials of suspension forces for the left-hand and right-hand side springs

can be expressed in terms of local linear equivalent spring constants K, (=12):
AF,, =K, [ Az g, —s,( Ao, — Ap,, )]

AF; =K ;[ Az g +5,( A0, — A0, )] (3.22)
The total suspension spring force developed along the Em axis can also be expressed as:

F,+F,=(WAXL -W,)cosp, +a,sing,,) (3.23)
Assuming small angles, the variations in the total spring force can be derived from
Equation (3.21):

AF, + AF, =(WAXL, -W, Xa,Ap, +9@,Aa,) (3.24)

The variation in the lateral force acting at the roll center F%;, can be expressed as:

AFp, =(WAXL, -W, X Aa, - Agp,) (3.25)
Substitution of Equations (3.20), (3.22) - (3.25) into Equation (3.19) yields equilibrium of
roll moments acting on the sprung mass supported by the front axle:

{(WAXL —PVuI)hR][((DsI _¢u1)¢ul —1]+WFRZFRI}AZ}’ +[(WAX4 _n/;ll)(1+a}’¢“l)hm

~(K;1+K3)s7 —KF —Wepzppy — Koy ] 805, + KF gy + [(Kp + K 3 )sT - (3.26)
(WAXL -W, Ja, @, hr) +(WAXL =W, )0 — @, )hgsa, + Koy |20,
+(K; 1= Ky2)s, 45, =0

Similarly, the equations for the remaining sprung masses of a tractor semitrailer model

can be derived as:

{(WAXLy =W, 5 Jhp> [(Qs2 = Pu2 JPu2 = 1] =Wrrizppa —Wsz5, Jda, + KF1 4@ +
[(WAXLy =W, )(1+a,@,2 igs +Wrrzers +Wszsy —(Ka + K33 )53 =Koz = (3.27)
(KF) + KF3 )] Ap,; + KF280,3 + [( K3, + K33 )s3 —(WAXLy —W,5 )a,@,2hp2 +

(WAXLy =W, 3 )(@s2 = Pu2 JhR2ay, + K3 J 49,5 + (K ~ K33 )s,422, =0
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{(WAXL; =W 3 )hp3 [(@s3 — @3 )Pu3 — 1] +Wsz53 JAa, + KF;Ap;; +
[(WAXLy = W,3 )(1+a,0,3 )hgs —Wsz535 ~(K3; + K33 )53 ~Ko3 ~ KF3 )] A9, 3 (.28)
J.L
pd
+[(K3; + K33 )53 —(WAXL; =W, 3 )@, @, 3hg3 + (WAXL; ~W,3 )(93 — 9,3 )hgza,

+Ko3]A0,3 +( K3 — K35 )s34p3=0
For B- or C-train doubles, the roll equilibrium equations for the sprung masses supported
by the tractor front and rear axles are the same as Equations (3.26) and (3.27). The

equations for the remaining sprung masses of B- or C-train doubles are derived as:

{(WAXL = W3 )hp3[(9c3 — @3 )03 — 1T +Wszsz Jda, + KER,AMp.; + [(WAXL —W,3 )(1+
a,0,3 )hps —Wszs53—(K3; +K33)s3 — K3 — KF; - KF3 )] Aps; + KFy 8,

(3.29)
+[(Ks3;+K33)55 —(WAXL ~W, 3 )a,0, 3hps +(WAXD —W,3)(@,3 ~@,3 )hpsa,
+ K3 ]85 +(K3) —K33)s3403 =0
(WAXL; —W, )hgy [((osql ~Pus )Pus — IJAay + KFJA¢S3 +
[(WAXL, =W, )(1+a,0,, )hpy — (K + K13 )57 ~ Koy — KF3)] A0y, (3.30)

+[(Ky+K )57 —(WAXL, —W, 4 )a, @, gy +(WAXLy ~ W,  )(95; — @y s Jhpya,
+ Koy JA@,; +(Ky — Ky )s,dzpy =0

Equations (3.26) to (3.28) represent the equilibrium states of the roll moments for the
three sprung weights supported by the composite axles of the tractor semi-trailer
combination, while Equations (3.26), (3.27), (3.29), and (3.30) represent those of the four
sprung weights supported by the composite axles of a B- or C- double.

Roll Moments Acting on the Unsprung Masses

The equation for the roll moment of the ith unsprung mass can be expressed as:

4
Z FRisingy +(Fu = Foy (T, + A;)cos @y +(Fop = Foy3)T; cos gy — (3.31)
j=I '

(F:i3 +F:i4 )Y €OSQy; —(F;'I —F}Z)si +FRizui +1:_viHui -MOTI =0
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where F is tire vertical force acting on tire j (j=/ ro ¥) of axle i, R, is the effective

radius of tires on axle i, T, and 4, are half the inner tire track width, and dual tire

i

spacing, respectively. F,, is the lateral force developed at the tires of axle i, and y, is the

lateral displacement of tires on the outside of the turn. MOT, is the roll-resisting moment

produced at the tire-road interface. Applying the small roll angle assumption and

differentiating the above equation, roll moment equilibrium is attained as:

+ 4
_ZIAF:URi¢1zi + _ZIF:URiA¢ui +(AF; —AF_ (T, + A; )+ (AF ., — AF ;3 )T;
Jj= i=

—(F3+Fi )&y, —(AF .3+ AF ., )y; —(AF; — AF;; )s; + Fp Az, + (3.32)
AFRiZm- +F:VIAH1"' +AF:ViHIli +AMOT=0

The variations in normal forces acting on the four tires of a composite axle are expressed
as a function of the linear stiffness coefficients and vertical deflections:

AF,, = KT,[AH, - (T + 4))Agp, ]

AF,, =KT,(AH, -TAgp,)

AF,y = KT [AH, +(T - y)Ap, - Ay@,]

AF, = KT, [AH, +(T + 4, -y,)A¢, - Ay,0,] (3.33)
The changes in the roll-resisting moment produced at the tire-road interface are more
significant at outer side tires, and can be written as

AMOT = (KOT,, + KOT,, )Ap,, (3.34)
where KOT, is the linear overturning stiffness of tirej (j=3, 4) on axle i.
Upon substituting Equations (3.22), (3.25), (3.33) and (3.34) into Equation (3.32), the
unsprung mass roll moment equations, as caused by small deviations from an equilibrium

condition, are obtained as:
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—[(WAXL —W, )(R, +z,,)+W,H, Jaa, +(K, +K,,)s!d¢p, - [(K, +K,,)s} -
WAXLR, —(WAXL, —W,, )z, + KOT, + KOT, + KT, (T, + A, )* + KT,T? +

KT (T, —y,)’ +KT (T, + 4, -y, )’ ]4p,, + [(WAXL, -W,, )(a, —p,, )~ (
(K., —K,;)s,]4&p +[(KT, - KT, (T, + 4, ) +(KT,, - KT, )T, +

(KT; +KT,)y, +WAXLa, JAH,, ~{F_; + F., + [(KT; + KT, (T, -y, )+

KT,4, ]o. }dy, =0

[#5)
)
W
S’

Vertical Suspension Spring Forces

The small increment equilibrium equation for vertical suspension spring forces can be
derived upon substituting Equations (3.22) into Equation (3.24) to yield:

_(WA‘XII _Wul )¢ulAay —(KII _Kl.’ )SIA¢.\'I +[(Kll —Kl.’ )SI -

3.36
(WAXL, - W, )ay]A(om +(K,, +K,,)Az, =0 ( )

Vertical Tire Forces

The vertical load carried by each composite axle is the sum of each wheel load,

and can be simply expressed as:

4
WAXL, =) F, (3.37)

7=l
Assuming constant axle load and small deviations about an equilibrium condition,

Equation (3.37) can be written as:
4

D AF, =0 (3.38)

J=1
Upon substituting for vertical tire forces from Equation (3.33) into Equation (3.38), the
vertical tire force equilibrium can be written as:
[(KT;y = KT,y (T; + 4; ) + (KT;3 = KT;3 )T; =(KT;3 + KT;y ) y; ] A@y
(3.39)

4
+ % KT;4H,; —(KT;3 + KT, )9,;4y; =0
=
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Lateral Forces Acting on the Qutside Tires

The lateral force equilibrium equation for axle i can be expressed in terms of
outside tire lateral stiffness as:

WAXLa, = (KYT; + KYT,,)y, cosg,, (3.40)

Invoking the small roll angles assumption, the above equation can be rewritten for small

deviations about an equilibrium condition:

WAXL Aa, —(KYT, + KYT,)Ay, = 0 (3.41)

The equilibrium equations for the tractor semi-trailer combination, and B- and C-
train doubles can be written in the matrix form as:

[4fax}={b}ap., (3.42)
where [4] and (b} are (15x15) and (15x1) matrices of vehicle parameters for tractor
semi-trailers, and (20x20) and (20x1) matrices for B-train or C-train doubles,
respectively. {Ax} is the vector of vehicle response variables representing the increment
of the lateral acceleration, roll angles of the sprung masses and the composite axles,
vertical and lateral displacements of the composite axles, given by:

{ax}' =[4a,, Ap,, ..., AQ,,, D@, Az, AH,, Ay ] =12 ..n  (3.43)
where n is the number of roll sections of the vehicle combination. Ag_, is the increment
in roll angle of the rearmost or n'™ sprung weight. The set of equations (3.42) are solved to
determine the variations in lateral acceleration and roll angles of sprung and unsprung
masses corresponding to an increment in roll angle of the last sprung weight (Ag,,).

Initially the vehicle is assumed to be in an upright position. The sprung mass roll angle
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@, is then increased by small increments. while the change in lateral acceleration is

monitored. The relative rollover condition can be detected when the lateral acceleration

Y

< 0) with the progressive increase in the trailer roll angle.

exhibits a decrease (

an

3.2.3: Roll Plane Analysis of A-Train Doubles

An A-train double consists of a tractor semi-trailer, an A-type dolly and a second
semi-trailer. Due to weak roll stiffness of the A-dolly, an A-double can be considered as
two complete roll units: a tractor semi-trailer; and a trailer, as discussed in Chapter 2.
Roll plane model of an A-train double can thus be derived as the combination of those
two units without roll coupling, as illustrated in Figure 3.7. The analytical models
developed for tractor semi-trailers and full trailers can be used to predict the relative

rollover condition and static rollover threshold of A-train doubles.

tractor semi-trailer + trailer

O OO OO O OO

Figure 3.7: Two independent roll units of an A-double.
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3.3 RELATIVE ROLLOVER CONDITIONS OF DIFFERENT VEHICLE
COMBINATIONS

Relative rollover condition for straight trucks or full trailers can be analytically
evaluated using Equations (3.8) and (3.13), while Equation (3.42) can solved to derive the
conditions for relative roll instability of tractor semitrailer, and B- or C- double
combinations. The relative rollover conditions of tractor semi-trailer combinations, A-
doubles, B- and C- doubles are investigated for an array of suspension configurations, and

are presented in the following subsections.

3.3.1 Straight Trucks or Full Trailers

Analytical relationship between lateral acceleration a, and vehicle roll angle ¢,

has been derived in section 3.2.1 for straight trucks and full trailers, which can be used to
attain static rollover thresholds and relative rollover conditions of such vehicles. The plot

of lateral acceleration (a, ) as a function of front or rear axle load transfer ratio (L7TR;,

i=1, 2) can provide further information on vehicle roll behavior. Single axle LTR, is
defined as LTR; = FL, — FR; | /(FL; + FR; ), where FL; and FR; are the normal loads
on the left- and right-wheels of the axle i, respectively, calculated using Equation (3.6). A
unity value of LTR; indicates that wheels on one side of the axle lift off the road surface.

The a, - LTR; curve can thus provide information about LTR; level at certain lateral

acceleration, and wheels lift-off sequence. Figure 3.8 illustrates the signature of a, -

LTR, for a straight truck, whose parameters are illustrated in Table 3.3. The rear axle
LTR; approaches a unity value faster than the front axle LTR,. Consequently, wheels on

the rear axle lift off the road surface first, followed by wheels on the front axle. The slope
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d( a, )/ d(LTR;) before wheels lift-off can thus be used to predict the lift-off sequence

of road wheels.

Table 3.3: Simulation parameters for a pickup and delivery truck.

Vehicle configuration Symbol Parameter values
Wheel base (m) L 4.025
Distance between the front axle and a 2.14
sprung mass ¢.g. (m)
Sprung mass c.g. height (m) h, 1.461
Sprung mass (kg) mg 4690

front axle rear axle

Unsprung mass (kg)_ my; 516 731.4
Suspension roll center height (m) A 0.4064 0.6858
Unsprung mass c.g. height (m) Ry, 0.381 0.3937
Wheel track (m) T; 0.9906 0.8446
Tire vertical stiffness (kN/m) K, 604 1208
Suspension roll stiffness (kNm/rad) K 322 281
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0.70

0.60
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Lateral Acceleration (g)

0.20 -

0.0 0.1 0.2 03
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Figure 3.8: Lateral acceleration a,, - LTR signature of a P & D truck.
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In view of the considerable influence of suspension roll stiffness on relative
rollover condition and SR7 as shown in Figure 3.2, further investigation about effect of
roll stiffness on roll characteristics of straight trucks is conducted in a systematic manner.
Table 3.4 illustrates eight vehicle configurations in terms of different combinations of

front to rear axle roll stiffness distribution ratio KF, / KF, and overall roll stiffness ratio

where KF

e

is the total roll stiffness of the baseline vehicle, as

or ¥

(KF, + KF, j/ KF,

listed in Table 3.3.

Table 3.4: Vehicle configurations with different roll stiffness distribution.

configurations
® &) ® O] ® ® &)
KF, / KF, 1.25 1.25 1.25 1.25 0.5 1.0 1.5 2.0
KF, + KF, 0.75 1.0 1.25 1.5 1.0 1.0 1.0 1.0
L

Roll stability of the vehicle can be considerably improved by increasing the
overall roll stiffness of the vehicle, as shown in Figure 3.9. Static rollover threshold (SRT)
is increased from 0.65 g to 0.70 g when the total roll stiffness ratio is increased from 0.75

to 1.5. Since d(a,)/d(LTR,) of the rear axle is less than d(a_)/d(LTR,) of the front

axle, wheels on the rear axle lift off first for the first four configurations listed in Table
3.4. If the total roll stiffness is kept as a constant, the increase of front to rear roll stiffness

ratio first increases and then decreases static rollover threshold of the vehicle. The
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maximum static rollover threshold is reached when wheels on a single track (front and
rear wheels) lift off at the same lateral acceleration level, as shown by the cross point of

the d(a,)/d(LTR, ) (i=1. 2) curves in Figure 3.10. The d(a.)/d(LTR,) curves further

reveal that wheels on the front axle lift off first when the front to rear roll stiffness is
increased to 2.0. For all the eight configurations, relative rollover condition is reached

when wheels on both the front and rear axles lift off the ground.

3.3.2 Tractor Semi-trailer Combinations

The simulation parameters of a typical tractor semi-trailer combination,
comprising a three-axle tractor and a two-axle semi-trailer, are illustrated in Table 3.5.
The three-axle representation for tractor semi-trailer combination is used for static roll
performance analysis. The nonlinear force-deflection characteristics of typical suspension
springs are incorporated using a lookup table, and linearization about the operating point
is performed to identify a linear spring rate. The measured force-displacement
characteristics of the suspension springs are illustrated in Figure 3.11. The figure reveals
that the front suspension spring is considerably softer than the tractor rear and trailer
suspension springs, which consists of pre-charge air springs. Equation (3.42) is solved for
small increment in trailer's roll angle, while the wheel deflections on all the composite

axles are monitored. The zero deflection of wheels indicates the lift-off of the tires.
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The roll performance signature of the tractor semi-trailer combination, the

relationship between lateral acceleration (a,) and sprung mass roll angle (¢,,), is
illustrated in Figure 3.12. The results demonstrate a negative slope (da,/d¢, <0),

when wheels on both the second and the third composite axles lose contact with the
ground. Thus the relative rollover condition is identified as the state when one side tires
of the tractor rear axles as well as those on one side of the semi-trailer axles lose contact
with the ground. A static rollover threshold of 0.42 g, denoted as SRT, is obtained when
the combination approaches its relative rollover condition, as shown in Figure 3.12. The
corresponding roll angle of the trailer sprung mass approaches 5.3 degrees at the relative
rollover condition. Figure 3.13 illustrates relative rollover condition and static rollover
threshold of the combination when the suspension rates of the last two composite axles
are reduced by 50%. While a lower static rollover threshold of 0.39 g is obtained, relative
rollover condition is still approached when one side tires of the tractor rear axles as well
as those on one side of the semi-trailer axles lose contact with the ground. The relative
rollover condition, however, is approached at a relatively larger trailer roll angle of about
6.8 degrees. In order to conduct a parametric sensitivity analysis, the tractor semitrailer
configuration, given in Table 3.5, is taken as a baseline vehicle. Each parameter is then
changed by a reasonable percentage of its baseline value, while other parameters are kept
unchanged. For each simulation run, the corresponding roll angle of the last sprung mass

(@3 ) is recorded when wheels on each axle lift off the road surface, which can be used to

find out wheels lift-off sequence. Static rollover threshold (SRT) and relative rollover

condition are determined from the roll performance signature (a,, - @,3).
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Table 3.5: Simulation parameters for a tractor semi-trailer combination.

Axle 1 Axle 2 Axle 3
Axle weight (kg) 548 (W,;) 2270 (W,,) 1362 (W, ;)
Axle load (kg) 4404 (WAXL,)) 14365(WAXL,) 14365 (WAXL;)
Distance from roll center to sprung | ¢ 656 (hg;) 0.282( h,,) 1.328 (hy;)
weight ¢.g. (m)
Auxiliary roll stiffness (kNm/rad) 24.718 (K, ;) 7452 (K ,3) 7776 (K,3)
Half suspension spacing (m) 0.406 (s,) 0.483 (s,) 0.559(s;)
Wheel radius (m) 0.508 (R, ) 0.508 (R, ) 0.508 (R;)
Half wheel track (m) 1.016 (T;) 0.749 (7T5) 0.826 (T;)
Dual tire spacing (m) 0(A4;) 0.33 (4;) 0.33 (4;)
Tire vertical stiffness (kN/m) 847.6 (KT, ) 847.6(KT,,) 847.6(KT;),)
Tire overturning stiffness (Nm/deg) 113 (k07,,) 226 (KOT) 226 (KOT;,)
Tire lateral stiffness (N/m) 876 (KYT,,) 1752 (KYT,,) 1752 (KYT;))
Load on the fifth wheel (kg) 13620 (W;)
Roll stiffness of tractor frame 549 (KF))
(kNm/rad)
Roll stiffness of fifth wheel 5995 (KF,)
(kNm/rad)
500 -

-3

x

g -

3 015 0.1

w

Displacement (m)

Figure 3.11: Force-displacement characteristics of suspension springs.
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Table 3.6 illustrates parametric study results when auxiliary roll stiffness rates

(K, .i=1, 2 3), and tractor frame and fifth wheel compliance ( KF,. KF,) are varied by

+350% of the baseline values. The static rollover threshold of the baseline vehicle is

obtained as 0.417g. Wheels on the 3" axle lift off at ¢, ;=5.04°, following by wheels on
the 2™ axle lift off at ¢, ;=5.50". The relative rollover condition of the baseline vehicle is

obtained as the moment when wheels on both the 2" and 3™ axles lift off the road
surface. The simulation run is stopped after obtaining relative rollover condition. The

exact value of g, ; corresponding to wheels lift-off on the 1% axle is thus not attained. As

shown in Table 3.6, relative rollover condition is not influenced by parameter variations
conducted in this study, and remains the same as that of the baseline vehicle. The tractor
frame compliance and auxiliary roll stiffness of the front axle have insignificant influence
on SRT, while auxiliary roll stiffness of the 2" and 3 axles and fifth wheel compliance
show relatively large influence on SRT. When auxiliary roll stiffness of the 2" composite
axle increases by 50%, wheels on the 2" composite axle lifts off first, as highlighted in
Table 3.6.

The effects of dimensional parameters on static rollover threshold and relative
rollover condition are illustrated in Table 3.7. The results reveal that relative rollover
condition of the tractor semi-trailer is not influenced by the parameter variations. The

parameters which have significant influence on SRT are wheel track (7, T3), and the
distance between trailer sprung mass c.g. and trailer suspension roll center (hg;3).

Simulation runs are also performed when similar parameters for the three composite axles
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are varied at the same time, as shown in the last three rows in Table 3.7. When the values
of suspension spring spacing (s,. s, and s;) is increased by 30%, SRT is increased by
2%. When half wheel track is increased by 30%, SRT, however, is increased by 24%. A
30% decrease in hg; (i=1, 2, 3) will increase SRT by 29%.

Effects of tire elastic properties on relative rollover condition and SRT are
illustrated in Table 3.8. Relative rollover condition is again not influenced by the
parameter variations, and remains the same as that of the baseline vehicle. An increase in

tire vertical stiffness( K7, ) by 40% will increase SRT by 3%, while the influence of tire

overturning and lateral stiffness rates on SRT is insignificant.

Table 3.6: Parametric study: effects of auxiliary roll stiffness and roll compliance.

@3 (deg) at lift-off of wheels Relative Rollover Condition
on SRT (wheels lift on)

1"axle | 2™axle | 3axle 1*axle | 2axle | 37 axle
Baseline >5.50 5.50 5.04 0417 no yes yes
K, -50% >5.50 5.50 5.04 0416 no yes yes
+50% >5.50 5.50 5.06 0419 no yes yes
K, -50% >6.49 6.49 5.09 0.406 no yes yes
+50% >5.06 4.80 5.06 0.422 no yes yes
K, -50% >5.50 5.50 5.26 0418 no yes yes
+50% >5.50 5.50 4.29 0414 no yes yes
KF, -50% >5.50 5.50 5.04 0417 no yes yes
+50% >5.50 5.50 5.04 0417 no yes yes
KF, -50% >6.05 6.05 5.08 0410 no yes yes
+50% >5.17 5.17 5.08 0.420 no yes yes
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Table 3.7: Parametric study: effects of vehicle design and operating parameters.

@3 (deg) at lift-off of wheels

Relative Rollover Condition

on SRT (wheels lift on)

I"axle | 2™ axle | 3% axle Iaxle | 2™axle | 3™axle
Baseline >5.50 5.50 5.04 0417 no yes yes
s, -30% >5.50 5.50 5.0s 0413 no yes yes
+30% >5.50 5.50 5.02 0.422 no yes yes
S5 -30% >6.71 6.71 5.11 0.404 no yes yes
) +30% >5.06 4.74 5.06 0.421 no yes yes
53 -30% >6.27 5.59 6.27 0.409 no yes yes
+30% >5.50 5.50 424 0414 no yes yes
T, -30% >5.50 5.50 5.04 0416 no yes yes
+30% >5.50 5.50 5.04 0417 no yes yes
7, -30% >5.39 5.39 5.15 0.362 no yes yes
i +30% >7.37 7.37 494 0.450 no yes yes
T3 -30% >7.04 7.04 5.06 0.338 no yes yes
+30% >5.06 5.06 4.79 0.484 no yes yes
h Rl -30% >5.50 5.50 5.03 0419 no yes yes
+30% >5.50 5.50 5.04 0416 no yes yes
hRZ -30% >5.50 5.50 5.04 0.417 no yes yes
+30% >5.50 5.50 5.04 0416 no yes yes
hR3 -30% >4.73 4.73 461 0.538 no yes yes
+30% >7.15 7.15 5.17 0319 no yes yes
S -30% >6.60 6.60 6.27 0.403 no yes yes
(i=1, 2,3) +30% >4.73 4.73 4.20 0.427 no yes yes
T; -30% >5.72 5.72 524 0.295 no yes yes
(i=1,2.3) +30% >7.04 7.04 4.76 0.515 no yes yes
hpi -30% >4.84 4.84 4.60 0.540 no yes yes
(i=1.2.3) +30% >7.15 7.15 5.18 0317 no yes yes
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Table 3.8: Parametric study: effects of tire elastic properties.

@3 (deg) at lift-off of wheels Relative Rollover Condition
on SRT (wheels lift on)
1*axle | 2™axle | 3™axle IFaxle | 2™axle | 3% axle
Baseline >5.50 5.50 5.04 0417 no yes yes
KT, -40% >7.37 7.37 6.74 0.390 no yes yes
+40% >4.62 4.62 4.31 0.429 no yes yes
KOT, -40% >5.50 5.50 5.03 0415 no yes yes
+40% >5.50 5.50 5.05 0418 no yes yes
KYY:I -40% >.5.50 5.50 5.02 0411 no yes yes
+40% >5.50 5.50 5.05 0419 no yes yes

Relative rollover condition and static rollover threshold of the tractor semi-trailer
combination are further investigated for an array of heavy vehicle suspension
configurations [87]. The deflection-force characteristics of six different suspension
configurations are illustrated in Figure 3.14, where FA4 denotes front suspension spring
and RA. RB, RC represent three different tractor rear axle suspension springs. 74 and 7B
denotes trailer axle suspension springs. Table 3.9 illustrates roll center heights and

auxiliary roll stiffness rates of the six suspension configurations. Six different

combinations are formed based on the front, rear and trailer suspension springs. The

simulation results reveal that relative rollover condition of the tractor semi-trailer is

approached when wheels on tractor’s rear and trailer axles lift off the road surface,
irrespective of suspension springs used, as illustrated in Table 3.10. The static roll
threshold (SRT), however, is strongly dependent on suspension springs. The largest SRT
of 0.39g is obtained for the combination FA-RA-TB, which consists of suspensions with

the largest vertical and roll stiffness rates. as shown in Figure 3.14 and Table 3.9. The

-94 -




lowest SRT of 0.324g. on the other hand, is obtained for the combination FA-RC-TA.,

which comprises the suspensions with the lowest vertical and roll stiffness rates.

Table 3.9: Roll center and auxiliary roll stiffness of different suspension

configurations.
FA RA RB RC TA TB
Roll center height 0.465 0.838 0.737 0.686 0.737 0.686
(m)
Auxiliary roll 432 6780 3842 1695 2034 13560
stiffness (Nm/deg)
FA = —RA - = =RB 2% M
150 - / ’ s -~
v -7
— -RC=— - TA T8 100 V7 o
4
3 0 e
=
8 - ——— —_
o 002 004 006 008 O1
[T
-150 -
-200 -
Deflection (m)

Figure 3.14: Force-deflection characteristics of different suspension springs.
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Table 3.10: Parametric study: effects of different combinations of suspension springs.

combinations of | ¢@,; (deg) at lift-off of wheels Relative Rollover Condition

suspension springs on SRT (wheels lift on)
1¥axle | 2™axle | 3Waxle 1"axle | 2"axle | 3 axle

(1) FA-RA-TA >7.37 7.16 7.37 0.378 no yes yes
(2)FA_RA_TB >6.16 6.16 5.13 0.390 no yes yes
(3) FA-RB-TA >8.03 8.03 7.41 0.365 no yes yes
(4) FA-RB-TB >8.14 8.14 5.24 0.363 no yes yes
(5) FA-RC-TA >10.67 10.67 7.58 0.324 no yes yes
(6) FA-RC-TB >7.04 7.04 5.32 0.331 no yes yes

3.3.3 B- and C-Train Doubles

The simulation parameters of a typical B-train double, comprising a three-axle

tractor, a two-axle semi-trailer and another two-axle semi-trailer with B-dolly,

represented by four-axle roll plane model, are illustrated in Table 3.11. Equation 3.42 is

solved for small increment of roll angle of the last trailer (@_, ). The roll signature of the

B-double is illustrated in Figure 3.15. Tire vertical deflections on each axle are also
shown in the figure to help in identifying relative rollover condition of the vehicle
combination. The maximum lateral acceleration (or SRT) occurs when wheels on the 2n
and 3™ composite axles lift off the ground. Static rollover threshold is observed to be
0.43g. The roll stiffness of the front and rearmost axles are not stiff enough to hold the
lateral acceleration after wheels lift-off on the 2" and 3™ composite axles. Relative
rollover condition of the combination is thus identified as the moment when wheels on

tractor's rear and the first semi-trailer axles lift off the road surface.
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A parametric sensitivity analysis is carried for sprung mass c.g. height and wheel
track of the last two composite axles. The simulation results in terms of static rollover
threshold and relative rollover condition are summarized in Table 3.12. The c.g. height of

the first semi-trailer ( &1,;) shows significant influence on SRT. When h,, is increased by
30%, SRT is reduced from baseline value 0.432g to 0.340g. If A, is reduced by 30%,
SRT is increased from 0.432g to 0.538g. The c.g. height of the second semitrailer (4, )

shows relatively small effect on SRT. Relative rollover condition is reached when wheels

on the 2™ and 3" axles lift off the ground for single parameter variation in hg; or h,,.
When h,,; is decreased by 30% and h,, is increased by 30%, however, relative rollover

condition is obtained as the moment when wheels on the 3™ and 4™ composite axles lift
off. This relative rollover condition is also obtained when half wheel track on the 4" axle
is reduced by 30%. Wheel track of the 3™ composite axle also shows significant

influence on SRT, while the influence of wheel track of the 4™ composite axle is relatively

small.

3.3.4 A-Train Doubles

An A-train double is considered as two independent roll units: a tractor semi-
trailer, and a full trailer. The methods developed for tractor semi-trailers and full trailers
can be used to predict static rollover threshold and relative rollover condition of A-train
doubles. Based on the definition of static rollover threshold, SRT of an A-train double is
chosen from the SRT values of the two roll units by “select-low” principle. The roll unit

with lower SRT value is considered as the dominant unit in terms of roll instability, and
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whose SRT is taken as SRT of the A-train double. Relative rollover condition of A-train

double is considered as that of the dominant roll unit. Relative rollover condition and SRT

of tractor semi-trailers and full trailers have been thoroughly investigated in the previous

sections, and the results can be directly interpreted to A-train doubles based on the

“select-low™ principle.

Table 3.11: Simulation parameters for a B-train double.

combinations of
suspension springs.

Axle | Axle 2 Axle 3 Axle 4
Axie weight (kg) 548 (W,,) 2270 (W,;) 1362 (W,;) 1360 (W,,)
Axle load (kg) 4404 (WAXL,) 14365( WAXL,) | 14365 (WAXL;) | 14365 (WAXL,)
Distance from roll center to | 0.656 (hp,;) 0.282( Ay, ) 1.328 (hy;) 1.05 (hpy)
sprung weight ¢.g. (m)
Auxiliary  roll  stiffness | 24.78 (K ;) 7452 (Kg2) 7776 (Kg3) 648 (Kgy)
(kNm/rad)
Half suspension spacing (m) | 0.406 (s,) 0.483 (s,) 0.559 (s;) 0.559 (s,)
Wheel radius (m) 0.508 (R,) 0.508 (R;) 0508 (R;) 0.508 (R, )
Half wheel track (m) 1.016(T;) 0.749 (T3) 0.826 (T;) 0.826 (T, )
Dual tire spacing (m) 0(A4,) 0.33(4;) 0.33(4;) 0.33(4,;)
Tire vertical stiffness 847.6 (KT;,) 847.6( KT;,) 847.6( KT;,) 847.6( KT,,)
(kN/m)
Tire overturning stiffness 113 (KOT,,) 226 ( KOij) 226 (KOT;,) 226 (KOT,,)
(Nm/deg)
Tire lateral stiffness (N/m) 876 (KYT,;,) 1752 (KYT;,) 1752 (KTT;,) 1752 (KYT,,)
Load on the fifth wheel (kg) 13620 (H#5)
Roll stiffness of tractor 54.9 (KF,)
frame (kNm/rad)
Roll stiffness of fifth wheel 5995 (KF,)
(kNm/rad)
Roll stiffness of B-dolly 1000 ( KF;)
(kN/rad)

FA-RA-TA-RB
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Table 3.12: Parametric study on static rollover threshold and
relative rollover condition of a B-train double.

Relative Rollover Condition (wheels lift on)
SRT (e) 1 axle 2" axle 39axle 4" axle

baseline 0.432 no yes yes no

hg; -30% 0.538 no yes yes no

+30% 0.340 no yes yes no

hg, -30% 0.440 no yes yes no

+30% 0.428 no yes yes no
h,;-30%

R, +30% 0.500 no no yes yes

T, -30% 0.372 no yes yes no

+30% 0.493 no yes yes no

T, -30% 0.424 no no yes yes

+30% 0.438 no yes yes no
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Figure 3.15: Roll performance signature of a B-train double.

3.3.5 Roll Safety Factor

The results presented above reveal that relative rollover condition of heavy freight
vehicles does not necessarily require all the wheels on a single track to lose road contact.
Relative rollover condition of straight trucks could be approached when wheels on the
front and/or rear axles lift off the ground, while that of tractor semitrailer combinations is
approached when wheels on tractor rear and trailer axles lift off the road surface. The
LTR measure defined in Equation 2.9 is based upon the ratio of load transfer on all the
axle wheels. LTR may thus lead to erroneous prediction of relative rollover condition.

Alternatively, a Roll Safety Factor (RSF) measure is proposed on the basis of load
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transfer ratio of the axles, which experience wheel lift-off. The instantaneous value of

RSF of a vehicle subject to a dynamic directional maneuver can thus be derived from:

m

(FL, - FR))
RSF =

= (3.44)
D (FL,+FR))
1=l

where m < n is the number of axles that should expernience loss of wheel-road contact in
order to approach relative rollover condition. From Equation (3.44) it is apparent that
RSF will approach value of 1 when relative roll instability condition is reached,
irrespective of the vehicle configurations, whereas no such a unique value exists for LTR
when relative rollover condition is approached. RSF is thus considered as a reliable
rollover indicator, and can be considered as a mathematical representation of relative

rollover condition of heavy vehicles.

3.4 SUMMARY

Relative roll instability criterion is employed for investigation of rollover
conditions and static rollover threshold of different combinations of heavy vehicles. Two-
axle representation of heavy vehicles such as straight trucks and full trailers is realized by
grouping the front and the rear axles into their respective single composite axles. An
analytical relationship between sprung mass roll angle and lateral acceleration is derived
for straight trucks and full trailers. Static roll plane models for tractor semi-trailer
combinations and B- or C-train doubles are also developed for the investigation of their
respective static rollover threshold and relative rollover conditions. An A-double is

considered as two independent roll units comprising a tractor semi-trailer and a full
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trailer. Tractor semi-trailer combinations are characterized by a three-composite axle
vehicle, while B- or C- doubles are represented by a four-composite-axle vehicle model.
The equations of static roll equilibrium are derived upon balancing the roll moments
acting on the sprung and unsprung masses, lateral forces acting on the tires, and vertical
suspension and tires forces. The equilibrium equations are solved for small perturbation
of roll angie of the last sprung weight to derive a relationship between the lateral
acceleration and sprung mass roll angle of the last trailer.

A parametric sensitivity study is carried out to investigate the influence of an array
of vehicle design parameters and suspension configurations on SRT and relative rollover
conditions of straight trucks, tractor semi-trailer combinations, and B- /C- doubles. It is
concluded that relative rollover condition of straight trucks is strongly influenced by
front/rear roll stiffness distribution ratio. Relative rollover condition of straight trucks
could be approached when wheels on the front and/or rear axles lift off the ground.
Relative rollover condition for tractor semitrailer combinations is approached when
wheels on tractor rear and trailer axles lift off the road surface, and is not altered by
vehicle and suspension parameter variations explored in this study. Relative rollover
condition of B- or C- doubles may be reached when wheels on both tractor's rear and the
first semi-trailer axles lift off or when wheels on the first and second semi-trailer axles lift
off, depending on vehicle configurations. Relative rollover condition of heavy vehicles is
mathematically expressed by a parameter referred to as roll safety factor. Static rollover
threshold of the combinations is significantly influenced by sprung mass c.g. height,
wheel track, suspension spring spacing, and auxiliary roll stiffness. Tractor frame

compliance, however, shows insignificant influence on SRT.
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CHAPTER 4

DYNAMIC RELATIVE AND ABSOLUTE ROLL STABILITY
ANALYSIS

4.1 INTRODUCTION

The rollover propensity of a heavy vehicle, in general, is described quantitatively
by its static rollover threshold (SRT) [33]. Static rollover threshold, however, is intended
to characterize the roll stability of a vehicle subject to a steady lateral acceleration field
corresponding to a constant speed steady turning maneuver, in conjunction with certain
wheels on a single track of the vehicle losing road contact, referred to as the relative
rollover condition. When the lateral acceleration level of the vehicle reaches its SRT
value in a dynamic maneuver, definite occurrence of an actual rollover of the vehicle may
not be assured. An actual rollover occurs only if the sustained level of lateral acceleration
is attained for a definite period of time, when the vehicle is in its absolute rollover
condition, which is also referred to as tip-over position. The existence of a lateral
disturbance or perturbation will then lead to the rollover of the vehicle. In a tip-over
situation, the cg height of the vehicle approaches a considerably higher value than that
attained when wheels lift off the ground. A considerable amount of work thus must be
done to bring the vehicle from the relative rollover position to its tip-over position [89].

Rollover of heavy vehicles in a dynamic directional maneuver, however, may
occur at considerably different levels of lateral acceleration, depending on the rollover
criteria employed. Moreover, dynamic roll response characteristics of different units of
an articulated heavy vehicle are known to be quite different in both amplitude and phase

angle [19]. Therefore, under dynamic conditions, the static rollover threshold can not be



simply employed without proper consideration of all the lateral acceleration response
parameters.

In this chapter, a constant velocity yaw/roll plane model is derived for relative roll
instability analysis of articulated vehicles in dynamic directional maneuvers. Dynamic
rollover threshold of articulated heavy vehicles is proposed based on relative rollover
criterion, and analyzed using the yaw roll model. A roll plane model for investigation of
absolute roll instability of heavy vehicles is further derived. The equations of motion are
derived using the energy approach, which are considered valid until the vehicle
approaches its tip-over position. Dynamic rollover limits are analyzed using the proposed

roll plane model, on the base of the absolute rollover criterion.

4.2 DEVELOPMENT OF A CONSTANT VELOCITY YAW/ROLL MODEL

In developing the vehicle model, it is assumed that the vehicle is travelling at a
constant forward speed on a perfectly smooth road [29]. Each of sprung mass is thus
characterized as a rigid body with five-degree-of-freedom (DOF) (lateral, vertical, roll,
pitch and yaw motion), while each axle is considered as a beam axle with ;two-DOF (roll
and bounce) motions. The equations of motion for the sprung and unsprung masses can
be written with respect to the corresponding body-fixed coordinate system, shown in
Figure 4.1. For a five-axle tractor semi-trailer combination, coordinate system attached to

the c.g. of sprung masses is denoted as (X, Y,, Z,), i=], 2, and that located at the

center of each axle is represented by (X, Y, Z,),/j=1, ..., 5.
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Figure 4.1: Axle system of the yaw/roll plane model.

4.2.1 Equations of Motion

Equations of motion for each sprung mass i

The coupled differential equation of motion for sprung mass i are derived as:

lateral motion: my,—-m,(pw,—ru,)=Y,

vertical motion mw,-m,(qu,-pv,)=%Z,

roll motion I.p,-U, -I_),r,=%L,

pitch motion l,q,-U_. -1, )p,r,=2XM,

yaw motion I == Ue, -1,.)9,P,= >N, “4.1)
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where m,, is the sprung mass, and /_ , ]

M

and /_ are the mass moments of inertia
about the fixed (X, Y,,, Z,) axes, respectively. v, and w_, are the lateral and vertical

velocities of the sprung mass i, respectively. p_, g, and r, respectively are the roll,

pitch and yaw velocities of the sprung mass i. The terms on the right side of the equation
set (4.1) represent the total external forces and moments acting in the corresponding
directions.

Equations of motion for each unsprung mass j

The equations of motion for each unsprung mass are also derived in a similar
manner, are expressed as:

vertical motion ~ m, w, =3 Z,
roll motion l.p,=%L, 4.2)

where m, and /_ are the mass and mass moment of inertia of unsprung massj. p, and
» 4

w,, are the roll rate and bounce velocity of the unsprung massj. > Z,, and 3L, are the

total external force and moment in vertical and roll directions of the unsprung mass,

respectively.

Equations shown in (4.1) and (4.2) are written in the body-fixed coordinate
systems. The vehicle attitude and trajectory, however, should be defined with respect to

the inertial coordinate system fixed on the ground, referred to as (X, Y,, Z,), as shown
in Figure 4.1. The relationship between the body-fixed axis system (X, Y,, Z_) and
the inertial axis system X,, Y., Z, can be expressed using Euler angles in yaw (a,, ),
pitch (3, ), roll (¢, ). The transformation matrix relating the coordinate systems can be

expressed as:
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ZR=R. (a,)R, (B,IR, (9.,)

cas; c ¢Sl ca.‘l Sﬂ.ﬂ s ¢.\'I - Sa.ﬂ C¢Jl ca.(l sﬂ.‘l c¢.¥l + sa 114 S¢SI
= Sa,\’l c 5 Sa.\l Sﬂ.ﬂ S¢Jl + ca.\" c¢sl Sa.\‘l Sﬂxl c¢.(l - caJl S¢A\'l

-sB, cB.sp, ch.co,
and

casi cwu sasi Cﬂ st - Sﬂ 5t
st epT
[ R=.\I R = Ca.\l Sﬂ.‘ls¢.\'l - sa.\'lc¢.ﬂ saJl Sﬂlls¢$l + Ca-‘lc¢\'l cﬂ,\'ls¢xl (4'3)
cafl Sﬂjl C¢SI + Saﬂsw SaSI Sﬂ.ﬁcwsl - ca.‘ls¢Il cﬂ.‘lcw."
where ;R is the transformation matrix from the coordinate system (X, ¥,, Z_) to the

inertial system (X,, Y., Z,), and R is the transpose of ‘R. ¢ and s denote the cosine

and sine functions of the Euler's angles, respectively. The unit vectors (i,,],,k,) in

(X,. Y, Z,) system is thus related to the unit vectors (i,/..k.) in (X., Y., Z.)
system as:
i, 2
Jo [FCR . (44)
k

2
"

Thus, the translational velocities («., v., w,) and position coordinates (x_, y., z.) of

the sprung mass i with respect to the inertial axis system can be obtained as:

ul u.‘l
e

vc v R v.v

w w

4 st

and

X, =xq + [u dt

yc =y0+Ived’
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z, =z, +[w.dt (4.5)
where x,. y,.and z, are the initial coordinates of the sprung mass i with respect to the
inertial system. Similarly, the rotational velocities (&,,, S, , and ¢,,) and displacements

(a,. B, and @) of the sprung mass i with respect to the inertial axis system are

derived as:
[ a, ; 0 sQ, cop, p.
ﬂ.ﬂ = ? o Cﬂ.vc¢.w -cﬂ.‘ls¢sl q.\'l
L(i’u Y leB. seusB,  sB.co, |r.
and
a, =fa,d
ﬂxl = I(’)ﬁ\ldt
0. =[o,dt (4.6)

The rotation matrix of the unsprung mass j with respect to the inertial axis system

can be similarly obtained as:

SR=R._(a,)R, (0)R. (p,) 4.7)
where ¢, is the roll angle of axle j. The relationship between the coordinate systems of
sprung mass i and unsprung mass j, is derived from Equations (4.3) and (4.7) as:

‘:{ R=M;R_l :R = R;,: (¢Hj )R_v,, (ﬂ.u )Rx_, (¢4\'l )

Cﬂsi Sﬂ.ns¢u SIB.\‘IC¢." (4.8)
=|-s¢,sB. cp.cp,+sp, sp.cB, —-s¢.cp, +sp,cp.ch,
- c¢u] Sﬂ.\‘l Swvc¢uj + C¢"]S¢_" cﬂw S¢JIS¢MJ + c¢"jc¢\l Cﬂ.\‘l

Since the pitch angel B, is very small compared to roll and yaw angles, Equation (4.8)

can be simplified considering, sinf#, = 8, and cos B, =1:
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1 ﬂ.\'l Sin ¢_\'I ﬂ.ﬂ cos ¢Jl
«R=|~-p.sing, cos(p,-9,) —-sin(p,~op,) 4.9)
- ﬂ.\'l cos ¢uj Sin(w\'l - ¢llj ) COS(¢TI - ¢llj )

By assuming small pitch angles, the rotation matrix of the coordinate system

(X, Y,, Z,)withrespectto (X ,,, ¥,,, Z_,) can be derived as:

I, T, T,
s2p_ T ¢ -
:IR—:.;:R aR= TZI T,, T, 4.10)
T, Tsz T;
where:
T, =cos(a,,-a,,)
T,, =B, sing, cos(a,, —-a, )+cosp, sin(a, -a,)-p,,sing,,
TIJ‘ = ﬂ.vl cos ¢J[ cos(a_:z - asl ) —Sin ¢.\‘[ Sin(as} -a‘rl) - ﬂx] cos ¢xl
TZI = ﬂ.\‘] Sin ¢12 cos(asZ - axl ) —cos ¢x2 Sin(a:) —asl ) - psl Sin ¢x2
T,,=pB,sinp_,cosp,sin(a,, —a,)— B, sinp, cosp,,sin(a,, ~a,)

+cosp, cosp ,cos(a,, —a,, )+sing,, sinp,,

T,;, ==, sinp,,sing,, sinfla, ~a,)— P, cosp,, cosp,,sin(a,, -a,,)
- Sin ¢:I cos ¢.\'2 cos(a.tZ —asl ) + cos ¢sl Sin ¢x2

T, =B, cos9,cos(a,,—a,)+sing,, sin(a, -a,)- B, cosp,

7}2 = ﬂ\? cos ¢.€2 cos ¢(I Sin(a.rz -axl ) + ﬂ.\'/ sin ¢.\‘/ sin ¢,\'2 Sin(a\) _axl)
—cos@,, sinp ,cos(a,, ~a,, )+sinp cosp,,

T33 = —ﬂx} cos ¢:2 Sin ¢.\-/ Sin(a.\'Z - axl) - ﬂ.(l cos ¢sl Sin ¢.\'2 Sin(a.\'Z - a.\'l )
+sing,, sing_,cos(a ,-a, )+cosp , cosp,,

4.2.2 Suspension and Tire Forces
The external forces and moments shown on the right side of the equations of
motion of (4.1) and (4.2) involve suspension, tire, roll center and constraint forces.

Suspension forces, F, , comprise of a lateral force F , acting through the suspension roll

y?

center, and vertical forces acting perpendicular to the Y, axis of the unsprung mass j:
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0 i,
F:/ = E(/ z uj
k y

_(F;I+F}2) u

4.11)

~

where F, and F), are the compressive or tensile forces generated by the left and right

suspension springs respectively, which can be calculated using force-deflection
characteristics of suspension springs. The Equation (4.11) can be written with respect to

the coerdinate system fixed to the sprung mass i as:

T -

0 K1}
Fy = FR] :{R .Zu (4’12)
—(F,,+F,;) k.,

The lateral suspension force F, are computed from dynamic equilibrium of the axle
forces acting along Y, direction, such that:

Fp=-m,a,j, +> F, cosp, - F.sing, +m,gsing, (4.13)
where a,, is the lateral acceleration of unsprung mass j. 3F,, and 3 F, are the total

lateral and vertical forces due to tires on unsprung mass j. The lateral or cornering forces
due to tires are derived from the reported measured data, which is provided in a tabular
format as a function of tire side-slip angles and vertical loads. The aligning torque due to
tires is also extracted from the measured data in a similar manner. The instantaneous
lateral force and aligning torque are thus computed from linear interpolation of the
tabuiar tire data, as a function of the tire side-slip angle. The side-slip angle of i tire of
axle j is expressed as:

w, =tan”'(v lu,.,)-8, (4.14)

urle-y
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where v, _, is the lateral velocity of the axle ;. and u is the forward velocity of the

tre—y

i tire on axle J- &, represents the angle made by the wheel plane with respect to the
longitudinal axis of the sprung mass coordinate system. The vertical tire forces, F,_ , can

be calculated from:

F. =KT,A (4.15)

y—y

where K7, and A, are the vertical stiffness and deflection of tire i on axle j,

respectively.

4.2.3 Constraint Equations

The differential equations of motion for the sprung masses, Equation set (4.1),
contain the constraint forces and moments due to couplings between various sprung
masses. Since the commonly used coupling mechanisms are relatively rigid in translation,
the forces transmitted through the couplings are determined from kinematic constraints,
which state that the acceleration at a coupling point is the same for both the leading and
the trailing units of the combination. The constraint moments, on the other hand, are
computed by considering the roll compliance due to coupling mechanisms. The
transmitted moments are thus derived as a function of the relative roll displacement
between the leading and trailing units. Specifically, the fifth wheel and the inverted fifth
wheel arrangement permit the leading and the trailing units to yaw and pitch with respect
to each other, but are considerably stiff in roll. A kingpin-type connection permits only
yaw motion, while a pintle hook connection allows roll, bounce, yaw, and pitch motions

between coupled units. Such coupling mechanisms constrain only relative lateral



position, such that the lateral position of the leading coupler is the same as that of the
forward end of the drawbar.
The equations of motion of a vehicle with » sprung masses and m unsprung

masses can be written in a matrix form as:

M§+N(£,£’)+P(£)[£=O 4.16)
where M is the (k x k )inertia matrix (k =5n+2m). x is a vector of position variables of
size k. N(x.x) is a (kx 1) vector of forces and moments, and vehicle dimensions. P(x)

isa kxk matrix, and f, is a vector of unknown constrain forces. Equation (4.16) can be

solved for acceleration vector, X, such that:

F=-M"'N(xH-M"'PQf. 4.17)

The kinematic constrains posed by the various hitch points are written as a set of

acceleration constrain equations:

Bx=c¢(x) (4.18)
An expression for constraint forces can be obtained by substituting (4.17) into (4.18):

-~/ ! - .
fo=-BM PO [BMINCx, 2)+e(x)] (4.19)

The constraint moments introduced by the conventional fifth wheel connection
can be derived by taking it as a roll coupler. Figure 4.2 illustrates a representation of fifth

wheel in the vehicle model. The coordinate system (X, Y,,, Z,,) is attached to the
leading unit, while (X,,, Y,,, Z,,) is attached to the trailing unit. A reference coordinate

system ( X',, Y!,, Z',) has the same yaw and pitch angles as those of the leading unit, but
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has a different roll angle ¢;,. The fifth wheel is represented by a roll stiffness rate K.
The roll moment ( M _, ) acting through the fifth wheel can be expressed as:
M, =K(o,, -9,) (4.20)

One constraint in the fifth wheel is that the pitch axis Y, is always perpendicular to the
yaw axis Z,,, which yields:

ek, =0 (4.21)
where j!, and k,, are unit vectors in ¥/, and Z_, directions, respectively. Substituting

(4.4) into (4.21), ¢!, can be derived as:

Sin ¢J2 Cos(axz — asl ) - ﬂx} cos ¢’.:2 Sin(aJZ - a.rl ) (4 22)
ﬂ:l Sin(axl - a.(l ) Sin ¢s2 +cos ¢.(2

Q. = arctan|:
The constraining moments acting on the trailing unit in X, and ¥,, directions can be
derived as:

M, =-M,T, and M, =-M_T, (4.23)

X2z

where 7, and T,, are defined in Equation (4.10).

xsl Ysl

Ysl

Figure 4.2: Representation of the conventional fifth wheel connection.
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4.3 DYNAMIC ROLLOVER THRESHOLD OF ARTICULATED FREIGHT
VEHICLES

Dynamic roll properties of articulated freight vehicles are frequently investigated
in terms of Load Transfer Ratio (LTR) and Rearward Amplification Ratio (RAR).
Dynamic rollover stability measures based upon load transfer ratio and rearward
amplification ratio under a rapid high-speed path change maneuver conducted at 100
km/h have been proposed to assess the relative stability performance of heavy vehicles
[45-46]. These measures may be implemented to predict the incipient rollover for
development of an open-loop early warning generator for the driver. The detection of
dynamic rollover through load transfer ratio, however, involves many measurement
complexities, while the rearward amplification ratio is known to be quite sensitive to
variations in design and operating conditions. Furthermore, the proposed measures do not
permit the study of rollover propensity of heavy vehicles under varying directional
maneuvers and speeds. Thus a dynamic rollover measure, characterizing roll property of
heavy vehicles in transient steering maneuvers, and its relationship with static rollover

threshold need to be investigated.

4.3.1 Definition of Dynamic Rollover Threshold

When a complete roll unit with multiple sprung and unsprung masses is subjected
to a steering input, each mass unit experiences a lateral acceleration excitation, as shown
in Figure 4.3. The destabilizing moments in the roll plane include those due to the
centrifugal forces and the lateral displacement of each sprung mass. The destabilizing
moments due to lateral displacements of unsprung masses are considered as insignificant.

The vertical load transfer from inside to outside tires yields a stabilizing moment. The
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roll moment equilibrium equation of a complete roll unit can be written with respect to

point A (midway between the two tire forces FL,. FR,) as:

n, n, n, n,
('21 mg;asihs; + 'ZI "'ujauj"u_/‘J'+ .zl’”sigAsi = 'ZI(FLJ =FR;)T; (4.24)
= J= = Jj=

where h;; and h,; are the instantaneous cg heights of sprung mass i and unsprung mass j,
respectively. as; and a,; are the lateral accelerations experienced by sprung mass i and

unsprung mass j, respectively. n and n, are the number of sprung and unsprung masses
of a complete roll unit. A, is the lateral displacement of c.g. of sprung mass i, and 7} is

the effective half track width of tires on axle j. The first term in Equation (4.24)
represents the total roll moment contributed by the centrifugal forces due to all sprung

and unsprung masses, and can be expressed in terms of Effective Lateral Acceleration

(ELA):

s m i 2 . +
PV m,e
o
P ha
i
1 )
[
o
M|
; ]
P m,g

hyl =i & a4,

S ¢
—
FL, 2T A » FR,

Figure 4.3: Illustration of roll destabilizing moments.
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Z m_a_h, +ZI m,a, huj = ELA(ZI m_h, + "Z-zm"j huj ] 4.25)
= J= 1= =

Substituting Equation (4.25) into (4.24), the effective lateral acceleration (ELA) of the

complete unit can be derived as:

n. n'
Z (FLJ —FRJ)TJ - stigds,-
EL4=2=! =

. . (4.26)
3 mgihg + 3 myihy;
i=l j=I

Equation (4.26) reveals that ELA is a dynamic parameter that depends on the

lateral load transfer and track width of each axle, c.g. heights of sprung and unsprung

masses, and the lateral displacement A , of each sprung mass, which is further related to
the suspension properties. ELA can also be evaluated using Equation (4.25), and
expressed as:

”l "l
Z m.\: a.w h_w +Z mllj auj hU/
ELA=" =

["Z‘mwh” + i mu]hu/ J
1=/

=1

4.27)

From Equation (4.27), it is apparent that the ELA4 represents a moment-weighted
average of lateral acceleration response characteristics of the vehicle units. For a single-
unit vehicle comprising only one sprung mass, the effective lateral acceleration may be
approximated as the vehicle lateral acceleration assuming negligible coniributions due to
unsprung mass acceleration. For an articulated freight vehicle, however, the dynamic roll
response of different mass units may differ considerably in phase and amplitude. The
ELA, expressed in Equation (4.27) is thus used to represent the contributions due to the

moments caused by all the centrifugal forces.
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Based on the above analysis. dynamic rollover threshold (DRT) of a heavy
vehicle may be defined as the level of effective lateral acceleration (ELA), when its RSF

approaches the unity value in a dynamic steering maneuver.

4.3.2 Analysis of Dynamic Rollover Threshold of Articulated Freight Vehicles

Dynamic rollover of heavy vehicles frequently occurs during low speed cornering
and high-speed evasive maneuvers. The dynamic rollover characteristics of heavy
vehicles are investigated using the constant velocity yaw/roll model, described in section
4.2. The static rollover threshold of the vehicle is derived from the vehicle response under
a ramp steer input applied at a very low rate. Many field measurement studies of heavy
vehicles have established that the front wheels steer angle corresponding to lane change
and evasive maneuvers can be conveniently approximated by a sinusoidal steer function
[90].

The dynamic roll response of the vehicle under low-speed cornering and high-
speed lane-change maneuvers can thus be characterized using two simplified steering
inputs: ramp-step and sinusoidal. In the present study, the ramp-step steering input is
realized by increasing the front-wheel steer angle from 0° to 5° at a rate of 10 degree/s.
The steer angle is then held constant for the entire duration of the maneuver. The vehicle
model is analyzed under the steer-input at a constant forward speed, and the speed is
gradually increased until a relative roll instability is identified. The vehicle response
characteristics corresponding to the final speed are analyzed to derive the dynamic
rollover threshold using Equation 4.27. The relative roll instability under high-speed

directional maneuver is investigated under sinusoidal steer inputs performed at different
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frequencies. Three different values of steering frequencies are selected to yield periods of
2, 3. and 4 seconds. The vehicle forward speed is gradually increased until a relative roll
instability is identified under each steer input. The corresponding values of dynamic
rollover threshold accelerations are then derived in a similar manner.

The analyses are performed for a 5-axle tractor-semitrailer combination and the
simulation parameters are illustrated in Table 4.1. The dynamic roll properties of a
vehicle combination are strongly related to various design and operating factors. Analysis
of sensitivity of dynamic rollover threshold (DR7T) to variations in such factors is thus
essential to derive a rollover criterion for open-loop early warning generation. The
analyses are performed for an array of vehicle configurations realized upon combining a
range of currently used tires, suspension, track width and cg heights, as illustrated in
Table 4.2. While the c.g. height can vary during day-to-day operation, the tire track width
is limited by the maximum permissible vehicle width, which for majority of the current
vehicles is either 2.44m or 2.59m. Two different c.g. heights of 1.78m and 2.065m are
selected to reflect normal variations in loading condition of tractor semi-trailer
combinations. While a leaf spring front axle suspension, referred to as FA, is selected,
three different rear axle suspension springs are selected for the rear axles. The rear
suspension springs, referred to as R4, RB and RC, exhibit considerably different force-
deflection characteristics, as shown Figure 3.14 [87]. Two different suspension springs
are also selected for the trailer axles, including leaf and air, referred to as TA and TB,
respectively. Roll center heights and auxiliary roll stiffness of the six suspension
configurations are illustrated in Table 3.12. Modemn heavy vehicles, invariably, employ

radial tires, and their profiles may differ slightly. The analyses are thus limited to the
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most commonly used radial tires. 11R22.5. The cornering force and aligning torque
characteristics of the tires as a function of normal load and side-slip angle are illustrated

in Figures 4.4 and 4.5.

Table 4.1: Simulation Parameters of the baseline 5-axle tractor semi-trailer.

Tractor semi-trailer
sprung mass (kg) 6129 19623
roll mass moment of inertia (kgm-) 2601 22111
pitch mass moment inertia (kgmr) 22055 420941
yaw mass moment of inertia tkgm") 28275 434682
center of gravity height /m) 1.13 2.065
axle 1 axle 2 axle 3 axle 4 axle S
axle load (kg) 5112 6106 6106 6304 6304
axle roll moment of inertia (kgm-) 418 577 577 464 464
longitudinal position from c.g (m) 0.65 -2.819 -4.468 -4.60 -6.124
axle center of gravity (m) 0.508 0.508 0.508 0.508 0.508
roll center height (m) 0.46 0.838 0.8338 0.686 0.686
half spring spacing 0.406 0.4826 0.4826 0.5588 0.5588
half track -inner tires 1.106 0.9144 09144 09144 0.9144
dual tire spacing 0 0.33 0.33 0.33 0.33

Table 4.2: Range of variations in the design and operating factors of a tractor-semi trailer.

CG Height (m) 1.78 ] 2.06
Steering frequency (Hz) 0.25 1 0.33 | 0.5
Tires Radial 11R22.5
Track width (m) 2.44
Front Suspension FA, 53 kN rating (leaf)
Rear Suspension RA 97 kN rating (leaf); RB 85 kN rating (leaf)
RC 85 kN rating (leaf)
Trailer Suspension TA 93 kN rating (leaf); TB 53 kN ratiﬁ (air)
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Figure 4.4: Cornering force properties of radial tires as a function of
load and side-slip angle.
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Figure 4.5: Aligning torque property of radial tires as a function of load
and side-slip angle.
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The yaw-roll analytical model of the vehicle, developed in section 4.2, is solved
for ramp-step and sinusoidal steering inputs at the front axle, at a constant forward speed.
The dynamic response characteristics of the vehicle in terms of dynamic load transfer are
examined to identify, whether the vehicle has approached the condition of relative roll
instability. The response characteristics are also analyzed to derive RSF and lateral
acceleration response of the vehicle. The simulations are initiated at a relatively low
speed of 5 km/h. The vehicle speed is gradually increased until a condition of relative roll
instability is detected from the response data. The resulting response characteristics are
analyzed to establish a relationship between the RSF and potential measures of the
relative rollover, such as peak lateral acceleration, rearward amplification and effective
lateral acceleration. The sensitivity of these measures to variations in design and
operating parameters are discussed in the following subsections.

Figure 4.6 illustrates the time histories of lateral acceleration of tractor and trailer
sprung weights, when the vehicle is subject to ramp-step and 0.25 Hz sinusoidal steer.
The baseline vehicle used in the simulation comprises suspensions F4, R4 and T4 with
total track width of 2.44 m and c.g. height of 2.065m. The results in Figure 4.6 show that
lateral acceleration response of the tractor and semitrailer approaches approximately the
same steady value during a constant speed turning maneuver, arising from the ramp-step
steer input. Both the units approach identical value of lateral acceleration, when RSF
approaches 1.0. The resulting acceleration response may be considered as the static
rollover threshold of the combination. Based on the relative roll instability criterion, the
static rollover threshold can thus be considered as the level of lateral acceleration of the

vehicle when its RSF approaches unity value.

- 121 -



The lateral acceleration response characteristics of the two units of the
combination in a lane change maneuver, however, are quite different in both phase and
amplitude, as shown in Figure 4.6. For 0.25 Hz sinusoidal steering maneuver, the lateral
acceleration response of the tractor approaches a peak value 0.75s prior to that of the

trailer acceleration response.

Ramp-step steering maneuver Sinusoidal steering maneuver

1 1
RSF
w 0.8 w
& g os b Lo~
2 2 g7 %0\
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® 0.2 [
K4 e
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Figure 4.6: Lateral acceleration response and RSF of an articulated vehicle subject to two

different maneuvers.



Sensitivity_of Peak Acceleration and RAR to Variations in Design and Operating
Parameters

The RSF approaches a value of —1. when trailer lateral acceleration approaches its
negative peak value. The rearward amplification ratio (R4R) of the combination
corresponding to the relative rollover condition is further evaluated from peak lateral

accelerations of the tractor and semitrailer units: RAR = A4,,/ A,,, where A;; and A4,; are

the peak lateral acceleration response of the trailer and tractor sprung weights,
respectively. The relative rollover condition is identified when RSF approaches a value of
+1 or —1. The peak lateral acceleration of the tractor 4;; and RAR of the tractor-
semitrailer combination, corresponding to relative rollover condition (RSF) are derived
for different suspensions and steering frequencies to establish their sensitivity to
variations in suspension properties and rate of steer input. Table 4.3 summarizes the peak

lateral acceleration A4,, and RAR corresponding to RSF=+ ], for different combinations

of suspension springs, and steering frequencies of 0.25 Hz, 0.33 Hz and 0.5 Hz. The
results clearly reveal that both the peak lateral acceleration and the rearward
amplification ratio are quite sensitive to the maneuvers performed. For the range of
frequencies considered, an increase in the steering frequency tends to decrease the peak
lateral acceleration of the tractor, while it leads to noticeable increase in the rearward
amplification ratio, irrespective of the suspension configurations. From the results
presented in Table 4.3, it can be concluded that characterization of dynamic roll behavior
through tractor lateral acceleration threshold and rearward amplification necessitates a

thorough knowledge and consideration of the maneuver.

-123 -



Table 4.3: Tractor rollover limits and rearward amplification factors of a tractor-
semitrailer combination.

Front, Rear
;n:leTm“e' Sinusoidal steering frequency
Suspension 0.25 Hz 0.33 Hz 0.5Hz

A (8) RAR A (2) RAR A () RAR
FA,RA, TA 0.476 1.05 0.437 1.16 0.372 1.41
FA,RA, TB 0.488 1.06 0.465 1.17 0.437 1.19
FA,RB, TA 0475 1.08 0415 1.23 0.376 1.35
FA,RB, TB 0.495 1.0 0.468 1.11 0412 1.34
FA,RC, TA 0.479 1.03 0.413 1.18 0410 1.20
FA,RC, TB 0.483 1.03 0.468 1.14 0.455 117

Sensitivity of ELA to Variations in Design and Operating Parameters

The dynamic rollover threshold of a 5-axle tractor semi-trailer combination with
various suspension properties and c.g. heights is evaluated using the Yaw/Roll model,
under sinusoidal steering at frequencies of 0.25Hz, 0.33 Hz and 0.50 Hz. The response
characteristics of the units are analyzed to derive the effective lateral acceleration (ELA)
of the combination using Equation (4.27). The RSF, computed using Equation (2.10) is
also examined to detect the relative roll instability. The analyses are performed for
different vehicle configurations and steering inputs, and values of ELA are derived
corresponding to the relative rollover condition (RSF=%*1), and summarized in Tables
(4.4) and (4.5). The dynamic rollover threshold (DRT) expressed in terms of ELA is
further compared with the static rollover threshold (SRT), derived from the ramp-step
steer response and RSF. The results show that the dynamic rollover threshold of the

vehicle, in all cases, is very close to its static rollover threshold. The ratio of DRT to SRT
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is in the range of 0.94 to 1.01 for all the vehicle configurations and maneuvers

investigated. The static rollover threshold can thus be employed to attain a reasonable

estimation of the dynamic rollover propensity of a tractor-semitrailer combination. A

comparison of results presented in Tables (4.3), (4.4) and (4.5) reveals that DRT is

relatively insensitive to variations considered.

Table 4.4: Dynamic and static rollover threshold values of a tractor-semitrailer at c.g.
height of 1.78 m.

Front, Rear and

trailer cg height 1.78 m

Trailer Axle SRT (g) DRT (g) DRT/SRT

Suspension f=0.25 Hz | =0.33 Hz | f=0.50 Hz | =025 Hz | =0.33 Hz | f=0.50 Hz
FA,RA, TA 0.596 0.579 0.586 0.571 0.97 0.98 0.96
FA,RA, TB 0.605 0.588 0.580 0.581 0.97 0.96 0.96
FA, RB, TA 0.590 0.570 0.578 0.596 0.97 0.98 1.01
FA,RB, TB 0.595 0.571 0.594 0.576 0.96 1.00 0.97
FA,RC, TA 0.589 0.570 0.582 0.586 0.97 0.99 0.98
FA,RC, TB 0.594 0.570 0.591 0.570 0.96 1.00 0.96

Table 4.5: Dynamic and static rollover threshold values of a tractor-semitrailer at c.g.
height of 2.065 m.

Front, Rear and

trailer cg height 2.065 m

Trailer Axle SRT (g) DRT (g) DRT/SRT

Suspension f=0.25Hz | f=0.33 Hz | f=0.50 Hz | f=0.25 Hz | ~=0.33 Hz | f=0.50 Hz
FA,RA, TA 0.510 0.479 0.484 0.490 0.94 0.95 0.96
FA,RA, TB 0.519 0.508 0.519 0.498 0.98 1.00 0.96
FA,RB, TA 0.500 0.498 0.486 0.480 1.00 0.97 0.96
FA,RB, TB 0.507 0.487 0.491 0.512 0.96 097 1.01
FA,RC, TA 0.500 0.498 0.498 0.485 1.00 1.00 0.97
FA,RC, TB 0.506 0.498 0.493 0.487 0.98 0.97 0.96
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Dvnamic Roll Characteristics of Doubles

The dynamic rollover threshold of doubles is further investigated on the basis of
proposed ELA. The dynamic rollover property of an 8-axle A-train double, comprising a
tractor, and two tandem-axle semi-trailers coupled with a single-axle A-type dolly, as
shown in Figure 4.7, is further investigated. The suspensions denoted by F4, R4, and T4
are used for tractor’s front, rear, and semi-trailer axles, respectively. The last trailer uses
the suspension denoted by T74. The A-train double is modeled as two complete roll units:
(i) tractor-semitrailer (roll unit #1), (ii) and the last semitrailer with A-dolly (roll unit #2).
The relative rollover condition for each roll unit is analyzed using the roli plane models
presented in Chapter 3. For a typical configuration of the A-train double, the relative
rollover condition and the SRT of different roll units are summarized in Table 4.6. The
results show that SRT of unit #1 is considerably lower than that of unit #2. The unit #1 of
the vehicle thus rolls over first in a steady cornering maneuver, while the roll unit #2 of
the vehicle tends to roll over first under a high-speed evasive maneuver due to relatively

large lateral acceleration response of the last trailer.

O 00 ®0 © O®

Figure 4.7: Schematic of an eight-axle A-train double.
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Table 4.6: Rollover signature of a typical A-train double combination.

Roll Unit #1 Roll Unit #2
Relative Rollover Lift-off of wheels on tractor Lift-off of wheels on A-dolly
Condition rear & trailer axles and trailer axles
SRT value Low (0.47 g) High (0.61 g)
Rollover Cornering First Second ]
Sequence maneuvers
Evasive Second First
maneuvers

The DRT of the A-train double with different cg heights of the last trailer is
further investigated using the Yaw/Roll model. The simulations are performed under
sinusoidal steering maneuvers with steering frequencies of 0.25 Hz, 0.33 Hz, and 0.5 Hz.
The DRT of the A-train double is taken as the ELA of the roll unit approaching the
relative rollover condition first in a dynamic steering maneuver. It should be pointed out
that the second roll unit of the specified vehicle approaches the rollover condition first
under such maneuvers. The sensitivity of DRT to variations in c.g. height of the last
trailer alone is thus investigated. Figure 4.8 illustrates the ratio of DRT to the SRT of the
second roll unit with three different c.g. heights of the last trailer. An increase in the c.g.
height of the last trailer tends to decrease the DRT of the vehicle. The ratio of DRT to
SRT, however, varies only slightly with variations in the steering frequency. For the
selected vehicle configurations these variations are observed to be within 5%. The
variations in c.g. height also result in only slight variation in the ratio of DRT to SRT. The
DRT to SRT ratio varies by only 2% with variations in c.g. height at steering frequencies
of 0.25 Hz and 0.33 Hz. This variation approaches approximately 7% under rapid (/=0.5

Hz) steering input.
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Elcg 1.82m Mcg 1.94m Ocg 2.08 m

0.25 Hz 0.33 Hz 0.5 Hz
Steering frequency (Hz)

Figure 4.8: The ratio of dynamic rollover threshold to static rollover threshold of a typical
A-train double.

4.3.3 Dynamic Rollover Initialization

Rollover of heavy vehicles in directional maneuvers is often initialized on one
axle, followed by wheels lift-off on other axles. Identification of dynamic rollover
initialization is vital for early warning generation of impending rollover. Rollover
initialization is investigated by examining how load transfer ratio occurred on each
composite-axle of heavy vehicles in directional maneuvers.

Axle load transfer ratio characteristics of a five-axle tractor semi-trailer
combination in sinusoidal steer maneuvers is investigated using the yaw - roll model.
Three composite axle load transfer ratios, representing those occurred at tractor front,

rear, and trailer axles, are defined as:



FL, - FR,

tractor front axle: LTR, =
FL, + FR,
tractor rear axles: LTR, = FL, + FL; - FR, — FR;
* " FL,+FL, +FR, + FR,
trailer axles: LTR; = FL, + FL; — FR, - FR;

FL,+FL; + FR, + FR,

where FL, and FR, (i=1, ..., 3) are tire vertical forces on the left and right sides of axle i,
respectively. A unity value of LTR, indicates that wheels on composite axle i approach
lift-off. Figure 4.9 illustrates the signature of LTR, (i=I, 2, 3) of the five-axle tractor
semi-trailer listed in Table 4.1, in a 0.25 Hz sinusoidal steering maneuver with vehicle
forward speed 86 km/h. The load transfer ratio of trailer axles (LTR3) approaches a peak
value of 0.69, while LTR, of tractor rear axles approaches a relatively small value of
0.48. LTR, of tractor front axle demonstrates the smallest variation with peak value of
0.21 during the course of maneuver. When vehicle forward speed is increased, the peak
value of LTR, (i=I, 2, 3) is increased towards a unity value, as shown in Figure 4.10.
Peak value of load transfer ratio of trailer axles approaches a unity value first, followed
by those of tractor rear and front axles. Consequently, wheels on trailer axles lose road

contact first in a rollover situation, and rollover of the vehicle is considered to be
initialized at the rearmost trailer axles.

Wheels lift-off sequence of the tractor semi-trailer combination is derived for
different suspensions and steering frequencies to establish their sensitivity to variations in
suspension properties and rate of steer input. Tables 4.7 and 4.8 summarize wheels lift-

off sequence for different combinations of suspension springs, semi-trailer c.g. heights,



and steering frequencies of 0.25 Hz and 0.33 Hz. Wheels on tractor's rear and trailer
axles lose road contact at the same time when the vehicle is equipped with suspension
combination FA-RA-TA in a 0.25 Hz sinusoidal steering maneuver. For all other cases,
wheels on trailer axles always lift off first, irrespective of steer frequency and trailer c.g.
height considered in this study. Roll instability of the tractor semi-trailer is thus

initialized at the rearmost trailer axles.

0.8
= 0.6 front axle —
E rear axles v=86 kn
= 04 trailer axies
=
§ 02 ~ /_
S _ )
E 0
- { 1
= 02
k-
e 04
-
]
= 0.6
<«
0.8

Time (s)

Figure 4.9: Composite axle load transfer ratio of a five-axle tractor semi-trailer during a
sinusoidal steering maneuver.
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Figure 4.10: Peak axle load transfer ratio of a tractor semi-trailer as a function of vehicle
forward speed.

Table 4.7: Wheels lift-off sequence of a tractor semitrailer with different combinations of
suspensions: trailer c.g. height 1.78m.

Front, Rear wheels lift-off sequence (trailer c.g. height 1.78 m)
and Trailer f=0.25 Hz £=0.33 Hz
Axle tractor’s tractor's rear | trailer axles tractor's tractor's rear | trailer axles

Suspension front axle axles front axle axles

FA,RA, TA o o o o e o
FA,RA, TB © o o © o o
FA,RB, TA o o o o ® o
FA.RB, TB © o o © o o
FA,RC, TA © e o o o o
FA,RC, TB © (2] o O o o




Table 4.8: Wheels lift-off sequence of a tractor semi-trailer with different combinations
of suspensions: trailer c.g. height 2.06m.

Front, Rear wheels lift-off sequence (trailer c.g. height 2.06 m)
and Trailer £=0.25 Hz =0.33 Hz
Axle tractor’s tractor's rear | trailer axles tractor’s tractor’s rear | trailer axles

Suspension front axle axles front axle axles

FA,RA, TA o 0 o L) L o
FA,RA, TB © ) L © o o
FA,RB,TA © o 0 © o L)
FA,RB,TB L4 ) L) © 2 0
FA,RC,TA © o o L) o 0o
FA,RC. TB © 2] 0 © 2] 0

Wheels lift-off sequence of the A-train double, as illustrated in Figure 4.7, is
further investigated. The suspensions denoted by FA, RA, and T4 are used for tractor’s
front, rear, and the first semi-trailer axles, respectively, while suspension denoted by T4
is used for the A-dolly and the second semi-trailer. Load transfer ratios of five composite
axles in terms of tractor front, rear, 1% semi-trailer, A-dolly and the 2™ semi-trailer axles
are presented in Figure 4.11, where the vehicle is subjected to a sinusoidal steering
maneuver at 0.33 Hz. The figure reveals that the maximum load transfer (0.96) occurs at
the axles of the second semi-trailer at 3.3 s, indicating that wheels on the axles of the
second semi-trailer are very close to lift-off. The peak load transfer ratios for A-dolly
axle, axles of the first semi-trailer, and tractor rear axles are 0.80, 0.63 and 0.65,
respectively. Roll instability of the A-double will thus be initialized at the axles of the
second semi-trailer, or the rearmost axles of the vehicle, when the vehicle is subjected to

a similar maneuver in a rollover situation.
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Figure 4.11: Axle load transfer characteristics of an A-train double in a 0.33 Hz
sinusoidal steering maneuver.

Parametric sensitivity analysis of wheels lift-off sequence of the A-train double is
carried out for three c.g. heights (1.5m , 1.7m and 2.0m) of the last semi-trailer at steering
frequencies of 0.25 Hz and 0.33 Hz, while c.g. height of the first semitrailer is kept as
constant (1.7m). The results are summarized in Table 4.9. As can be seen, wheels on the
axles of the second semi-trailer, or the rearmost axles of the vehicle, lift off first,
irrespective of the variations in c.g. height of the second semi-trailer and steering
frequency. The subsequent wheels lift-off occurs at A-dolly axle, except for one case
where c.g. height of the second semi-trailer is reduced to 1.5m with 0.25 Hz steering

frequency. Rollover of A-train doubles is thus considered to be initialized at the rearmost

axles of the vehicle.

-133 -



Table 4.9: Wheels lift-off sequence of an A-train double with variations in c.g. height and
steering frequency.

2" trailer steering Wheels lift-off sequence
c-g- height | frequency tractor’s tractor’s 1* trailer A-dolly 2™ trailer
front axle rear axles axles axle axles

I.5m £=0.25 Hz o 3 ) [ ) o 1]
£=0.33 Hz ) o © ] o

1.7m f=0.25 Hz ) © o o o
f=0.33 Hz e © o 2 o

20m =0.25 Hz ) ® o ] (1]
=0.33 Hz o o o 6 o

4.4 ANALYSIS OF ABSOLUTE ROLLOVER

Although a large number of analytical models have been developed to study the
directional dynamics, handling performance and static roll instability of heavy vehicles
[4, 7-9], only limited efforts have been reported on their dynamic roll stability. Verma
and Gillespie [27] proposed a lumped roll plane model for the analysis of roll dynamics
of commercial vehicles. Das et al. [28] employed this model to investigate dynamic
rollover threshold of commercial vehicles. The model proposed by Verma and Gillespie
[27]. however. was developed based on the assumption that none of the wheels lose

contact with the road. The application of such a model thus raises many concerns, since a
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dynamic rollover involves the loss of tire-road contact of the wheels on one track of the
vehicle.

A roll plane model incorporating the loss of tire-road contact during a directional
maneuver may be considered appropriate for estimation of absolute rollover threshold.
Single and multiple roll planes models are thus derived to study the dynamic roll
properties of single and multiple units articulated vehicles. A straight truck configuration
may be represented by a single-roll-plane model by lumping the front and rear axles into
a single composite axle, as illustrated in Figure 4.12(a). A tractor-semitrailer combination
can be represented by three composite roll planes, including front axle, a composite drive
axle, and a composite trailer axle, coupled by two torsional springs, as shown in Figure
4.12(b). The torsional stiffness of tractor frame is presented by KF), and that of the fifth
wheel and semi-trailer structure is characterized by KF; . The B-train and C-train doubles
are represented in a similar manner by four roll planes coupled by torsional springs, as
illustrated in Figure 4.12(c). The torsional stiffness of the last dolly and the trailer
structure is represented by KF;.

Figure 4.13 illustrates a typical roll plane model comprising the composite axle,
lumped tire and suspension properties, and lumped sprung (m,) and unsprung (m,,)
masses. Under a severe directional maneuver, the tires on the inside track of the vehicle
may experience lift-off, as illustrated in Figure 4.14. In each composite axle roll plane,
the unsprung mass consists of a solid beam axle with dual tires. The suspension is
characterized by either a linear or nonlinear spring rate, backlash, coulomb friction and a

viscous damper. It is assumed that the sprung mass rolls (¢_) around its roll center

located at a fixed distance (4z;) from the sprung mass center of gravity (c.g.) in the roll



plane i. The roll center. however, is permitted to translate along a direction normal to the

axle ( p, ). The unsprung mass i is modeled with three-degrees-of-freedom: vertical (z.)-

lateral ( y,,) and roll (g, ).

It should be noted that the roll center of the unsprung mass i shifts from c.g.
location to the center of contact patch between the outer tire and the road, as the wheels
on the inner track lose contact with the road under a directional maneuver. The location

of roll center under this condition is indicated by 'A’ in Figure 4.14.

1w
= Q@ <i:

(a) Straicht trucks

KF2

®

(b) Tractor semi-trailers

® O

(c) B-train and C-train doubles

Figure 4.12: Groping of axles of different vehicle configurations for the development
of roll plane models.
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Figure 4.13: Roll plane model of the vehicle prior to loss of tire-road contact

mg
lSI
v
(D&
Fe .
Kg —
Cs
«
Ky o P Kei
-~ m. P
Cu ~- o Yy Fc
- hd _lzul h
- Csi Ri
2T, - !
Q. ZR.
™~ - wu / {
' h
S PTSE
A . A Y
i
i co. L}
i

DS

Figure 4.14: Roll plane model after the loss of tire-road contact.



The sprung and unsprung masses thus experience large magnitude translational
and angular deflections. The dynamic roll models, reported in the literature, invariably
assume small deflections, while the shift in location of the unsprung mss roll center is
considered negligible. In view of large magnitude deflection encountered by the sprung
and unsprung masses, when loss of wheel-road contact is attained, the validation of such
models may be questionable. Such models, however, can be effectively applied to derive
relative rollover of the combination based upon loss of wheel-road contact. In a dynamic
directional maneuver, however, the vehicle may regain the tire-road contact, when the
steering direction is reversed. The dynamic roll indicators derived on the basis of relative
rollover may thus lead to false warning.

The analysis of absolute rollover involving large magnitude deflection, is
performed upon consideration of the total energy associated with roll plane i, before and
after the loss of wheel-road contact. The total kinematic and potential energy of roll plane

i, before the wheel lift-off, derived from Figure 4.13, can be expressed as:

Before wheel-liftoff

] el .2 . 2 1 - - - -
K ==[m,/(y,+2, )+ 1,0, ]+—m._{[y.,—(za +p, )P, cosp, -p,sing,,
2 2 (4.28)

- th¢u COS¢‘" ]2 +[ém -(le + pl )¢ul Si’7¢7m +pl COS¢m —th¢n Sin¢." ]2 } +31u¢\'2l

UI = mlllg(hlll +zlll ) + m(lg[hlll + zlll +(ZRI + pl )cos¢lll + hRI casw\l-]+ UY: (4'29)
where K, and U, are the total kinetic and potential energy due to the roll plane i The

datum is considered to be the ground level for computing the potential energy. 7, and

I, are the roll mass moments of inertia about the respective cg of the unsprung and
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sprung masses. z, is the distance between the sprung mass roll center and the unsprung
mass cg. U7} is the potential energy due to the torsional springs coupling the masses m,_,

and m,,,,,. For the multiple roll plane representation, the UT can be expressed as:
for i=1
Jorl<i<n (4.30)

1 2
( 5 I(¢.\'Il4-1/ —¢.ﬂ )- ,

2
1 1
i+l (¢.rlnﬁl) - ¢Jl )2 + —KP:—I (¢sl - ws(l—l) )2

UT, ==
! 2 2
fori=n

1
3KF:(¢’11 —¢‘(/—I) )2
After the loss of wheel-road contact, the roll center of the unsprung mass i shifts

to the contact patch between the outer tire and the ground, as shown in Figure 4.14 (point

A). The total kinetic and potential energy due to the roll plane i, thus, differ from

Equations (4.28) and (4.29), and are derived as:

T sign(e, )sin[p, +a,sign( o, )]o., )’

1
K=-m/{y, -
1 2 ur {ylll [
+ Sl + TSI, )<oS[P, +aSigM 9, 0. + 3 Ll + 41,5
1 . . . . ) . .. . »
- m‘l I,yll’ - 7:,31gr{¢"' )Sln[¢ul + a'SIg’{¢lll )]¢ul _(ZRI + pl )¢u‘ coswul = pl SIn¢lll - th¢." C0S¢Jl }- +
(4.31)

2
- m.u llzm + T Sign(¢m )COS[¢'” + a:Sig'{¢m )]¢m - (ZRI + p: )¢m Sin¢m + pl COS¢‘” - th¢.n Sin¢" }1

4.32)

Ul = mlll g{ zlll + 7:I'qigr’(¢lll )Sin[¢ul + al Sign(¢lll )]} + m.‘l g{zlll +
T Sign(¢ul )Sin[¢ul + a:Sign(¢ul )] +(le + pl )COS¢'" + hRi cos ¢.n } + UY:

where T, is the distance between the cg and the roll center of the unsprung mass i, given
R, is the effective wheel radius, and

by T:.‘I=Jle+(7:+Al)2'
a,=cos” [(T,+4,)/T. ]. I,, is the mass moment inertia of unsprung mass i with

respect to the unsprung mass roll center (point 4), as show in Figure 4.14. The potential



energy. UT; . due to the torsional springs is the same as that described by Equation (4.30),

and the sign function here describes the direction of roll deflection of the unsprung mass,
given by

+1  ife,20

4.33
I ife,<0 (4.33)

sign(p,, )= {

4.4.1 Development of Absolute Rollover Vehicle Model
The absolute rollover vehicle model is derived upon considering the total energy
associated with composite roll plane i. The equations of motion for the roll plane models,

before and after the wheels lift off, can be derived using Lagrange’s energy approach:

4 OK _ X, +éf/' =0, (4.34)
a\ %, ) &, 4,

where g, are the generalized coordinates, and Q; are the generalized external forces. The
equations of motion, characterizing the roll dynamics of the vehicle prior to wheels lift-
off are derived using Equations (4.28), (4.29) and (4.30) into (4.34), which can not be
considered valid when the wheel lift-off is experienced. Alternatively, Equations (4.30),
(4.31) and (4.32) can be used to derive the equations of motion for the vehicle with wheel

lift-off and relatively large roll deflections. The equations of motion are thus derived and

summarized below.

Lateral motion of the unsprung mass ( y,,)

(mul + m,\'/ )}.;ul - m_u (ZRI + pl )cos ¢ul¢ul - m.‘lth cos ¢4\l¢u -
m, sing, p, +m,(z, + p,)sing, @, +mh, sinp @l — for (F, >0; j=1,..,4) (4.35)
2m\’ COS ¢ll' pl¢"’ = F;"
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(mm + m,\l )j}ul - {m.\'l (ZRI + pl )COS ¢m - (mxl + mm )II:ISign(¢m )

Sin[w"l + al Sign(¢ul )]}éﬂl - m.‘l hRI cos ¢" ¢JI - m:’ Sin ¢ul ﬁl +
s - : . (F;]l =0;j=1720r3v4)
m,, ("'Rl +p, )3"1 P — (m,\/ +m, )IZ'ISlgn(¢m )COS(¢W +
a, Sign(¢m )]}¢l;’l + m, th sin Py ¢\21 -2m « €0S ¢m pl¢lll = F?w
(4.36)

where F, is the total lateral force developed at the tire-road interface of axle i. It should

be noted that Equations (4.35) and (4.36) describe the lateral force equilibrium of the

unsprung mass /, before (F, >0; j=1, ..., 4) and after (F,, =0; j=1, 2 or 3, 4)

yi
the loss of contact between the wheels and road, respectively. The wheels lift-off is

encountered when either F,,,, F,, =0 or F,;,, F,,, =0.

Vertical motion of the unsprung mass (Z ;)

(mm + mxl )':z'lll - m.n (ZRI + pl ) Sin ¢m ¢ul - m_\'l th Sin ¢s: ¢.ﬂ +
m.\'l cos ¢ulﬁl - m\-: (ZRI + pl )COS¢MI¢MZI - m.nth cos¢.u¢szl - (,:lji > O; j = ]’"" 4) (4'37)
Zm.\’l sin ¢lll p/¢m = EII + E.’I + EJ: + EJ/ —(mul + m.v )g

and

(m,+m )z, +{(m, +m, )T, sign(ep,)cosf[ep, +asign(ep,)]

—m,(2y +p,)sing, }p, —m,h, sing ,§, +m, cosp,p, ~

{(m,, +m, )T, sign(@, )sin[ o, +a,sign(p, )] + (£, =0:j=1,20r3,4) (4.38)
m,(zp + p,)cos@,, }@; - m hy cosp, @ —2m,, sing,, p,¢@,,

=F,—(m,+m,)g

The tire vertical forces before wheels lift-off, F,j,. Gg=1, 2, 3, 4), are derived from the

resultant deflections and velocities across the tires. Assuming linear vertical spring rate

(k,) and viscous damping coefficient (c,; ) due to the tires, and negligible contribution

due to road roughness, the vertical tire forces are derived as:

FIII = kll [Al”l - z"l —(7: + Al )Sin¢ll1] +c’l [—z'lll —(7: + AI )C0s¢ul¢¢m]
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F;.’l = k’l [Alfh - zﬂl - 7: sin¢"l ] + cll [—élll - 7: C0s¢ul¢ul ]

F;Sl = kll [AIUI —zul +7: Sin¢m] +Cn [-ém +T; cos o, ¢u1]

F;Jl = kll [AIOI —zlll +(7.l + Al )Sin¢m ] + Cll [-élll +(T: + AI )Cos¢m¢ul ] (4'39)

where T, is half track width of the inner tires and a, is dual tire spacing. A,,, is the static

L} i

tire defection derived from the axle load distributed over 4 tires of the axle i, given by:
A, =(m,+m,)g/(4k,) (4.40)
The total vertical force, developed by the tires on axle i, after the loss of contact of tires,
1 and 2 or 3 and 4, with the road, can be derived as:
F,=(m,+m,)g-2k,z, ~2c,z, 4.41)
Equations (4.35) to (4.41) describe the lateral and vertical force equilibrium for
unsprung mass /, before and after the loss of tire-road contact. The application of
appropriate equations, however, involves examination of road-wheel contact from the

lateral load transfer ratio (LTR,), defined as:

LTR. = l(Frli + Fp,) = (Fi3 — F;u)l
’ Foi+ Fy + Fi5, + Fy, I

(4.42)

The subscripts / and 2 denote the tires located on the outer track of the axle, while 3 and
4 denote those located on the inside track. The occurrence of loss of road contact of tires

on one-track yields a unity value of the L7R..

Roll motion of the unsprung mass (@, )

[1,+m (24, + D, ) ]B, —m, (2, +p,)sing,2, —m,(z, +p, )cosp, 3,
+m Ay, (2, + P, ) COSP, =@, )P, —M he (24 + P, )SING, -0, )% +
2m (zp + P, )PP, =M 8( 2y, + p, )sing,, —(F, —F,, )s, +
[(F.—F )T +A)+(F, —F,; )T Jcosp, + F;':(hul +2,)+k,(0,-9,)
(F,>0: j=1,...,4) (4.43)

ur

-142 -



and

(L +m (2 +p, ) +(m, +m,)T] +2m T, sign(@,, )(z, +
p)sin[a,sign(@, )]}$,, —{m, (2, +p,)sing, —

(m, +m, )T sign(p, )cos[o, +a,sign(p, )]}z, -

{m,(zp +p, )cos@, +(m, +m )T, sign(p,)sin[p, +

a,sign(@, )]}y, +m T, p,+{m hy(z, +p, )cos(p, —p,)
-m,T,sign(p, )hy, sinf[p, —@, —a,sign(p, )]},

—{m,hy(zp +p,)sin(o, -9, )+m,T,sign(p, )h, cos[ o,

-, —asign(e, )]}o, +m(T,sign(p, )sin[a,sign(p, )] +

2025, P, )} DD, =M, 8(24 + p,)sing, ~(m, +m_)gT, sign(e, )
cos( @, +a,sign(p, )] —(F,—F,)s, +k, (9, -9,)

(F, =0;j=120r3,4)

(4.49)
where F,, and F,, are forces developed by suspension, comprising the restoring and
damping force components, and k, is the auxiliary roll stiffness of axle i. Assuming
linear spring rate about an operating point and viscous damping, the suspension forces
can be expressed as:

k,A, +c,A, +F,sign(4,) ifA,>0

st s

F,=10 if-€,<4,<0;  j=I 2 (4.45)

k,(4,+¢&,)+c, A, +F,sign(4,) ifA,<-¢,
where k, and c, are suspension stiffness and damping coefficients, respectively, and
F,, is the suspension coulomb friction force. &, and &, are the backlash of the
suspension springs / and 2, respectively. A ; and A ;i G=1, 2) are the relative deflections
and relative velocities of the suspension, respectively, which can be expressed as:

4, =4, =p, +(hy =b )[1=cos(p, -9, )] +(=1)'s,sin(p, -9, ); j=1 2 (4.46)

AI’ = _ﬁ' + [(hlh - bl )Sin(¢u - ¢Ml ) +(—1)/ s: COS(W\, —¢m )](¢v -¢ul ) ;j=1' 2 (4'47)
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where s, is the half spring spacing. and b, is the vertical distance from the sprung mass
cg to the spring top attachment point of the spring, when the vehicle is in its static
equilibrium position. A, =m_g/(2k,) is the static deflection of the suspension springs.
The forces developed by nonlinear suspension springs, such as leaf springs and air
suspension, are incorporated into the model using force-deflection tables.

The equations of motion for the sprung masses are derived in a similar manner
from the vertical and lateral force, and roll moment equilibrium. The coupled differential
equations describing the motion of sprung masses before and after the wheel lift-off are
presented below.

Vertical motion of the sprung mass (p.)

mu ﬁ/ + m, cos ¢MI ':-':Ill - mu sin wmj}m - m,thi Sin(¢.u - ¢u: )¢u
- m\'lth COS( q)xl - wul )¢121 - m.u (le + pl )¢uzl (F;/l > 0; j = l’ ] 4) (4'48)
=F,+F,-m_gcosop,

and

mII pl + mxl cos ¢lll .Z.lll + m.\l 7;[ Sign(¢m )cos al ¢Hl - mIl Sin ¢lllylll
- mXIhRI Sin(¢\l - ¢lll )¢.\'I - m.ﬂ th cos(¢\l - ¢lll )¢Izl -

m (T, sign(p, )sin[a,sign(p,, )] +(zs + p, )} @,

= F}I + F.?l —m.\lgcoswul

(F, =0:j=1,20r3,4) (4.49)

Roll motion of the sprung mass (@)

(1,+m, hl.;: )P, —mhy, sing Z, —m_hy cose,,y, +

m, Ry (2g + p,)cOS(Q, =@, )P, —m,he, P, sin(p, @, )

+m hy, (2p +p,)sin(Q, —@, )l +2m hy cos(p, - @, ) D@, (F,>0 j=1,..,4) (4.50)
=m,ghy, sing, —(F, +F, )(hy, b, )sin(p, -9, )+

(F,—F,)s,cos(p, -0, )~k (p, -9, )-MI

and
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b

(I,+m,h; )§, —m h, sing %, —m h, cos @V, +

{m hy (zp +p, )cos(p, — @ )—m h, T, sign(p,, )x

sin[@,, -, —a,sign(@,, )]}P,, —m h, b, sin(p, —¢, )+

{m e (zp +p,)sin(o, -, )+mh,T,sign(p, )x (F =0:j=120r3.4)
cos(p,, —@,, —a,sign(p,, )]}, +2m hy cos(p, -9, )D,P.,

=m,ghy, sing, ~(F, +F, )(hy, =b,)sin(p, —p, )+

(Fi,—F,)s,cos(p,—@, )=k, (o, -9, )—MT,

4.51)

where MT, is the moment developed due to torsional compliance of the couplings

between the sprung units, which can be expressed as:

KF: (¢xi - ¢_\'/1¢I} ); i = 1
MY: = KIT:-I (¢u - ¢.\'{1-l} ) + KF: (¢n - ¢s(:¢l} )" 1 <i<n (4'52)
KF:-I (¢\'l - ¢’,q,-/, )v. i=n

The lateral acceleration response of the sprung mass i, before and after the wheel lift-off,
can be derived from derivative of velocity vector of the sprung mass i, and can be
expressed as:

a_w = j;m - (ZRI + pl )COS ¢m ¢ul —sin ¢lll ﬁ: - th cos ¢.\‘I ¢.\i
+ (ZRI + p, )Sin ¢MI¢MZI - ZCOS ¢mﬁl¢m + 2th sin ¢.ﬂ¢\'2l - (F;jl >0; j =1, 4) (4‘53)
2:.141 (b.w + (ZRI + P, ) sin P ¢ul ¢x1 —cos ¢ul p ' ¢x:

and

a, =3, —(zZy +p,)cose,P, ~sing,p,—h, cosp,p, +

(Zx +p,)Sing,p. —2cos@, p.P,, +2h, sing @, -;,0, +

(zx +p,)sing,0,0, —cosp,pp,—T,sign(p, )cos[p, + (F, =0;j=120r3,4) (4.54)
a,sign(o, ), ]9, —T,sign(o,, )sin[p, +a,sign(p, )], -

T,sign(¢p, )cos[o, +a,sign(p, )]9.9,

The equations of motion of the vehicle combination are initially solved under

prescribed steering maneuver and vehicle speed, assuming tire-road contact. The vertical
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tire forces are examined to identify the loss of road-wheel contact. The response is then
evaluated from equations derived corresponding to lift-off conditions. The final state-
variable values computed from the equations of motion, applicable before the wheels lift
off the ground, are considered as the inertial conditions of the equations of motion after
wheel lift-off. The initial condition for the unsprung mass roll rate, however, is derived

from conservation of rotational kinetic energy, which can be expressed as:

11”

4.55
Iml) ( )

6.,(0)=1I,(T,)

where 7, (T,) is the unsprung mass roll rate, when LTR, approaches a unity value, and
T, 1s the time corresponding to the wheel lift-off. Equations of motion, derived using

Lagrange’s energy approach, are solved for lateral force excitations at the tire-road
interface arising from different directional maneuvers. The lateral force excitations can be

obtained either from the field tests or from a validated more comprehensive vehicle

model.

4.4.2 Modeling of Suspension Springs

Heavy vehicles are increasingly employing air springs for their superior load
carrying capacity, ride height control, ride comfort and pavement load performance,
while leaf springs are still widely used due to their low cost and high durability. The front
axles of heavy vehicles and combinations mostly utilize leaf springs. The leaf springs
exhibit nonlinear force-deflection and hysterestic properties, as shown in Figure 4.15
[91]. The figure illustrates the envelope force-deflection curves together with those

obtained under small amplitude stroking cycles about three operating points. It has been
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reported that the force-deflection properties of truck leaf springs are insensitive to
frequency of oscillations in the range of 0 to 15 Hz, but depend on the amplitude of
motion and the nominal load [91]. Although there exists a variety of configurations of air
springs employed in heavy vehicles, most air suspensions exhibit nonlirear force-
deflection characteristics and hysteristic loops due to rubber bushings. Since the roll
dynamic of heavy vehicle is strongly related to suspension properties, an analytical
representation is formulated for force-deflection characteristics of commonly used leaf

and air spring suspensions.

.

e

LOAD —— e

JEFLECTION

Figure 4.15: Typical tapered-leaf spring envelope with hysteresis loops [91]

The force-deflection characteristics and hysterestic loops of the springs can be

approximately represented by the following numerical iteration equation:

F =F, +(F_ —F, et 4% (4.56)
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where F, and 4, are the suspension force and deflection at the current (/) simulation time
step. while F,_, and 4_, are the suspension force and deflection at the previous (i-/)
simulation step. F,, is the suspension force corresponding to the upper and lower limits
of the envelope of the measured spring characteristics at a deflection 4,. For 4 > 4_,,
the F, is derived from the upper limit of the envelope, while the lower limit is used for
4 <4,_,. A is a deflection constant, which describes the rate at which the suspension
force within a hysteresis loop approach the boundary of the envelope. The value of A is
selected to minimize the error between the measured and estimated force. The lower and
upper bounds of the force-deflection characteristics may be represented by linear and
nonlinear function in terms of suspension deflection, 4 .

Figure 4.16 illustrates the force-deflection characteristics of the Hendrickson RTE

440 suspension spring, derived from the analysis of the roll plane model under step

lateral acceleration excitations. The envelope force F,, corresponding to upper and
lower bounds, is expressed by the following linear expressions:
For 4 > 4_,
F, =1773.64 +4.76 kN, 4.57)
For 4 <4_,
F, =1299.74 +0.14 kN, (4.58)
The deflection constants were selected as: A=1.65x107 m for 4 >4_,; and

A=1.27x10" m for 4, < 4_,. The results show that both upper and lower limit curves

approach their equilibrium positions exponentially corresponding to minimum and
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maximum deflections. The rate of approach, however, is dependent upon the deflection

constant A .
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Figure 4.16: Simulation of a leaf spring property using numerical iteration.

4.5 MODEL VALIDATION

The analytical model of suspension springs based upon numerical iteration
technique, is integrated within the dynamic roll-plane model. The vehicle model is
analyzed under transient steering maneuvers, and its response characteristics are
compared with those obtained from comprehensive yaw/roll model. The three-
dimensional vaw/roll model has been widely accepted as a valid tool for study of

directional behavior of heavy vehicle combinations [92]. The yaw/roll model, however, is
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developed upon assuming that the unsprung mass roll center is located at its c.g. [29].
The comprehensive model thus can not be considered valid when loss of tire-road contact
occurs, since the roll center shifts to the contact patch of the outer tires. The validation of
the proposed roll plane model can thus be examined prior to the loss of wheel-road
contact. The yaw/roll model is initially analyzed to determine the lateral force excitations
at the tire-road interface under sinusoidal steering inputs. The lateral force excitations
together with the simulation parameters, summarized in Table 4.10 are then used to
analyze the proposed roll plane model. The sprung weight of the semi-trailer is lumped
into two roll planes (#2 and #3), as shown in Figure 4.12 (b). The lateral acceleration of

the semi-trailer in the roll plane model (a,,) is derived as the moment-weighted average

of lateral acceleration responses of the sprung masses in the 2" and 3" roll plane, given

by:
ayl = (mszay2hs2 + ms30j'3hs3 )/(mSZhSZ + ms3hs3) (459)
where m_,, m, a,, and a; are the sprung masses and lateral acceleration responses in

the 2™ and 3" roll planes, respectively. h,, and A are the c.g. heights of the sprung

masses in the 2™ and 3™ roll planes, respectively. Figure 4.17 illustrates a comparison of

the lateral acceleration response of the trailer sprung mass derived from the proposed
model with that obtained from the yaw/roll model. The results show that the proposed
model yields excellent agreement with the yaw/roll model in terms of both the magnitude
and the phase. The load transfer ratios derived from the proposed and yaw/roll models are
further compared in Figure 4.18. It is observed that the load transfer ratios of the tractor
and trailer axles. derived from the roll plane model, are quite close to those derived from

the yaw/roll model.
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Table 4.10: Simulation parameters of a 5-axle tractor-semitrailer combination.

Tractor front Tractor rear Trailer section

section section
Sprung mass (kg) 4404.0 14365.0 14365.0
Roll moment of inertia of sprung mass (kgm~) 2500.0 12000.0 12000.0
Unsprung mass (kg) 548.0 22700 1362.0
Roll moment of inertia of unsprung mass (kgm-~) | 418.0 1154.0 928.0
Tire vertical stiffness (kN/m) 875 875 875
Suspension viscous damping (Ns/m) 0.0 0.0 17500.0
Coulomb friction (N) 2116 8907 3224
Tire viscous damping coefficient (Ns/m) 0.0 0.0 0.0
Sprung mass cg height (m) 1.120 2.065 2.065
Distance between sprung mass cg and 0.6564 12269 1.3284
suspension roll center (m)
Distance between the top attachment of the 0.6064 1.1469 1.2484
suspension and sprung mass ¢g (m)
Unsprung mass cg height (m) 0.5080 0.5080 0.5080
Distance between unsprung mass cg and -0.0444 0.3301 0.2286
suspension roll center (m)
Half wheel track (m) 1.0160 0.7495 0.8255
Dual tire separation (m) 0.0000 0.3302 0.3302
Half suspension track (m) 0.4064 0.4826 0.5588
Auxiliary roll stiffness (Nm/rad) 24752.0 745217.0 777618.0
No. of Wheels per axle 2 4 4
No. of axles per section 1 2 2
Tractor frame roll stiffness (Nm/rad) 55000.0

6000000.0

Fifth wheel roll stiffness (Nm/rad)
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Figure 4.17: Comparison of the trailer lateral acceleration response of the roll
plane model with that derived from the yaw/roll model.
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Figure 4.18: Comparison of load transfer ratio derived from the roll plane and the
yaw/roll models.
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4.6 ABSOLUTE ROLLOVER THRESHOLD

The roll stability characteristics of heavy vehicles in terms of static rollover
threshold (SRT) and dynamic rollover threshold (DRT) have been thoroughly investigated
in previous sections. SRT and DRT, however, are defined on the basis of relative rollover
criterion. Definite occurrence of rollover may not be assured when lateral acceleration
response of a vehicle reaches its SRT in steady turning maneuvers or DRT in directional
maneuvers. Absolute rollover threshold (ART) of heavy vehicles, on the other hand, is
defined based on absolute roll instability criterion. ART can thus be taken as a real

indication of absolute rollover.

4.6.1 Absolute Roll Instability Indicators

Dynamic roll instability can be quantified by an energy-based function, referred to
as Rollover Prevention Energy Reserve (RPER), proposed by Nalecz [42]. The
corresponding dimensionless factor RPERF, is employed for this study. The RPERF is
defined as the difference between the potential energy at its tip-over position and the sum
of the instantaneous potential and rotational kinetic energies, divided by the difference
between the potential energies at its tip-over and static equilibrium positions. RPERF
function approaches a negative value when rollover occurs, but the function value always
remains positive in a non-rollover case. RPERF is considered as a conservative dynamic
rollover indicator, as the energy dissipated due to non-conservative damping is assumed

to be negligible. The RPERF can be expressed as:
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Z[U,u, -U,-K_ -3KF (0, -0, )]

RPERF =
Z(U'nr —U’u )

(4.60)

where U e is the potential energy of the vehicle at its tip-over position in the roll plane i.
U; and K,  are the instantaneous potential and rotational kinetic energy of the vehicle
in roll plane i, respectively. U ,, is the potential energy in roll plane i of the vehicle at its
static equilibrium position. The instantaneous potential energy of the vehicle U,, before

and after the wheel lift-off, is derived from Equations (4.29) and (4.32), respectively.

U, .U, and K, = are further derived as:
up roll

Ul,,’ =mu1g[1;l Sin(wll_, +a)]+

4.61
m g[T, sin(p, +a)+zp cos@, +hy cos(p, +4p,)] ‘
U,0 =m,gh, +m,g(h, +zg +hg) (4.62)
s . 2 - 2 .
) = O'J(Imwu,l + Isl¢sl ) (F‘Ijl > (-)' 1= lr"v4) (4.63)
ol 0. 5(11110¢l;l + ["¢’,5’) (F;j, =0;7=120r3,4)
where @, is the unsprung mass roll angle at the tip-over position, given by:
P, = tan”’ T, —hR: sin( 4¢,) (4.64)
i th COS(A¢I ) + Rw: + ZRI

Assuming that the total sprung weight is supported by the suspension springs on one side
after wheels lift-off, Agp, can be estimated as, Ap,=m_g /(2k,s, ). The dynamic rollover
of a vehicle may also be detected from the lateral distance between the sprung mass cg
and the outer tire contact patch with the ground, referred to as Critical Distance (CD)

shown in Figure 4.14. The critical distance may be computed from:
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CD, =[T,sign(p,, )cos[@,, +sign(p, )a,] —(h, +z, )sing,, —h, sin .| (4.65)

A dimensionless factor, Critical Distance Ratio (CDR,) is defined as:
CDR, =CD, /(T, cosa, ) (4.66)
From equations (4.65) and (4.66), it is apparent that the critical distance ratio is at its
maximum value, when the vehicle is in its static equilibrium position, and reduces to zero

when the vehicle approaches its tip-over position.

4.6.2 Analysis of Absolute Rollover Threshold

Dynamic rollover of heavy vehicles frequently occurs during high-speed evasive
maneuvers. Many field measurement studies of heavy vehicles have established that the
lateral tire force corresponding to typical evasive maneuvers can be approximated by a
sinusoidal function [28, 90]. The roll plane model derived in section 4.4 is used to
investigate absolute rollover threshold of heavy vehicles subjected to sinusoidal lateral
force excitations at three different frequencies: 0.5Hz, 0.33Hz and 0.25Hz. The
simulation parameters of a typical straight vehicle are illustrated in Table 4.11.

Figure 4.19 illustrates the time histories of the dynamic rollover indicators and the
roll angles of the sprung and unsprung masses of the vehicle subjected to a sinusoidal
lateral excitation at 0.33 Hz. The results show the absolute rollover indicators in terms of
RPERF and CDR. The CDR approaches a zero value at t=1.35s, which relates to the tip-

over position of the vehicle. The roll displacements of the sprung (¢, ) and unsprung
(@, ) masses initially increase slowly, when the values of CDR and RPERF are relatively

high. The roll angles increase more rapidly as the vehicle approaches its tip-over position,

which indicates the occurrence of a definite rollover. The RPERF reduces to a value
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below zero prior to the vehicle approaching its tip-over position. The signature of the
dynamic rollover indicators and the roll angles of the sprung and unsprung masses of the
vehicle subject to a relatively less severe sinusoidal steering maneuver (£=0.33 Hz) are
illustrated in Figure 4.20. In this case, the roll displacements of the sprung and unsprung
masses increase to peak values of 23° and 19°, respectively, and then reduce in a more
rapid manner toward the static equilibrium position of the vehicle. An actual rollover of
the vehicle thus does not occur even though the RPERF approaches zero. The critical
distance ratio (CDR) approaches a minimum value of 0.33, when the roll angles approach
their respective peak values. The CDR then tends to increase, as the roll angles decrease,
indicating the non-existence of a definite rollover situation. Under such steering inputs, it
is apparent that the RPERF represents a conservative dynamic rollover indicator, while
CDR describes the occurrence of a definite rollover more accurately.

Absolute rollover threshold defined as the maximum lateral acceleration level that
a vehicle can sustain before the dynamic rollover indicators approach zero values can
also be investigated using the proposed roll plane model. Sinusoidal lateral force
excitations at the tire-road interface are employed in this study, which approximately
represent the lateral forces developed at the tires of a vehicle during obstacle avoidance
maneuvers. The roll plane model is analyzed to derive the RPERF and CDR, which are
further examined to predict the absolute rollover threshold of the vehicle at different
excitation frequencies. Figure 4.21 illustrates the relationship between the amplitude of
lateral acceleration response of the sprung mass, and RPERF and CDR at an excitation
frequency of 0.33 Hz. The results show that the amplitude of lateral acceleration

approaches 0.62 g corresponding to zero value of the RPERF. The amplitude of lateral
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acceleration corresponding to CDR=0. however, approaches a higher value of 0.64g. as

shown in the figure. Thus two slightly different rollover limits are obtained based on the

RPERF and CDR.
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Figure 4.19: Dynamic rollover indicators in a rollover directional maneuver.
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Figure 4.20: Dynamic rollover indicators in a non-rollover directional maneuver.
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Figure 4.21: Prediction of the dynamic rollover limits using the CDR and RPERF.
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The absolute rollover limits of the vehicle subject to excitations at different
frequencies are summarized in Table 4.12. The static rollover threshold (SRT) of the
vehicle is further evaluated using the roll plane model subject to a ramp-step lateral
excitation at a very slow rate. The ratio of absolute rollover threshold (4RT) to the SRT is
further derived and presented in the table. The lateral acceleration level when RSF
approaches 1 is taken as the SRT of the vehicle. From the results, it is apparent that
excitations at a relatively higher frequency of 0.5 Hz yield dynamic rollover limits
considerably higher than the corresponding SRT, irrespective of the indicator used. As the
excitation frequency decreases, the dynamic rollover limits of the vehicle approach the
SRT from the upper side. The results of the study thus reveal that the permissible lateral
acceleration in a lane change maneuver is higher than thzt considered safe under a steady
maneuver. The SRT thus provides an underestimate of the anti-roll ability of the heavy

vehicles subject to transient steering maneuvers.

Table 4.11: Simulation parameters of a straight truck.

Parameters Symbol Values
sprung mass (kg) m,, 16946
unsprung mass (kg) m,; 3033
distance between sprung mass cg and its roll center (m) Hp, 1.2
unsprung mass cg height (m) H. 0.508
roll moment of inertia of sprung mass (kg-m*") I, 35768
roll moment of inertia of unsprung mass (kg-m-) i 1410
top of suspension spring to sprung mass cg (m) b, 0.3
dual tire separation (m) A, 0
half spring track (m) S, 0.762
half wheel track (m) T, 1.08
tire vertical stiffness (N/m) k, 711880
number of tires N, 8
suspension spring stiffness (N/m) k., 1240103
suspension damping coefficient (N-sec/m) Cys 102602
auxiliary roll stiffness (Nm/deg) ke 20810
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Table 4.12: Dynamic rollover threshold of the vehicle at different excitation frequencies.

Absolute rollover ART/SRT
threshold (ART) (g) SRT (g)
Based on Based on Based on Based on
CDR RPERF CDR RPERF
f=0.25 H= 0.62 061 1.03 1.02
f=0.33 H= 0.64 0.62 0.60 1.07 1.03
S/=0.5 H= 0.76 0.71 1.27 1.18

4.7 SUMMARY

The dynamic roll response characteristics of articulated heavy vehicles are
investigated using the yaw/roll model. It was revealed that the roll response
characteristics of the tractor and attached trailers are quite different in both amplitude and
phase angle. The concept of effective lateral acceleration is thus proposed to characterize
all the centrifugal forces of a complete roll unit. Dynamic rollover threshold is proposed
based on the effective lateral acceleration and the relative rollover criterion. It is
concluded that dynamic rollover threshold of articulated heavy vehicles in most cases are
slightly less than or equal to the static rollover threshold of such vehicles, and are
relatively insensitive to steering maneuvers. The difference between the static and
dynamic rollover thresholds is normally less than five percent. Static rollover threshold
can therefore be conveniently employed to estimate the dynamic rollover propensity of

heavy vehicles. Wheels lift-off sequence is investigated by examining load transfer ratio
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occurred on each composite-axle of heavy vehicles in directional maneuvers. It is
concluded that rollover of tractor semi-trailer combinations and A-train doubles is
initialized at the rearmost axles of the vehicles.

An analytical nonlinear roll plane model of different heavy vehicle combinations
is proposed for investigation of absolute roll instability. The equations of motion derived
using Lagrange’s energy approach is considered valid until the vehicle approaches its tip-
over position. The proposed model differs from the previous reported models in a
significant manner, since it can predict the roll dynamics of a vehicle after the wheels lift
off the ground, and thus the occurrence of an absolute rollover. The rollover indicators in
dynamic maneuvers are proposed in terms of RPERF and CDR, while RPERF is
considered as a conservative rollover indicator. The absolute rollover limits predicted by
RPEREF are slightly lower than those predicted by the CDR. The simulation results reveal
that absolute rollover limits of a straight truck in an obstacle avoidance maneuver are
larger than the corresponding SRT values, especially for higher excitation frequencies.
The SRT provides an underestimation of the anti-roll ability of the heavy vehicles subject

to transient steering maneuvers.
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CHAPTERSS

ANALYSIS OF IMPENDING ROLLOVER INDICATORS FOR
OPEN-LOOP ROLLOVER CONTROL

5.1 INTRODUCTION

It has been established in chapter 4 that the dynamic roll instabilities are initiated
at the rearmost of articulated freight vehicles, and the driver often remains unaware of the
impending instability due to excessive dimensions of the vehicles [38, 93]. It has been
recognized that some form of early warning to the driver of the onset of potential vehicle
rollover is vital to ensure road safety. Probability of heavy vehicle rollover accidents can
be considerably reduced through on-line detection and early warning of impending roll
instability, such that a timely corrective maneuver could be performed by the driver to
avert the occurrence of a potential instability [94]. Early detection of potential roll
instability involves the establishment of a dynamic rollover criterion, and the
identification of motion response parameters which are directly related to onset of vehicle
rollover. Such vital parameters, however, must be directly measurable and relatively
insensitive to variations in vehicle design and operating conditions to realize a reliable
early warning system. Furthermore, the warning signals for impending rollover should be
generated early enough such that the driver can perform the corrective maneuvers in
appropriate time. The design of a dynamic rollover warning device thus necessitates the
identification of impending dynamic rollover indicators with high degree of
measurability, reliability and available time margin for corrective maneuvers.

Only a few studies have reported on detection of onset of vehicle rollover.

Preston-Thomas et al. [95] carried out a feasibility study of a rollover waring device for
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heavy vehicles, and concluded that the lateral load transfer ratio (LTR) can serve as a
reliable indicator for impending rollover. The proposed criteria, however, involves on-
line measurement of tire loads in a moving vehicle, which is considered to be quite
intricate. Rakheja and Piché [S5] investigated the concept of an early wamning safety
monitor to detect the onset of vehicle rollover and jackknife, and proposed a set of
directly measurable response variables, which are directly related to potential roli and
yaw instabilities. The study concluded that the onset of vehicle rollover could be detected
via on-line acquisition of vehicle lateral acceleration during low speed cornering
maneuvers and semi-trailer axle roll angle during high-speed directional maneuvers. The
reliability of the indicators proposed in [5, 95] has not been investigated in view of the
dynamic rollover of the vehicle and the lead time provided by the indicators.

In this chapter, different potential dynamic rollover indicators are identified
through simplified analysis of a lumped two-axle roll plane model. Rollover indicators
are evaluated for their reliability to predict roll instability of a five-axle tractor-semitrailer
combination. Parametric sensitivity analyses are carried out to study the sensitivity of the
indicators to variations in various operating and design factors. Measurability of potential
rollover indictors is discussed based on current engineering practice. Phase shift
properties of the indicators are investigated to assess their capability to provide an early
waming of impending rollover with sufficient lead time for the driver’s actions. Different

conceptual designs of an early warning roll safety monitor are finally discussed.
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5.2 IDENTIFICATION OF POTENTIAL ROLLOVER INDICATORS

Rollover of heavy freight vehicles may occur in low speed cornering maneuvers
and in high speed directional maneuvers. Relative rollover condition and rollover
threshold of a variety of heavy freight vehicles in steady cornering maneuvers have been
investigated and presented in chapter 3. Detection of relative roll instability of heavy
vehicles in steady cornering maneuvers can be performed based on static rollover
threshold (SRT) or lift-off of wheels on certain axles. Relative roll instability of heavy
vehicles in transient directional maneuvers, however, can be detected based on dynamic
rollover threshold (DRT), as analyzed in chapter 4. Since dynamic rollover threshold of a
vehicle is nearly equal to its static rollover threshold, SRT and the corresponding relative
rollover condition can thus be employed to derive relative rollover indicators in
directional maneuvers.

As discussed in chapter 3, relative rollover condition of straight vehicles may be
approached when wheels on either one axle or two axles lift off the ground, depending on
vehicle configurations, roll stiffness distribution between front and rear axles. Relative
rollover condition of five-axle tractor semi-trailer combinations is always approached
when wheels on tractor rear and trailer axles lift off the road surface. Relative rollover
condition of B- or C- doubles may be reached either when wheels on tractor rear axles
and on the adjacent semi-trailer axles lift off or when wheels on axles of the first and
second semi-trailers lift off, depending on vehicle configurations. Relative rollover
conditions of all the vehicle configurations, however, can be synthesized and numerically

evaluated by a non-dimensional factor referred to as roll safety factor (RSF), as defined in
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chapter 3. RSF is proposed on the base of load transfer ratio of the axles which

experience wheels lift-off at relative rollover condition, and is expressed as:

S (FL, - FR))
RSF = 22 (5.1

D (FL,+FR,))

=t

where m is the number of axles that should experience loss of wheel-road contact in
order to approach relative rollover condition. The absolute value of RSF can be used as a
rollover indicator. Apparently, |[RSF] will approach its maximum value 1 when relative
roll instability condition is reached.

The two-axle roll plane model for straight trucks presented in chapter 3 is used to
derive an analytical relationship between RSF and vehicle response parameters.
Assuming relative rollover condition of a straight truck is reached when wheels on the
rear axle lift off the ground, Equation (5.1) can be simplified as:

FR, - FL, 52)
FR, + FL,

RSF =
Substituting FR, and FL, from Equation (3.6) to Equation (5.2), the following linear

relationship between RSF and the rear axle roll angle ¢, , is obtained as:

w
, =—=—RSF (5.3)
¢"- 2k12T2

where W, =(m q, +m,, )g is the load supported by the rear axle. The unsprung mass
roll angle ¢, (i=1, 2) is related to the vehicle lateral acceleration a, and sprung mass

roll angle ¢_ . The relationship can be derived from Equation (3.7) as:

®, =4a,9, +a,a, (5.4)
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P, =a,9, ta,a, (5-5)
where a,,. a,,. a,, and a., are parameters related to vehicle configurations, suspension
and tire stiffness characteristics, as given in Equation (3.7). The lateral acceleration a,,
however, is linearly related to sprung mass roll angle ¢_, as shown in Equation 3.8, and

1s presented below for clarification as:

a, =Cp, (5.6)

K, +K,,-mgh,-K_ ,a, —K_ a
ol L2 sE70r ol _If #2° 7 could be taken as a constant for a

where C =
mh, +K a,+K,,a,

specified vehicle. Substituting Equations (5.3) and (5.6) to (5.5), the following
relationship between ¢ _ and RSF is obtained:

w,

= RSF 6.7
2k,,T,(a,, +Ca,,)

D,

Substituting (5.7) into (5.6), the relationship between @, and RSF can be written as:

CW,

a, = 2 RSF -8)
2k,2T2 (a_)/ + Ca.’.’ )

The relationship between the front axle roll angle ¢, and RSF can be derived by

substituting Equations (5.7) and (5.8) into (5.4), and can be written as:

w,

= a,, +Ca,, )RSF (5.9
2k,,T,(a, +Ca,, )( 1" )

¢ul

The relative roll angles between sprung and unsprung masses can be derived as:

W,
2k,,T,(a, +Ca,,)

49, =9, -9, = (1-a,, —Ca,, )RSF (5.10)
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W, 1
= —1]RSF 5.11
2k, T, [(az, +Ca,,) 7 ( )

A¢u.’ =¢x _¢u.’ =

Under a dynamic directional maneuver. the vehicle lateral acceleration a,

describes the lateral dynamic response of vehicle subject to a steering input at the front
wheels. For a two-axle vehicle subject to a steady cornering maneuver, the following

relationship between the steering angle and lateral acceleration is easily established [21]:
s,V’=a (L+K, V’'/g) (5.12)
where &, is the average steer angle of the front wheels, and ¥ is vehicle forward
velocity. L is the wheelbase, and K, is the understeer coefficient. & sz is referred to as
steering-velocity factor (SVF). By defining SVF =6 ,VJ and substituting (5.8) to (5.12),

the following relationship between steering-velocity factor (SVF) and RSF is obtained:

cw,
2k,,T,(a,, +Ca,,)

SVF=(L+K, V°’g) RSF (5.13)

Equations (5.3), (5.7) to (5.11) and (5.13) reveal that the vehicle response
parameters of straight trucks (¢,,, @,,, 49,,, 4¢,,. ¢,, a, and SVF) can be directly
related to RSF, and thus relative rollover condition of the vehicle. Since RSF is served as
a relative rollover indicator, the response parameters of @,,, @.,, 4¢,,, 4¢,,, @., a,

and SVF could be taken as potential rollover indicators of straight trucks. Further
examination of the above relationships between the response parameters and RSF reveals

the following observations. The unsprung mass roll angle (@, ,) shows strong dependency

upon the axle load, wheel track and tire stiffness. The lateral acceleration (a, ), sprung

mass roll angle (¢, ), relative roll angles (4¢,,, 4¢,,), and front axle roll angle (¢,,)
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reveal further dependency upon the c.g. height and suspension properties. The steering-
velocity factor parameter (SVF) reveals further dependency upon the vehicle handling
property. specifically the understeer coefficient.

The potential rollover indicators derived from two-axle roll plane of straight
trucks can be classified in six groups: @ roll safety factor (SRF); @Qunsprung mass roll

angles (@,,, ¢,,); @ relative roll angles (4¢,,, 4¢,,); ®sprung mass roll angle (o, );®
vehicle lateral acceleration (a,); and ® steer-velocity factor (SVF). For tractor semi-

trailer combinations, B- and C- doubles, however, simple analytical relationships between
response parameters and RSF could not be derived due to complexity. By similarity, the
potential rollover indicators for the articulated vehicles could be picked up from the

above five groups of rollover indicators, as illustrated in Table 5.1.

Table 5.1: Potential rollover indicators of different vehicle combinations.

Straight trucks | Tractor semi-trailer | B- C-doubles
(2-axle) combinations
Groupl RSF RSF RSF
Group 2 ¢ul’ ¢u.7 ¢ul’ ¢u2’ cUee ¢un* ¢ul’ ¢u2’ Tt ¢un
Group 3 A¢u1 ’ A¢u2 A¢ul ’ A¢u2’ st A¢un A¢ul ’ A¢u2’ coe A¢un
Group 4 ¢s ¢rl ? ¢,\-2 y sy ¢xm ** ¢AI * ¢.\'2 ? ¢ﬂn
Group 5 a, Ay Ayys ey Ay a,.4a,..... a,
Group 6 SVF SVF SVF

Note: * n is the number of axles of the combination
** m is the number of sprung masses of the combination.
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5.3 MEASURABILITY ANALYSIS

As illustrated in Table 5.1, potential rollover indictors are classified into six
different groups. Measurability analysis for each group is carried out based on current
engineering practice.

Roll Safety Factor - As illustrated in Equation (5.1), roll safety factor involves

monitoring dynamic tire vertical forces. Over the years, a variety of techniques has been
developed for measuring dynamic tire forces generated by heavy vehicles [96]. A bending
moment method was proposed to strain gauge the axle housing between the spring
mounting and road wheel mounting [97], based on the proportional relationship between
the bending strain and the shear force carried by the axle. Modification of the measured
shear forces should be made to compensate the inertia of all wheel and axle components
outboard of the load cells. Le Balnc et al [98] noted that the bending moment method
became inaccurate in the presence of side forces or roll moment. Attempts to measure
dynamic tire force by monitoring tire inside pressure variations have not been successful
due to the nonlinear frequency-dependent relationship between tire load and tire inside
pressure change [99]. Methods based on measurement of tire vertical and lateral
deflections have been proposed [100]. It was assumed that vertical stiffness of the tire is
independent of rolling velocity. Practically, this assumption is not correct [100], and
considerable errors may result in when the tire is rolling with side-slip. Strain gauged
hubs are also developed for measurement of dynamic tire forces [101]. The tire forces and
moments are transferred from wheel rim to wheel hub by eight specially designed flex-
members with 56 strain gauges. It is claimed that this system can accurately measure

dynamic tire forces and moments. A rotating wheel dynamometer system is developed by
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Kistler [102]. which incorporates piezoelectric quartz force sensors for measurement of
dynamic wheel forces and moments.

The dynamic tire force measurement systems, however, are very expensive. The
current price for the systems illustrated in [101, 102], for example, is more than $200,000
for one axle. They are thus economically unrealistic to serve as a detector of impending
rollover of heavy vehicles. A simple and inexpensive vertical tire force sensor needs to be
developed. Since wheels with small vertical load due to load transfer can easily be locked
up, one potential method is to apply a small braking effort and measure the longitudinal
slip ratio of the wheel. This method, however, needs to be thoroughly explored for its
effectiveness and cost. The measurability of RSF is therefore rated as poor, as illustrated
in Table 5.2.

Roll Angles of Unsprung and Sprung Masses - Roll angles of sprung and
unsprung masses are defined as roll displacements of vehicle body and axle with respect
to road surface, respectively. One method of obtaining axle roll angle is to measure wheel
deflection on each side of the axle with height sensors. Unsprung mass roll angle can be
obtained as the ratio of the difference between the left and right wheel deflections divided
by the wheel track. The measurement of sprung mass roll angle can also be made in the
same manner. Highly accurate height sensors, however, are considerably expensive for a
rollover-warning device. Another method is to use gyroscopes, which also appears to be
an expensive solution. The measurement of roll angles of sprung and unsprung masses
are thus rated as good but costly.

Relative Roll Angle - Relative roll angle of sprung mass with respect to unsprung

mass can be easily measured using Linearly Variable Displacement Transducer (LVDT).
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Two laterally spaced LVDT transducers are needed to attach across sprung and unsprung
masses of a vehicle. The relative roll angle between sprung and unsprung masses is
derived from the relative displacement of the two transducers.

Lateral Acceleration - Lateral acceleration of heavy vehicle can be easily

measured using inexpensive accelerometers. The measurement of lateral acceleration is

considered as good and cheap.

Table 5.2: Measurability of different rollover indicators.

Indicators Measurability
Roll Safety Factor poor, costly
Roll Angles of Sprung and Unsprung Masses good, costly
Relative Roll Angles good, cheap
Lateral Acceleration good, cheap
Steer-Velocity Factor _good, cheap

Steer Velocity Factor (SVF) - SVF involves vehicle forward velocity and average

steer angle of front wheels. Since speedometers are normally equipped in heavy vehicles,
no additional sensor is needed to measure vehicle forward speed. There are several
methods of measuring front wheel steer angles. One is to measure the steer angle of hand-
wheel (or steering wheel). Steer angle of road wheels is derived approximately as the
hand-wheel steer angle divided by the gear ratio of the steering system. Considerable
errors may result in due to unknown compliance of the steering system. The second
method is to measure the sweep angle of the pitman arm of the steering system. Static

calibration is needed to correlate the sweep angle to the steer angles of the inside (&, ) and
outside (J,) wheels. The average steer angle of the front wheels is calculated as:
6, = arctan[21an5,, tand, /(tané, +tand, )]. Dynamic factors such as roll steer, bump

steer and wrap steer are not considered in this approach. The third method is to directly
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measure the steer angles of front wheels, which involves relatively expensive

instrumentation devices. The measurement of SVF is considered as good and cheap.

5.4 RELIABILITY ANALYSIS

Detection of impending rollover involves two important steps: (1) on-line
measurement of a rollover indictor; and (2) comparison of the obtained instantaneous
value with a preset threshold value of the indicator for generation of a roilover warning to
the driver. False waming of impending rollover may occur if the threshold value varies
with vehicle operating parameters and maneuvers performed such that its exact value can
not be known. A rollover indicator is considered reliable if its threshold value has little
variations in daily operation of the vehicle or its threshold can be predicted with little
estimation errors for various operating conditions. Reliability analysis of potential
rollover indicators is carried out in terms of estimation errors due to uncertainty of

dependent parameters and correlation properties with RSF.

5.4.1 Estimation Error Analysis

Reliability analysis of the proposed rollover indicators could be carried out using
the analytical equations derived in section 5.2. Generally speaking, an indicator is said to
be less reliable if it depends on more vehicle parameters whose values are not exactly
known. Table 5.3 illustrates the order of reliability of rollover indicators in terms of
dependent variables. Since RSF is a mathematical expression of relative rollover
condition, RSF is considered as the most reliable impending rollover indicator

irrespective of the vehicle configurations. The roll angle of the rear axle (¢,,), whose

-173 -



wheels experience lift-off at relative rollover condition, reveal strong dependency upon
the axle load. wheel track and tire stiffness. While wheel track can be reasonably
established. dynamic wheel load and tire stiffness may involve certain estimation errors.

The lateral acceleration (a, ), sprung mass roll angle (@, ) and the relative roll angles

(4¢,,, Ap,,) reveal further dependency upon sprung mass c.g. height and suspension

properties. These response parameters are thus considered as relatively less reliable
indicators. The steering factor parameter (SVF) reveals further dependency upon the

vehicle handling property, specifically the understeer coefficient. The steering factor is

thus considered the least reliable indictor.

Table 5.3 Classification of rollover indicators in terms of dependent parameters.

Indicators Dependency factors Reliability
Roll Safety Factor RSF No 0
Axle roll angle @, , Axle load, wheel track and tire e
~properties
Lateral acceleration a,, All those in ® and o
’ c.g height, suspension
Sprung mass roll angle @, properties

Unsprung mass roll angle @,,

Relative roll angle A9, ,, A@,,

Steer-velocity factor SVF All those in © and -]
vehicle handli% properties

Reliability analysis of different rollover indicators is also numerically carried out
for a straight truck, whose parameters vary from baseline values to certain percentages, as
illustrated in Table 5.4. It is assumed that + 5% variations exist in sprung weight, sprung

mass c.g. height, suspension roll center heights, roll stiffness rates and tire vertical
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stiffness rates. while *+50% variations exist in understeer coefficient. Equations (5.2),
(5.3). (5.6) to (5.11) and (5.13) are used to derive estimation errors of the rollover
indicators due to the variations in vehicle parameters. As shown in Table 5.4, RSF is not

influenced by the vehicle parameter variations. The rear axle roll angle (¢,,) varies from
-7% to 8% over its baseline value, while sprung mass roll angle (¢, ) changes from -12%
to 13% over the baseline value. Estimation error for lateral acceleration a, is in the range
of +8%, while that for front axle roll angle (¢@,,) ranges from -16% to 21%. Errors in
relative roll angles (4¢,,, 4¢,,) range from -13% to 14%. Steer-velocity factor (SVF)

experiences the largest estimation error, which ranges from -28% to 32%.

RSF is thus taken as the most reliable rollover indicator, while SVF is the least
reliable. Surprisingly, the rear axle roll angle and lateral acceleration errors are in the
same order for the typical straight truck, although previous analysis shows that there are
more dependent parameters for the lateral acceleration. Estimation errors for the sprung
mass roll angle and relative roll angles are in the same order, while the roll angle of the
front axle reveals relatively large error. It should be pointed out that large error for front
axle roll angle comes from the assumption that relative rollover condition of the straight
truck is approached when wheels on the rear axle lift off the ground. A comment from
this observation is as follows. If unsprung mass roll angles are selected to serve as
impending rollover indicators, the roll angles of the axles whose wheels are not subjected
to lift-off in relative rollover condition are less reliable than those of the axles whose

wheels experience lift-off.
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Table 5.4: Reliability analysis results in terms of estimation errors.

Vehicle parameters Response vector

baseline value variation | rollover indicator | estimation error
a:2.14m 0% RSF 0%
L:4.03m 0%

H,,:038l m 0% @, -8% ~ 9%
H,,:0.394m 0%

7,:0991 m 0% ? -12% ~ 13%
7,:0.845m 0%

m,, :513 kg 0% a, -8% ~ 8%
m,,:731 kg 0%

m, : 4690 kg +5% @ -16% ~ 21%
h,:0.92m +5%

h.,:0.405m +5% 49, -13% ~ 14%
h.,:0.686 m +35%

K, : 49832 Nm/rad +5% 49, -13% ~ 14%
K,,:295776 Nm/rad +5%

k,,: 604157 N/m +5% SVF -28% ~ 32%
k,,: 12085314 N/m +5%

K, 2deg/g +50%
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5.4.2 Correlation Analysis with RSF

The effectiveness and reliability of the proposed roll instability indicators are
discussed in the previous section using the roll-plane model for straight trucks. The roll
plane model. however, does not adequately describe the transient roll dynamics of a
multi-axle vehicle with different suspension properties. The effectiveness and reliability
of the proposed indicators are thus further investigated through analysis of a
comprehensive directional dynamic model described in chapter 4. The equations of
motion are solved in the time domain, while steering input is described either by the path
coordinates or by the steering angle of front wheels. Two different steering inputs are
considered, namely, trapezoidal steering and sinusoidal steering, to characterize low
speed cornering maneuvers and high speed obstacle avoidance maneuvers to study the
effectiveness of the indicators. In trapezoidal steering, the front steering wheels are turned
from 0° to a certain angle at a rate of 10 deg/s and held constant for the duration of the
maneuver. The vehicle model is analyzed at increasing vehicle speeds until relative roll
instability is observed. Sinusoidal steering is performed such that the steering angle of
front wheels varies in the form of a sinusoid, which lasts for only one period. The vehicle
forward speed is increased in successive increments until relative roll instability is
detected.

While vehicle design parameters could be considered as constant for a specific
vehicle, operating conditions vary considerably in daily operation. Reliability analysis of
various rollover indicators are thus performed for a typical S-axle tractor semi-trailer
combination under different operating conditions, summarized in Table 5.5 together with

the rollover indicators. A total of seven relative roll instability indicators are considered,
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which include: RSF, lateral acceleration of the tractor and semi-trailer, roll angles of the
tractor and trailer sprung masses. unsprung mass roll angles, and the steering velocity
factor. The reliability and effectiveness of each roll indicator is investigated with respect
to RSF under three directional maneuvers: steady turning, trapezoidal steering, and
sinusoidal steering. The simulation parameters of the baseline tractor semi-trailer are
presented in Table 5.6. A correlation between the different indicators and RSF is
established to study the effectiveness of each indicator in predicting the relative roll
dynamic instability. The results of the study are discussed in the following section.

Linear Correlation: The correlation between the lateral acceleration response of

the tractor and the semi-trailer units and the RSF of the articulated heavy vehicle at
nominal load is illustrated in Figure 5.1, for steady and transient directional maneuvers.
Poor correlation is observed between the tractor lateral acceleration response and the RSF
under transient directional maneuvers. The results show that during a sinusoidal steering
maneuver one RSF value corresponds to two considerably different values of lateral
acceleration of the tractor. For instance, when RSF approaches a value of 0.8, the lateral
acceleration of the tractor reaches 0.43g and 0.01g, respectively. Thus monitoring the
tractor lateral acceleration can not instantaneously determine how close the vehicle is to
rollover. The results further reveal existence of a phase shift between the tractor lateral
acceleration and the roll safety factor. The lateral acceleration response of the semi-
trailer, however. correlates very well with the RSF and thus the onset of the vehicle
rollover in dynamic maneuvers. The high degree of correlation between the trailer lateral

acceleration and the RSF is most likely attributed to its high inertia and center of gravity,
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and the fact that the semi-trailer lateral acceleration response is nearly in phase with that

of the RSF.

Table 5.5: Specifications of simulation vehicles and rollover indicators.

H Rat
Vehicle Configuration -

Semitrailer c.g. Heights (m) 1.6 1 1.85 2.05
Gross Vehicle Weight (% of 70% 100%

Nominal Load

Tires Radial 11R22.5

Front Suspension International Harvester (leaf)

Tractor Rear Suspension Hendrickson Walking Beam RTE 440 (leaf)

Semi-trailer Suspension Neway AR 95-17 Rating 10896 kg (air)

Rollover Indicators © RSF; ® Tractor lateral acceleration (a,,)

© Semi-trailer lateral acceleration (a,,); ® Tractor roll angle (@,,)

® Semi-trailer roll angle (p,,); ® Unsprung mass roll angles ¢, (i=/~5)
® Steering Velocity Factor (SVF)

Table 5.6: Nominal simulation parameters of the baseline S-axle tractor semi-

trailer.
tractor semi-trailer
sprung mass (kg) 4404 28730
roll mass moment of inertia (kgm’) 1697 24000
pitch mass moment inertia (kgm") 8483 431196
yaw mass moment of inertia (kgm’) 8483 435444
center of gravity height (m) 1.13 2.06
axlel | axle2 | axle3 | axle4 | axle §
axle load (kN) 48804 | 81507 | 81507 | 77057 | 77057
axle roll moment of inertia (k@z) 418 577 577 464 464
longitudinal position from ¢.g (m) 0.73 -2.31 -3.54 | 4.83 | -6.05
axle center of gravity (m) 0.508 | 0.508 | 0.508 | 0.508 [ 0.508
roll center height (m) 0.46 0.34 0.84 0.74 0.74
half spring spacing (m) 0.406 | 0.483 | 0.483 | 0.559 | 0.559
half track - inner tires (m) 1.106 | 0.749 | 0.749 | 0.826 | 0.826
dual tire spacig (m) 0 0.33 0.33 0.33 0.33
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Figure 5.3: The relationship between the Sth axle roll angle, the steering velocity factor
and the roll safety factor.

The relationship between sprung mass roll angle response characteristics of the

vehicle and the RSF are presented in Figure 5.2. It is revealed that the roll safety factor is

directly related to roll angle response of both the tractor and the semi-trailer. Good linear

correlation is observed between roll response of the last axle (¢, ) and the RSF, as shown

in Figure 5.3. However there exists poor linear relationship between the steering velocity
factor and RSF of the tractor semi-trailer. Larger value of steering factor thus does not
instantaneously indicate larger roll safety factor.

Sensitivity to Operating Conditions: The operating conditions of heavy vehicles
may vary considerably due to different distributions of payload and cg heights. A good
rollover indicator should be insensitive to such variations in vehicle operating parameters
and maneuvers performed. Such insensitivity implies that rollover threshold of an

indicator should not be significantly influenced by variations in operating conditions and



maneuvers. The reliability of the rollover indicators is thus evaluated by examining
variations in their limiting values, when RSF approaches 95% for different vehicle
operating conditions. The rollover limits in terms of lateral accelerations of the tractor
(a,,) and the semi-trailer (a,, ), and steer-velocity factor (SVF) reveal strong dependence
upon c.g. height of the semi-trailer. The three rollover limits are considerably reduced by
increase of the c.g. height, as illustrated in Figure 5.4. The roll angle limits of the semi-
trailer axles (@,,. @,;), however, are insensitive to the c.g. height, as shown in Figure
5.5. The roll angle threshold of the semi-trailer slightly decreases as the semi-trailer c.g.
height increases. The effects of payload variation on rollover limits of different indicators
are illustrated in Figures 5.6 and 5.7. Compared to nominal load condition, reduced
payload (70% nominal load) tends to slightly increase lateral acceleration rollover limits
and SVF. Roll angle limits of unsprung masses (¢,,, @,s;) and sprung mass (@;,),
however, are significantly reduced when the vehicle carries only 70% of its nominal load.
The effects of maneuvers on rollover limits of different indicators are represented in
Figures 5.8 and 5.9. The steering velocity factor is maneuver-dependent. The limit value
of the steering factor is much higher in the sinusoidal steering maneuver than in the

steady tuming maneuver, while other factors (a,,, a,,, ¢;;, ¢,, and ¢,;) are relatively

insensitive to different maneuvers.
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5.5 EARLY WARNING EVALUATION OF ROLLOVER INDICATORS

Early warning to the driver about impending roll instability of heavy vehicles is
vital for the driver to undertake corrective maneuvers so as to avert the occurrence of a
potential rollover. Thus a good rollover indicator should be not only measurable and
reliable but also capable of giving an early warning. Since the roll safety factor is the
most reliable rollover indicator regardless of vehicle configurations and operational
conditions, other indicators are further analyzed in the time domain in terms of
correlation coefficient and time delay in comparison with the RSF.

Figure 5.10 illustrates sample rollover indicators in the time domain as the vehicle
is subjected to a sinusoidal steering maneuver. It is revealed that there exist phase shifts
among these signals. The steering factor is ahead of the roll safety factor by about 0.7 s,
followed by tractor lateral acceleration which is ahead of RSF by nearly 0.4 s. Thus these
signals have a capability of providing an early waming if they are well correlated with
RSF. The correlation coefficient and time delay characteristics of an array of rollover
indicators are illustrated in Table 5.7, when the vehicle is subjected to a sinusoidal
steering maneuver. The results further include the effects of different vehicle forward
velocity and steering frequency. It is revealed that all the indicators except for the steering
factor demonstrate high correlation with RSF if the phase shift in the time domain is
compensated. The steering factor provides the largest time margin: 0.43s to 0.87s ahead
of RSF, with small penalty of correlation coefficient. The smaller the steering frequency,
the longer time delay between steering factor and RSF. The higher vehicle speed also
generates larger time delay. The tractor lateral acceleration, however, provides a time

margin between 0.37 s to 0.40 s, which is less sensitive to vehicle speed and steering
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frequency. The first axle roll angle response is ahead of RSF by 0.23 s to 0.28 s. Other
indicators are approximately in-phase with RSF, and thus cannot provide an early

warning of impending rollover.
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Figure 5.10: Rollover indicators in the time domain during a sinusoidal steering
maneuver.
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Table 5.7: Correlation coefficient and time delay between RSF and various rollover

indicators.
Indicators v=65 km/h v=80 km/h
=0.25 Hz =0.33 Hz =0.5 Hz f=0.25 Hz | f=0.33 Hz =0.5 Hz
RSF correl coef. 1.0 1.0 1.0 1.0 1.0 1.0
time delay (s) 0 0 0 0 0 0
a, correl coef. 0.994 0.992 0.986 0.985 0.993 0.987
time delay (s) -0.40 -0.38 -0.37 -0.40 -0.39 -0.39
a,» correl coef. 0.998 0.998 0.998 0.997 0.998 0.997
time delay (s) 0.01 0.01 0.01 0.02 0.01 0.01
Psi correl coef. 0.997 0.997 0.996 0.995 0.997 0.996
time delay (s) 0.01 0.01 0.01 0.01 0.01 0.01
) correl coef. 0.996 0.996 0.995 0.995 0.997 0.996
time delay (s) 0.03 0.03 0.03 0.03 0.03 0.03
@ correl coef. 0.996 0.995 0.991 0.994 0.994 0.993
time delay (s) -0.28 -0.27 -0.26 -0.23 -0.26 -0.26
Pu2 correl coef. 0.997 0.997 0.996 0.997 0.997 0.996
time delay (s) -0.01 -0.01 -0.01 -0.02 -0.02 -0.02
s correl coef. 0.998 0.997 0.997 0.986 0.997 0.997
time delay (s) -0.04 -0.04 -0.03 -0.03 -0.04 -0.03
Py correl coef. 0.998 0.998 0.997 0.967 0.999 0.997
time delay (s) 0.03 0.02 0.02 0.03 0.03 0.03
Pus correl coef. 0.998 0.997 0.997 0.968 0.998 0.997
time delay (s) 0.03 0.03 0.02 0.03 0.03 0.03
SVF correl coef. 0.984 0.980 0.973 0.946 0.946 0.943
time delay (s) -0.56 -0.50 -0.43 -0.87 -0.71 -0.54

5.6 FEASIBILITY OF ROLLOVER EARLY WARNING DEVICE

The above analysis reveals that no single measure will serve as an appropriate

indicator of impending dynamic rollover in terms of measurability, reliability and time

margin for corrective maneuvers. While the rollover safety factor is the most reliable

impending rollover indicator regardless of the vehicle payload, cg height and maneuvers,

the evaluation of the RSF necessitates on-line measurement of wheel loads, which is

considered to be more difficult than measurement of other response parameters such as

lateral accelerations. Furthermore the RSF does not have the capability to provide an early
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warning of impending rollover. All other indicators are considered as less reliable
measures since their limits depend on vehicle design and/or operating conditions.

If all the necessary information about vehicle design and vehicle operating
conditions. however, is known, the indicators other than RSF can be reliably employed to
detect onset of roll instability of the vehicle. Thus the onset of vehicle rollover can be
detected via monitoring roll angles of tractor rear and trailer axles, provided wheel track,
axle load, and tire elastic property for each axle are known. The measurement of axle load
in this case may not be as complex as that in RSF, since static measurement of axle load
is acceptable. To employ trailer lateral acceleration or roll angle as a rollover indicator,
further information such as the c.g height and axle roll stiffness, as a minimum, must be
provided. However the c.g height is normally quite difficult to measure.

The steering factor and tractor lateral acceleration provide good “preview” time of
a potential impending rollover for the driver to undertake corrective maneuvers. The
information can be used to generate an early warning of impending roll instability. Since
the steering factor is very sensitive to vehicle maneuvers, the tractor lateral acceleration is
considered to be more suitable as an early warning indicator.

In views of the difficulties in finding a single satisfactory impending rollover
indicator with desirable measurability, reliability and available time margin for corrective
maneuvers, certain combinations of several indicators may be considered. Three different
designs of a rollover early warning device based upon manipulation of different indicators
are proposed in Table 5.8. Neural network algorithms can be conveniently employed to
perform the necessary manipulations. The first design adopts the rollover safety factor as

the impending roll instability indicator, combined with the signal of tractor lateral
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acceleration for early waming generation. This design involves complex and costly on-
line measurement of the dynamic wheel loads. However, possibility exists to modify the
current on-board weigh scale systems to perform the additional function of on-line
evaluation of the RSF with a relatively small incremental cost [95]. The second approach
uses unsprung mass roll angles as a rollover indicator, which necessitates the
predetermination of axle loads. The third design, based upon lateral accelerations of the
tractor and semi-trailer, can be used in special application vehicles such as tank trucks
operating at a few specific loading conditions where the c.g height can be easily
estimated. Such a design offers a reliable and least expensive option for realizing an early
warning device. The reliability of this design, however, will depend upon the degree of

accuracy of the estimated c.g. height.

Table 5.8: Proposal of a rollover early warning device.

Rollover Early Warning Minimum Parameters Remarks
Indicator Signal
Design #1 | Roll safety Tractor lateral © tractor lateral acceleration; Costly
factor acceleration @ dynamic wheel load
Design #2 | Axle roll Tractor lateral © tractor lateral acceleration; @ axle roll | Involves static
angle acceleration angle; © axle load; @ wheel track axle load
measurement
Design #3 | Trailer lateral | Tractor lateral © tractor lateral acceleration, @ trailer Difficult to
acceleration acceleration lateral acceleration; @ cg height; @ wheel measure cg
track height
5.7 SUMMARY

Potential rollover indicators are identified through simplified analysis of a lumped
roll plane model. and classified into six groups. The potential rollover indicators are
assessed in terms of their measurability, reliability, and the lead time available for driver's

action. Measurability analysis is performed in terms of easiness of measurement and
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subsequent costs. Reliability analysis of potential rollover indicators is carried out in
terms of estimation errors due to uncertainty of dependent parameters and correlation
characteristics with roll safety factor (RSF). Parametric sensitivity analyses are conducted
to study sensitivity of the indicators to variations in operating conditions.

It is concluded that RSF has poor measurability but high reliability, while steer
velocity factor (SVF) has good measurability and large time margin for early warning but
poor reliability. Unsprung mass roll angles demonstrate good linear correlation with
RSF, and are relatively insensitive to vehicle c.g. height and maneuvers performed. The
threshold values of unsprung mass roll angles, however, are very sensitive to vehicle load
conditions. Lateral acceleration response of the semi-trailer of a 5-axle tractor semi-trailer
combination correlates very well with the RSF, while its threshold value is strongly
dependent upon vehicle c.g. height. Sprung mass roll angles are the same as the lateral
acceleration of the semi-trailer in terms of reliability. Lateral acceleration response of the
tractor of the combination demonstrates good capacity for early warning generation of
impending rollover in directional maneuvers, but poor linear correlation with RSF. How

early the warning should be generated to the driver is addressed in the next chapter.
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CHAPTER 6

EFFECTIVENESS ANALYSIS OF IMPENDING ROLLOVER
INDICATORS FOR OPEN-LOOP ROLLOVER CONTROL

6.1 INTRODUCTION

The drivers of heavy vehicles often remain unaware of the impending roll
instability, which is mostly initialized at the rearmost axles. The potential vehicle
rollovers may be evaded through timely detection of an impending instability and by
providing an early warning to the drivers. The development of such a rollover prevention
mechanism necessitates identification of reliable indicators of impending rollover. From
the dynamic roll analysis of vehicle combinations, presented in chapter 5, it was
established that a set of rollover indicators based on measurability, reliability and lead
time may be identified towards an early warning rollover prevention device, such that the
driver can be warned to undertake corrective maneuvers to avert the occurrence of a
potential roll instability. Such a rollover prevention system, in its simplest form, can be
considered as an open-loop rollover control, as illustrated in Figure 6.1. The warning
signals are generated for the driver via monitoring and interpreting the key vehicle
motion parameters related to onset of a roll instability. Upon receiving the warning
signal, the driver may perform the braking and/or steering actions to avert the potential
roll instability. The warning signal, however, must be generated to provide sufficient lead
time for the driver's actions.

The results presented in chapter 5 revealed that the impending rollover of a heavy

vehicle can be detected via monitoring the roll angles of sprung and unsprung masses,

lateral accelerations, the steering factor (& ,vz) and the roll safety factor (RSF). The
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reliability analyses of the potential indicators further showed that the RSF is most reliable
impending rollover indicator, irrespective of the vehicle configurations, while the other
indicators are relatively sensitive to variations in vehicle design parameters and
operational conditions. The assessment of early warning based upon the rollover
indicators, performed using the dynamic yaw/roll model, further revealed that the
steering factor and tractor lateral acceleration of a tractor-semitrailer combination can
provide good preview time for a potential impending rollover, while a unity value of RSF
indicates a near occurrence of vehicle rollover. The RSF, however, can be effectively
employed to generate an early wamning of a potential impending rollover, by selecting its
threshold value to be less than unity.

It is further recognized that a warning signal for an impending rollover should be
generated early enough such that the driver can perform a corrective maneuver in
appropriate time. The corrective maneuver that the driver can perform, in most cases, is
limited to application of braking and/or variations in steering to avert the development of
roll instability. There exists time delay between the moment when the waming is sent to
the driver and the moment when braking force is established on road wheels. The vehicle
may approach its roll instability condition, in the event that the lead time provided by the
warning signal is inadequate to develop braking forces. The feasibility and effectiveness
of a roll instability early warning device thus depend on: (i) the lead-time provided by the
warning signal, and (ii) the ability of impending rollover indicators to provide such a
early warning. The effectiveness of an early warning should be investigated through
directional dynamic response of the vehicle under application of braking and/or steering

inputs.
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Figure 6.1 Schematic diagram of an open-loop rollover control.

A three-dimensional directional dynamic model of heavy vehicle combinations,
incorporating braking dynamics, is thus developed to investigate the feasibility of an
open-loop roll instability control. A comprehensive steering system model incorporating
steering system compliance, roll steer, bump steer, ackerman steer and wrap steer is
further developed and integrated into the vehicle model. The nonlinear comering and
braking forces and moments due to the tires are derived using the magic formula tire
model [103]. An 4BS algorithm is also incorporated to enhance the braking efficiency of
the vehicle. The rollover indicators are investigated for their effectiveness for open-loop

roll stability control in various maneuvers, road conditions and braking efforts.

6.2 THREE-DIMENSIONAL VEHICLE MODEL

The yaw/roll model described in chapter 4 is based on the assumption of constant
vehicle forward speed, and can not be used to predict the dynamic characteristics and roll
stability of heavy vehicles in response to steering and braking inputs. A comprehensive

three-dimensional vehicle model incorporating vehicle longitudinal motion is therefore
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developed for the study. The sprung mass of the straight truck or the tractor is
characterized as a rigid body with six DOF (longitudinal, lateral, vertical., roll, pitch and
yaw) motions. Each unsprung mass is treated as a beam axle with two DOF (roll and
bounce) with respect to the sprung mass on which the unsprung mass is attached. For a
tractor semi-trailer combination, the hitch connection between the lead and towed units is
modeled kinematically as a ball joint, which has three-rotational degrees of freedom [92].
A schematic of the model for a tractor semi-trailer combination is shown in Figure 6.2.
The trailing unit sprung mass (body S, ) is attached to the leading unit sprung mass (body
S,) via the ball joint. The origin of the reference frame for S, is defined at the hitch
point. S, thus has three rotational DOF relative to S,. For the fifth wheel connection, the
roll motion of §, about the hitch is retarded by a torsional spring. A three-axle straight

truck can be represented by a 12-DOF vehicle system, while a five-axle tractor semi-

trailer is represented by a 19 degrees-of-freedom dynamical system.

6.2.1 Equations of Motion

Equations of motion for the three-dimensional vehicle model described above can
be easily derived after assigning proper body-centered coordinate systems. Figure 6.2
illustrates motion parameters and the assigned coordinate system for a five-axle tractor
semi-trailer combination. The coordinate system for the tractor body is attached to the
center of gravity of the tractor sprung mass. The six motion variables for the tractor

sprung mass are represented by three translational variables: u«,, v,, w,; and three
rotational velocities: p,, ¢q,,, r,. The coordinate system for the semi-trailer is attached

to the fifth wheel and its motion variables are represented by three rotational velocities:
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Ps2s 4,5. TI,,- The coordinate systems for unsprung masses are located at the center of

each axle. The equations of motion, derived from the force and moments equilibrium, are

described below.

Equations of Motion for Tractor Sprung Mass

longitudinal motion: m_u , —m, (r,v,, —q,w,) = ZX o

lateral motion: myv,-m,(p,w, —ru,)= ZY,;

vertical motion: mw,—m_(q.U, = P,Vy)= ZZ y

roll motion: I, pa—U, —1I_)q.r,= Z L,

pitch motion: I,4,.-U_ -1, )p.ry= Z M

yaw motion: I iv—Ug ~1, )q.Pa =N, 6.1)

where m,, is the tractor sprung mass, and /., , /,, and /_ are its mass moments of

inertia about the three translational axes. The components on the right side of the

equation set (6.1) are the total external forces and moments acting along the

corresponding directions.

Equations of Motion for Semi-Trailer Sprung Mass

roll motion: Lo pa~U,, ~1.)9:r.=Y L,
pitch motion: I,.4.-U_, -1, )p,r,= ZM "
yaw motion: I_ Fy-U., -1, )9.p,=D.N, (6.2)

where / , I and [_ are the mass moments of inertia of the semi-trailer about the

W

fifth wheel. ZL«z , ZM ,» and ZN ,» are external moments due to suspension forces

and hitch roll stiffness.

Equations of Motion for Each Unsprung Mass j

vertical motion: m,w, =32,
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roll motion: I.p,=%L, (6-3)
where m, and [ w, are the unsprung mass and roll mass moment of inertia of axle j (j=1/,

-, 3)- p,, and w, are the roll rate and bounce velocity of the unsprung massj. > Z,
and 3L, are the total external force and moment along the vertical and roll directions

along the unsprung mass j. The external forces and moments in Equations (6.1) to (6.3)
are due to suspensions, tires, compliance due to articulation, structure compliance etc.
The modeling considerations for the suspension and tire forces are discussed in the

following sub-sections.

s, 5
us 1 p‘ﬂ
P &
q,\'l F/
A%
W\'l
r

Figure 6.2: Schematic of DOF of a tractor semi-trailer combination.

6.2.2 Suspension forces

Leaf and air springs in conjunction with hydraulic dampers are most commonly
employed in modern heavy vehicles. The sprung and unsprung masses are subjected to
forces and moments due to suspension springs, hydraulic dampers, and auxiliary roll

stiffness. The spring force developed by a leaf or air spring is derived using the iterative
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algorithm, and the lower and upper envelope force ( F}, ) curves, as described in Equation
(4.56):

F =F,+(F_ —F, et 4 (6.4)
The computation of vertical force from the above equation requires description of: (i)
upper and lower force limits either through a polynominal or tabular function; and (ii) a
characteristic deflection constant A. Due to strong nonlinearity, integration time step
should be adjusted to a new smaller step if the calculated forces are not stable. Test
values of deflection that are in error should not be used as the reference “old” values in
the spring model.

Although leaf springs provide considerable energy dissipation due to hysteresis,
additional hydraulic dampers may be employed to enhance the ride and road load
performance. In such a case, the hydraulic dampers are modeled assuming linear damping
characteristics. The roll stiffness due to anti-sway bars and linkages is represented by
auxiliary roll stiffness between the sprung and unsprung masses for each axle. Total
suspension roll stiffness can be measured on a suspension rug. The auxiliary roll stiffness
is determined by subtracting the total measured axle roll stiffness by that due to the
vertical springs at their spacing. Auxiliary roll stiffness may be negative if the frame has

considerable compliance in twist.

6.2.3 Modeling of Tires

Vehicle motions are primarily caused by forces and moments developed at the
tire-road interface. These forces arise from powertrain, braking, and steering inputs, and

directly influence the handling and braking performance of the vehicle. The braking and
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cornering forces, developed by a pneumatic tire, are strong nonlinear function of normal
load, road surface characteristics, side-slip, longitudinal deformation slip, etc. A large
number of empirical and analytical models have been developed and reported in the
literature [103-106]. Tire models, reported in the literature, in general, can be grouped
into two categories: physical models and black box models [103]. In physical models, the
tire forces and moments are derived from a mathematical description of the tire structure
and its deformation mechanisms. Such tire models, however, are usually not employed in
dynamic analysis of vehicles due to their complexity and poor computational efficiency.
Black box models, on the other hand, are derived directly from the experimental data, and
can be easily incorporated into directional dynamic model of vehicles The inputs to the
black box models are usually tire vertical load, lateral and longitudinal slip ratios, and
camber angle, derived from vehicle response parameters, while the outputs of the black
box models are tire forces and moments [106].

The tire forces and moments developed at the contact patch are represented by

longitudinal traction/braking force ( F, ), lateral comering force ( F,), vertical force ( F.),
aligning moment (), overturning moment ( M) and rolling resistance moment (M ),

as shown in Figure 6.3. The pneumatic tires exhibit nearly linear force-deflection
characteristics in the vicinity of the operating point with considerably low dissipative

force component. The vertical force F. is determined by considering the tire as a linear

spring model, and expressed as:

A, ; 20
F;, = {knAn +C"A” ’ A" (6.5)
0 N Aa
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where 4, and 4, are the vertical deflection and velocity of the tire, respectively. While
the overturning and rolling resistance moments (A, and M) have only insignificant

influence on directional dynamics of vehicles, the braking/traction and cornering forces

(F, and F|), and aligning moment (M_) affect the directional performance most

significantly. The computation of F_, F, and M_ due to a pneumatic tire under

simultaneous application of braking and steering, however, is known to be extremely
complex due to nonlinear behavior of the tire. Pacejka [106] proposed semi-empirical
relationships referred to as the 'magic formula' to describe the traction/braking and
cornering characteristics of tires. The formula has been extensively used to characterize

the properties of heavy vehicle tires.

Figure 6.3: A schematic representation of tire forces and moments at the contact patch.

The magic formula yields an output variable Y(x) which may be F,, F, or M_ in

the following form [107]:
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Y(x)=Dsin{Carctan[B(x+ S, )- E .[B(x+S, ) -arctan{ B(x + S, )]} +S. (6.6)
where S, and S, are referred to as the horizontal and vertical shifts, respectively. x
represents input variable such as slip angle (& ) or longitudinal slip ratio (x). B, C, D and
E are constants identified from the measured data, and referred to as stiffness factor,
shape factor, peak value, and curvature factor, respectively. The application of magic

formula under the application of braking and/or steering yields expressions for F,, F,

and M.

Longitudinal Force (pure longitudinal slip)

The longitudinal force developed by the tire in the absence of comering (a =0),

can thus be derived as:

F,, = D_sin{C, arctan[Bxx, -FE [B x, —arctan(B. x,) ]]}+ S 6.7)

X

where «_ is the input variable, derived from longitudinal slip ratio (x) and horizontal
shift S, : x, =x+S,,.. The horizontal and vertical shift factors (S, , S, ) together with

B,,C_., D_and E, are functions of normal load F..

Lateral Force and Aligning Moment (pure lateral slip)

The lateral force F,, and aligning moment M _, developed by the pneumatic tire

in the absence of traction/braking force (x = 0 ), can be derived from:

F,, =D, sin{C,arctan|B,a,— E,[ Bja, —arctan(B,a, )] +s., (6.8)

M_, =D, sin{C, arctan[B,a, -E,[Ba, —arctan(B,a, ) ]]}+ A (6.9)
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where o, and a, are input parameters, derived from side slip angle a and horizontal

shifts S,, and S,,: @, =a+S,,, a, =a+S,, . All other parameters are expressed in

hy
function of side slip angle (« ), normal load ( F.) and camber angle .

Combined Cornering and Braking Forces and Moments

The longitudinal and lateral forces and moments developed by the tire under
simultaneous application of braking and steering inputs can also be derived based on
Equation (6.6), when the measured forces and moments for combined longitudinal and
lateral slips are available. The measurement of tire forces and moments in combined
braking and steering maneuvers, however, is very intricate. Alternatively, forces from
pure longitudinal and lateral slips can be manipulated to derive the forces in the
combined braking and steering maneuvers [106]. The similarity method based on the
observation that the pure slip curves remain approximately similar in shape when the tire
runs at road conditions different from the reference conditions (or tire test conditions), is
also employed to derive the tire forces and moments on different road friction conditions.

The total theoretical slip o, can be expressed in terms of longitudinal and lateral

slips as [92]:

o, =\Jol +o? (6.10)
where

o, =--1—f—x- and o, =—t]a:Z (6.11)



The theoretical slip is normalized by peak slip values, o, , &, .., which yields peak
forces F, and F,. The resultant normalized slip o, is then expressed using the friction
ellipse concept:

o, = \/o';z +o-;," (6.12)

where o, and a" are normalized slip ratios, given by:

ol =Zx . R (6.13)

x ’
a.\’ max a)’ max

The equivalent longitudinal and lateral slips (x’ and a') are derived from the normalized

total theoretical slip, and expressed as:

i’ = T T mamSign(O) H, (6.14)
1+ 0,0,,.5gn(c,) u

a' =arctan[o o, sign(cy )] 22 (6.15)
u

where u, is the friction coefficient of the reference road on which tire forces and
moments characteristics are measured, and u is the friction coefficient of the road
surface considered. Upon substituting for x' and &' into Equations (6.7) and (6.8), the
equivalent forces are obtained as functions of normal load and equivalent slips, as:

Fyo =F(F.,x") and Fyo =F(F.,a’,y) (6.16)
The lateral and longitudinal forces developed by tires may approach their respective
saturation limits corresponding to large slips. The saturation levels for F,, and F,, may
differ considerably. The expressions for the forces are modified to account for the

anisotropic property:



: o\
Fyo = Fyo—&(Fyo —Fig )(;’.—) 6.17)

4

. O'.- 2
Fyo =Fyq —&(Fyo - F,\'o)(a—':] (6.18)

where F., and F,, are modified longitudinal and lateral forces, respectively,
incorporating the respective saturation limits. £ assumes a value of normalized resultant
slip, when o <1, and a unity value for o, > I. The longitudinal and lateral tire forces,

and aligning moment due to a pneumatic tire subject to combined braking and steering

maneuvers are then derived as follows:

Fy = ’fF.\.'o i—‘ (6.19)
0 4

F, = #LF;O Z_) (6.20)
0 4

M. =M:O(F:,a',}’)|—£y—| (6.21)

ro
The validity of the magic formula is examined by computing the forces and
moment, derived from Equations (6.7) to (6.9), with the raw data obtained through
measurements. The results of the magic formula modeling for a heavy truck tire are
illustrated in Figures 6.4 to 6.6. The longitudinal force F_, in the absence of steering
input is globally fitted in terms of longitudinal slip ratio («x) and tire vertical load ( F),

while the corning force F,, and aligning moment M _, in the absence of traction/braking

force (x =0) are represented in terms of side-slip angle (), camber angle () and tire
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vertical load ( F.). The results reveal that the measured forces are closely modeled by the

magic formula.
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Figure 6.4: Magic formula simulation of longitudinal force of a truck tire as a function of
slip ratio for five different loads.

Tire Relaxation

The magic formula and the measurements, in general, provide the forces and
moment under steady state conditions. The tire forces, however, are developed in a
transient manner with considerable time delay and consequently the distance delay due to
tire rolling [108]. The phenomenon is typically characterized by tire relaxation lengths. A
method described in [109] is used to account for the lag in tire response. In this method,
the lag is introduced into the side slip angle which yields the lagged side force and
aligning moment. The lateral slip angle a is defined as the arc tangent of an auxiliary

state variable 77, which is derived from a first-order differential equation.
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Figure 6.5: Magic formula simulation of lateral force of a truck tire as a function of side-
slip angle for six different loads.
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Figure 6.6: Magic formula simulation of aligning torque of a truck tire as a function of
side-slip angle for six different loads.
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a=arctan(n) (6.22)

dn 1
—=—(V, ~IV, 6.23
I L,( w1 Ve l1) (6.23)

where L, is the tire relaxation length, and ¥, and ¥V, are tire lateral and longitudinal

speeds, respectively.
ABS Braking

As discussed earlier, the driver's action to control the roll behavior of the vehicle
is limited to application of braking and steering, when onset of vehicle rollover is
detected. The effectiveness of the onset of rollover detection and driver's actions for
control of rollover can be analyzed from analysis of directional response of the vehicle
under application of steering and braking. Applications of sudden and severe braking can
cause lockup of certain wheels, which may lead to yaw instabilities. Most modern heavy
vehicles, thus, employ anti-lock braking system (4BS) to minimize the potentials for
wheel lockup, and ideally to keep the skid of the tire within a desired range. This will
ensure that the tire can develop a sufficiently high braking force for stopping the vehicle,
and at the same time to retain an adequate cornering force for directional control and

stability. In order to account for ABS braking, the wheel spin velocity @, can be

described with a differential equation as:

o = M),Bxsign(w_,l)+ F.(R.—-4) (6.24)

w

where R, is the tire radius under static condition, and 4, is the dynamic deflection
variation of the tire. M . is the braking torque applied at the wheel, and 7, is the polar

moment of inertia of the spinning wheel. The longitudinal slip ratio x is defined as:
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K = w w [Ag (6_25)

The ABS braking is modeled on the basis of instantaneous longitudinal slip ratio, using
the following algorithm:

on if x<k,,

off if K2k 620

braking = {

where x,, and «x, are threshold values of the longitudinal slip ratio x«. When the
longitudinal slip ratio x is greater than x_,, the braking system is turned off. As the slip
ratio drops to x,,, the braking system is turned on again. The threshold values x,, and

K,; are chosen to ensure the skid of the tire in a desired range. Most pneumatic tires

demonstrate peak braking forces on hard surface somewhere between 0.15 to 0.30 slip. In

this investigation, x,, is set to 0.2, and x,; is set to 0.3 to reflect a reasonable braking

effort of an anti-lock braking system.

6.2.4 Steering System

The directional dynamics of the vehicle subject to braking and steering inputs is
further related to the compliance of the steering system, and its roll, bump and wrap steer
characteristics. Figure 6.7 illustrates a schematic of a truck steering system. The steering
system compliance plays a very significant role in determining the relation between
steering wheel angle and road wheel steer, which is represented by the compliance due to

steering column ( C,, ) and tie rod (C,, ). The left and right steer angles of road wheels

due to a steering wheel input can be established using a quasi-static moment balance of

the two wheels, and expressed as:
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Ou =Co[M + M, —L,r(F, +FQ)]

O =0y +Crp(M 4 =Lz Fy) (6.27)
where &, and J_, are the steer angles of the left and right wheels due to steering system
compliance, respectively. F,, and M_ (i=L, R) are the lateral force and aligning

moment developed at the left and right wheels, respectively. L, denotes the mechanical
trail, which is a function of unsprung mass cg height, wheel caster angle and body pitch

angle [92].

Fy

' /]
T-; jof / r F:VR
kYA
- QVAVAVY. {

Fp

Figure 6.7: Steering system model of heavy vehicles.

The steer angle, developed at right and left wheels, may differ considerably
depending upon the steering system designs. The relationship between the left and right

wheel steering angles is known to be complex function of kinematics of the steering
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mechanisms. which may vary considerably in heavy vehicles. The kinematic steer for
both wheels is thus conveniently derived using a lookup table function of the steering

wheel angle &, . The Ackerman steer angles developed at the left (J,,) and right (5,,)

wheels are then computed from the gear ratio of the steering system (G, ):
8, =1(5,./Gp) Sa =8(8./Gr) (6.28)
Apart from the kinematic steer, the road wheels undergo additional steering
effects due to vehicle roll (roll-steer), vertical motion of the axle (bump-steer), and

wrapping of the axle (wrap steer). These steering effects are briefly described below.

The roll steer characteristics of a vehicle relate to steering motion of the front or

rear wheels (J,,,) caused by relative roll motion of the sprung mass with respect to the
unsprung mass (A4¢,). The roll steer is frequently characterized as a function of the

relative roll angle and the roll steer coefficient R,.;, and given by [92]
8.1 =R A0, (6.29)
The roll steer is considered positive when the axle steers to the left in a left tun.
When an axle translates vertically, the geometry of the steering linkages can
introduce some steering effect, known as bump-steer. The bump-steer (J, ) is assumed to
be identical for left and right wheels, and is modeled using a bump-steer coefficient

(R, ) as:

bump

8, = Ry A2, (6.30)

where Az, is the vertical deflection of the front axle with respect to vehicle body.

When the vehicle accelerates or decelerates longitudinally, the axles tend to twist

about Y axis (called wrap), and consequently introduce a steering effect on the front axle,
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referred to as 'wrap steer. The wrap steer (J, ) is linearly related to axle wrap angle

.

through a wrap-steer coefficient (R,,,, )

S5.=R_ 3 (6.31)

« wrap Drerap
where 9,,,. is the axle wrap angle due to tractive or braking torque, and can be derived
from:
erap = Corl(h, = A )Fy +(h, —AR)Fg] (6.32)
where (4, —A,) and (h, —A,) are the instantaneous left and right front tire radii,
respectively. F,, and F,, are the longitudinal forces, respectively, developed at the left
and right tires of the front axle. C,, is the wrap compliance of the axle.
The effective steer angles developed at the left and right wheels are then derived
upon combining Equations (6.27) to (6.32), and expressed as:
0,=08,,+0,+6,+6, +J,
0,=08,,+0,+0,+5,+7J, . (6.33)
where &, and &, are the total steer angles developed at left and right front wheels,

respectively.

6.3 DESCRIPTION OF INPUT VARIABLES

A typical S-axle tractor semi-trailer combination is used to investigate the
effectiveness of open-loop rollover control, which is strongly dependent upon the time
delays associated with driver's reaction and braking system, and the lead time provided
by the detection variables. The driver's reaction time and braking system delay are thus

considered as vital parameters for the assessment of open-loop rollover control. The road
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adhesion limits and braking effort intensity are considered as additional important input
parameters to study directional stability characteristics of the vehicle. The vehicle
maneuvers are characterized by both open-loop steer inputs and close-loop path

trajectories for typical cornering and lane change maneuvers.

6.3.1 Time Delay due to Driver and Braking Systems

When an impending rollover signal is generated for the driver, the driver can not
immediately perceive it until the time 7, is elapsed. The driver then applies braking by
depressing the pedal, which involves another delay of z; . The total delay 7, =7 + 7], is
referred to as the reaction time of the driver, which may range from 0.2 s to 1.0 s [110].
The brake actuation, however, may initiate after a 7; due to lashes and 'plumbing’ of the
air braking system. Initial transient response time 7} is also related to the speed of sound
and dynamics of the tubing connecting the air supply to the braking chambers. The
elapsed time 7; between the instant when the braking force takes effect and the instant

when the force approaches 95% of its final value is called build-up time. For air brakes,

r; depends charging rate of the air chamber, which can be characterized by a time
constant 7C . The instantaneous pressure in the air chamber can be expressed as:
P=P(l-e" ™) (6.34)
where P, is air supply pressure, and P is the instantaneous pressure in the chamber, and
TC=r7/3. The sum of the initial response time and the build-up time is generally
referred to as the lag time ( 7,) of air braking system, which ranges from 0.5 to 1.5 s for

typical air brake systems of commercial vehicles [111]. After the braking force is fully

-2]12-



developed, the driver maintains the braking for a period 7z, before releasing the brake
pedal.

The elapsed time between the instant at which a warning signal is generated to the
instant when the braking force is fully developed may thus range from 0.7 s to 2.5s. This
period, referred to as the total delay time (7, =7, +7,), is characterized by driver’s
reaction time and the lag time of braking system, and is very critical for the effectiveness
of open-loop rollover control. To ensure that the driver’s corrective action takes effect
before the vehicle reaches its rollover condition, the warning signal should be generated

early enough to account for the total delay time.
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Figure 6.8: A Schematic diagram of the elapsed time in braking sequence.
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The components of the total delay time ( 7,) are regrouped as:

T, =(r,+1]+1,)+1, =1, 47, (6.35)
where 7, = r{ + 7] + 75, referred to as the reaction delay, is the sum of the driver reaction
time and the initial response time of the braking system. 7, is taken as a variable in this
investigation, while z; is characterized by the time constant 7C, as illustrated in
Equation (6.34). The time constant 7C of the air braking system is selected as 0.3s [111],
while three different reaction delays (7,=0.6s, 1.2s and 1.8s) are considered to

investigate the feasibility of open-loop rollover control and the effectiveness of the

rollover indicators.

6.3.2 Vehicle Maneuvers

Rollover accidents of heavy vehicles typically occur during cornering and high-
speed evasive maneuvers. These maneuvers may be defined in an open-loop manner by
characterizing the time history of steering angle of the steering wheel, or in a close-loop
manner by providing coordinates of the path trajectory.

Cornering Maneuvers

The cornering maneuvers in an open-loop mode are often characterized by a
ramp-step steer input. The steer angle is initially increased as a ramp function until it
approaches the desired steer angle, which is then held constant over the simulation
period. In this study, the open-loop maneuver is defined by a ramp function alone at a
constant forward speed until onset of vehicle rollover is identified. The vehicle response
is evaluated under various ramp-steer inputs performed at different rates, as shown in

Figure 6.9, while the steering gear ratio is assumed to be 30.
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The cornreing maneuver in a closed-loop mode is characterized by a spiral
trajectory with constant rate of radius reduction per degree. The trajectory radius of the
sprial trajectory is given by:

R=R,(6,-6) (6<6,) (6.36)
where R is the path radius, and @ is the rotation angle, as shown in Figure 6.10. R, and

@, are control parameters. The X-Y coordinates of the trajectory can be obtained from:

x=Rcos(8); y = Rsin(8) ; and Z—g =-R, 6.37)

The effect of radius reduction rate on the path radius as a function of rotation angle is

illustrated in Figure 6.11.
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Figure 6.9: Ramp steering inputs for cornering maneuvers.

-215-



Figure 6.10: Definition of path trajectory for cornering maneuvers.
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Figure 6.11: Radius of path trajectories with different rates of path radius reduction.
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Lane Change Maneuvers

Obstacle evasion maneuvers are characterized by either a single- or a double- lane
change maneuver with varying gate lengths. Figure 6.12 illustrates the trajectory of a
single-lane change maneuver. The single-lane change maneuvers can be further
characterized by sinusoidal steering maneuvers with different steering frequencies [28].
A lane change maneuver in an open-loop mode can thus be expressed as:

8., =98,sin(2xrft) 0<t<l/f (6.38)
where &, is the steering wheel angle, J, is its amplitude, and f is the steering

frequency. In this study, different steering frequencies (0.25Hz, 0.33Hz and 0.5 Hz) are

considered to examine the effectiveness of rollover indicators, while &, is held constant.

y ?--0—--0--.— --------------------- 0-0--0-0-9-90-0----
X @ f3.65 m

3.65m

e

Figure 6.12: Schematic of typical single lane change maneuvers.

A single lane change maneuver in a closed-loop mode is characterized by a path

trajectory defined as:
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0

3 x<I5 m
y= 1.825[1+sin(27{—(x—15)+7”]] I5 m<x<(I5+L,) m  (6.39)

363 ol x2(15+L,) m

where x and y are the coordinates of the path trajectory in meters along the longitudinal
and lateral directions of the vehicle, respectively. L, is the gate length for the path. In

this study, two different gate lengths (20m and 30m) are selected to evaluate the

effectiveness of open-loop rollover control.

6.3.3 Road Adhesion Limit and Braking Intensity

In response to an impending rollover warning, the driver may choose to slow
down the vehicle through application of braking. The maximum braking effort, however,
depends upon the adhesion limits of the road surface. Although the coefficient of road
adhesion is influenced by tire construction, inflation pressure, speed and normal load, the
most significant factor is road surface condition. The average road adhesion coefficient
may vary from a low value of 0.1 for an icy surface to 0.8 - 0.9 for dry asphalt or
concrete roads [21]. In this investigation, two different road adhesion coefficients (0.80
and 0.5) are chosen to represent typical dry and wet road conditions. Snow or icy roads
are not considered since such surfaces can initiate lateral skid before the vehicle
approaches its roll instability condition.

The braking force developed also depends upon its intensity. Application of
sudden and intense braking upon the perception of an impending rollover signal, may
cause yaw instabilities leading to potential jackknife. Alternatively, the driver may adopt

a modulated braking to avert the impending roll instability. The influence of braking
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intensity adopted by the driver on avoidance of a potential rollover thus needs to be
investigated to assess the effectiveness of the open-loop rollover control. The study is
thus performed for two different intensities of braking effort: 100%, 50%, and the results

are discussed to quantify the contributions of braking intensity. Table 6.1 summarizes the

simulation parameters of the tractor semi-trailer vehicle considered in this study.

Table 6.1: Simulation parameters for a 5-axle tractor semi-trailer combination.

ABS parameter: slip ratio to turn brake off (£, ) 03

ABS parameter: slip ratio to turn brake back on (k_,) 0.2

ABS parameter: minimum speed for ABS control (km/h) 6.0
Torsional steering system complinace due to tie rods 0.00042
(C, ,deg/Nm)

Steering shaft compliance (C,, , deg/Nm) 0.00222
Wrap-up compliance of front axle (C,, , deg/Nm) 0.000186
Wrap-up coefficient (R, ) 0.1
Bump-steer ratio: steer/jounce ( R,,,,,, deg/mm) 0.00404
Roll mass moment of inertia for sprung mass of tractor 6967.79

(kg-m?)

Pitch and yaw mass moments of inertia for sprung mass
of tractor (kg-m?)

Roll mass moment of inertia for sprung mass of semi-
trailer (kg-m?)

Pitch and yaw mass moments of inertia for sprung mass
of semi-trailer (kg-m?)

19943.9, 19943.0
24700.9

357412.0, 367084.0

Longitudinal tandem axle spacing for tractor (mm) 1219.2
Longitudinal tandem axle spacing for semitrailer (mm) 1321.0
Wheelbase of tractor (mm) 4789
Wheelbase of semitrailer (mm) 14000
Tire relaxation length ( L, , mm) 600.0
Tire spring rate (N/mm) 875
Hitch roll torsional stiffness (N-m/deg) 650000
Hitch pitch torsional stiffness (N-m/deg) 0

Hitch articulation torsional stiffness (N-m/deg) 0
Tractor sprung mass CG height (mm) 1050.38
Semi-trailer sprung mass CG height (mm) 2123.98
Height of fifth wheel above ground (mm) 1120.0
Tire/ground adhesion coefficient 0.8
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Axlel Axle2 Axle3 Axle4 AxleS
Unsprung mass (kg) 624.5 1068 1068 750 750
Height of axle CG above ground (mm) 480 480 480 546 546
Height of axle roll center above ground 427.0 695.0 695.0 673.0 673.0
(mm)
Axle yaw and roll mass moments of 490.0 540.0 540.0 6000 600.0
inertia (kg-m?)

Wheel spin inertia 30.8 60.0 60.0 50.7 50.7
Tire track width (to center of dual tires) 2110 1810 1810 1943 1943
(mm)

Dual tire spacing (mm) 0 330.0 330.0 3300 3300
Suspension spring spacing (mm) 823 1030 1030 1030 1030
Axle load (kN) 5345 71.28 71.28 71.28 71.28
Auxiliary roll stiffness (Nm/deg) 1045 1356 1356 2260 2260
Damping coefficient (N/mm/s) 2.8 6.3 6.3 6.3 6.3
Roll-steer coefficient -0.2 0.1 0.1 -0.2 -0.2

Time constant for air brake chambers (s) 0.3 0.3 0.3 0.3 0.3

6.4 ROLLOVER METRIC

As discussed in Chapter 2, the roll instability criteria can be expressed in two
categories in terms of the rollover severity: relative and absolute. The relative roll
instability criterion characterized by a dimensionless parameter referred to as Roll Safety
Factor (RSF), is initially used to investigate the static rollover propensity of heavy
vehicles. A relative rollover condition is identified, when RSF approaches a unity value.
The absolute roll instability, however, is defined in conjunction with vehicle tip-over
position. A dynamic parameter referred to as Rollover Prevention Energy Reserve Factor
and discussed in section 4.6, is used to characterize the absolute roll instability.

The primary objective of open-loop rollover control is to inform the driver of the
impending roll instability of the vehicle. The driver then performs corrective maneuvers
to retain vehicle stability by averting the occurrence of potential instability. A contact
between the tires and the road, however, should be maintained for the driver to undertake

appropriate efforts. The absolute roll instability criterion thus can not be employed to
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assess the open-loop rollover control. since the driver has little control of the vehicle after
all the wheels on a single track lift off the ground. The effectiveness of the open-loop
rollover control is thus asses.sed on the basis of relative roll instability as a measure of
impending rollover and early warning. Based on the relative roll instability criterion, the
rollover metric for the open-loop control is proposed as RSF >0.99. In the event, the
RSF during a maneuver is detected beyond this limit, the open-loop rollover control is

considered to be failed.

6.5 ROLLOVER WARNING THRESHOLD OF VARIOUS INDICATORS

As illustrated in Figure 6.1, the generation of an early warning on impending
rollover to the driver necessitates identification of a reference signal (or threshold). A
warning signal is generated when the magnitude of a rollover indicator exceeds the preset
threshold. The directional dynamic response of a S-axle tractor semi-trailer vehicle is
analyzed to identify the threshold values of various indicators. The analyses are

performed for selected indicators, described in section 5.4, which include: roll safety

factor (RSF); tractor lateral acceleration (a,,); trailer lateral acceleration (a,, ); tractor

roll angle (¢, ); trailer roll angle (¢,, ); and the rearmost axle roll angle (@, ;). The steer-

velocity factor is not selected as a candidate indicator due to its poor reliability, as
illustrated in section 5.4.

The equations of motion, (4.1) to (4.2), describing the directional dynamics of the
articulated vehicle in the yaw and roll planes under constant forward speed are solved for
ramp steer input. The response characteristics are analyzed to identify the static rollover

of the tractor semi-trailer combination during a low rate ramp steer (0.02 deg/s) maneuver
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at 100 km/h, in terms of each of the selected indicators. Table 6.2 illustrates the rollover
limits for the selected indicators, where the limits are presented with a superscript '0'. The
rollover warning thresholds are then established as percentage of the identified rollover
limits. The effectiveness of the open-loop rollover control is examined for each warning

threshold under a range of directional maneuvers, delay time ( 7). road adhesion limits

and braking intensities. The three-dimensional vehicle model, described in section 6.2, is
analyzed under the application of braking and steering. A braking effort, however, is
incorporated when an impending roll instability is identified. The directional dynamics of
the vehicle is evaluated upon incorporating: tire forces and moments, 4BS braking model,
derived in section 6.2.3; steering system compliance, derived in section 6.2.4; and driver
and brake system delays, derived in section 6.3.1.

The relative rollover condition corresponding to each threshold value is examined
to identify a more reliable threshold value that can be considered valid under varying
road and vehicle variables. In the event that a relative rollover condition is reached, the
open-loop control based on that warning threshold value is considered to be failed. and a
lower percentage value is assigned as a new rollover warning threshold. The results of the
systematic analyses are presented in the following subsections.

Table 6.2: Static rollover limits in terms of different indicators.

Indicator Rollover Limit
RSF RSF'=99%

a, a,, =042 ¢g

a,., a_?,z =0.42g

P 9., =6.57 deg
@., @?, =6.67 deg
Pus ¢.?s =1.50 deg
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6.5.1 Rollover Warning Threshold in Cornering Maneuvers

The effectiveness of the open-loop rollover control is initially investigated under
cornering maneuvers, described in section 6.3.2. The vehicle model is analyzed under a
ramp-steer input at a rate of 9 degrees/s and a speed of 100 km/h, while the reaction delay
is held at 0.6 s. The analyses are performed for two different values of thresholds of RSF
(0.85 RSF° and 0.70 RSF“), to investigate the effectiveness of the driver's efforts
undertaken to avert the occurrence of potential rollover. Figure 6.13 illustrates the RSF
response of the vehicle corresponding to two values of warning threshold. The rollover
boundary line represents the relative rollover condition of the vehicle. The results clearly
show that the open-loop roll control fails, when the waming threshold is selected as 0.85
RSF’. The warning based upon this threshold is considered to be too late for the driver to
undertake corrective action in terms of braking. The warning based upon 0.70 RSF?,
however, yields an effective open-loop roll control, as shown in the Figure. The resulting
warning, generated near r=20 s, yields sufficient lead time for the driver's reaction and
brake force development. The results further show that under application of braking
(¢=20 s), the RSF increases rapidly to approximately 0.88 at +1=20.9 s, until the braking
force is fully developed. The RSF, then rapidly decreases to zero, as the vehicle slows
down. The sudden increase in RSF response when braking force is applied, is mainly due
to steering system compliance, which is discussed in the following sections.

The influence of variations in the reaction delay and steer rates on the RSF are
further investigated for various threshold values, ranging from 0.65 RSF” t0 0.9 RSF’.
The results are examined to assess the effectiveness of open-loop roll control and to

establish a reliable value of the warning threshold. The analyses are performed for
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different cornering maneuvers, involving hand wheel steer rates of 4.5 deg/s, 9.0 deg/s

and 18.0 deg/s. in conjunction with different reaction delays r; =0.6 s, 1.2 sand 1.8 s.
The simulations are performed for road adhesion limit of 4 = 0.8 and braking pressure of

700 kPa. The results of the analysis, in terms of success or failure of the open-loop
control corresponding to various warning thresholds, are summarized in Table 6.3. The
results show that the steering rates and reaction delays influence the control of vehicle
roll instability in a significant manner. A roll instability initiated by a low-rate steer input
can be effectively controlled, even if the warning is generated corresponding to a
relatively higher value of RSF, provided that the reaction time is relatively low. For a 4.5
degree/s steer rate, the roll control based upon warning threshold of 0.85RSF’ is

considered to be successful for 7, =0.6s. The open-loop control, however, fails, when
both the reaction time r, and steer rate increase. A slow reaction time and/or rapid steer

rate require that a lower warning threshold should be selected to provide the driver and
brake system with sufficient lead time. In a rapid steer maneuver (18 degree/s) coupled
with slow reaction time ( 7,=1.8 s), an effective open-loop roll control can be realized by
relaxing the warning threshold to 0.65 RSF’.

Figures 6.14 and 6.15 illustrate the results of the assessment studies in terms of
other rollover indicators (a,,, ¢,,, ¢,5. a,, and ¢, ). The results show nearly linear
relationship between the rollover indicators and the RSF in ramp steer maneuvers. It can
thus be deduced that early warning signals can also be generated on the basis of lateral

acceleration (a,,) and/or roll angle (¢,,) response of the tractor, lateral acceleration
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(a,,) and/or roll angle (¢,,) response of the trailer, and roll angle (@, ) response of the

rearmost axle, in conjunction with certain percentage of RSF’, as illustrated in Table 6.3.

Table 6.3: Assessment of open-loop control in ramp steer maneuvers (z = 0.8, braking
pressure: 700 kpa).

Steer rate ! (s) 90%RSF’ | 85%RSF’° | 80%RSF’ | 75%RSF’ | 70%RSF’° | 65%RSF°
(degfs)
0.6 Failed Success Success Success Success Success
1.2 Failed Failed Success Success Success Success
2 1.8 Failed Failed Success Success Success Success
0.6 Failed Failed Success Success Success Success
9.0 1.2 Failed Failed Failed Success Success Success
1.8 Failed Failed Failed Success Success Success
0.6 Failed Failed Failed Success Success Success
1.2 Failed Failed Failed Failed Success Success
50 1.8 Failed Failed Failed Failed Failed Success

The effectiveness of the open-loop roll control is further assessed under cornering
maneuvers using closed-loop path following spiral trajectories, described in section 6.3.2.
The vehicle model is analyzed for three different trajectories with radius reduction rate of
48 m/rad. 72 m/rad and 96 m/rad. The simulations are performed for the range of
reaction time delays, considered earlier, and x =0.8. The simulation results are assessed
in view of the warning threshold, expressed as percentage of RSF’, ranging from 0.65
RSF’ to 0.90 RSF’. The results, in terms of success or failure of the open-loop control as

a function of reaction delay and radius reduction rates, are summarized in Table 6.4. The
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results show trends similar to those observed for open-loop ramp steer inputs. An open-
loop roll control is observed to be successful. when early warning is generated based
upon 0.75 RSF°. irrespective of the reaction delay. and rate of radius change. Slower
radius change, however, can yield an effective roll control with warning threshold of 0.80

RSF® for 7,=0.6 s and 1.2 s. From the results, it can be concluded that an effective open-

loop roll control can be realized on the basis of warning threshold of 0.75 RSF’, for
cornering maneuvers performed either in a closed-loop path following mode for in an

open-loop ramp steer up to a rate of 9 degree/s.
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Figure 6.13: Rollover warning given at different percentages of RSF’.
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Table 6.4: Open-loop rollover control on spiral paths with constant radius reduction rate

(u=0.8).
rh (s) 90%RSF° | 85%RSF’ | 80%RSF’ | 75%RSF° | 70%RSF’ | 65%RSF’
0.6 Failed Failed Success Success Success Success
48 m/rad 1.2 Failed Failed Success Success Success Success
1.8 Failed Failed Failed Success Success Success
0.6 Failed Failed Success Success Success Success
72 m/rad 1.2 Failed Failed Failed Success Success Success
1.8 Failed Failed Failed Success Success Success
0.6 Failed Failed Failed Success Success Success
96 m/rad 1.2 Failed Failed Failed Success Success Success
1.8 Failed Failed Failed Success Success Success

6.5.2 Rollover Warning Threshold in Lane Change Maneuvers

The effectiveness of the open-loop roll control is assessed under transient
directional maneuvers, performed either in an open-loop or in a closed-loop path
following mode. The directional dynamics of the vehicle model, described in section 6.2,
is analyzed for different lane-change maneuvers. The response characteristics of the
vehicle are analyzed to derive the ratio of RSF peaks obtained during turning and
correction phases of the maneuver. In lane change maneuvers, the vehicle response
parameters, such as lateral acceleration and roll safety factor demonstrate two peaks, as

illustrated in Figures 6.16 and 6.17. The ratio of the second peak ( 4,,, or A4, ) to the

first peak (A4,,, or A ) represents the amplification tendencies of the vehicle system
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during a lane change maneuver. The amplification ratios for lateral acceleration response

of the tractor and semi-trailer units, and the RSF are defined as:

: : and Gpr = RSF,
A.\'ZI RSI:!

(6.40)
where G,,, G,, and G, are the amplification factors for the tractor lateral
acceleration, semi-trailer lateral acceleration and the roll safety factor, respectively. In the
event, the RSF ratio (Ggy ) exceeds a unity value, the vehicle may roll over during
second part (correcting phase) of the maneuver, while it may safely perform the first part
of the maneuver. It should be noted that G,,, and G, are different from the rearward
amplification ratio (R4R) defined in section 4.3.2. While RAR is introduced to study the
lateral acceleration response characteristics of different units of a combination, G, and
G, are used to characterize the response of the same unit in different phases during a
lane change maneuver. Since lateral acceleration response of the tractor and the semi-
trailer is highly correlated with RSF, as shown in Table 5.7, G, , or G, , could be

interpreted the same as G, . Specifically, if G,,, or G, is greater than a unity value,

the vehicle may approach the relative rollover condition during the second part of the
maneuver even though it can safely perform the first part of the maneuver.

The vehicle response is evaluated under sinusoidal steering maneuvers, performed
at frequencies of 0.25 Hz, 0.33 Hz and 0.50 Hz at different vehicle forward speeds. Two
different values of gate length (20 m and 30 m) are also selected for the maneuvers. The

response characteristics are analyzed to evaluate peak RSF and G, , and to establish an

appropriate range of warning generation threshold. Figure 6.18 illustrates the RSF



amplification factor as a function of RSF> for the 5-axle tractor semi-trailer combination
during typical sinusoidal steering maneuvers at 0.25Hz, 0.33 Hz and 0.5 Hz. The results
show that the RSF amplification factor (G, ), increases with increase in RSF>,
irrespective of the steering frequency. The magnitude of G, obtained at a frequency of
0.33 Hz, however, is larger than that obtained at a lower frequency of 0.25 Hz, over the
entire range of RSF>. When the steer frequency is increased to 0.5 Hz, the G,
increases further at lower values of RSF>, but reaches a relatively smaller value than that
obtained at 0.33 Hz at higher values of RSF>. G, approaches approximately 1.29 as the
vehicle approaches its rollover condition. Figure 6.19 illustrates the influence of gate
length on the relationship between G, and RSF>. The results show that G, increases
with increase in the gate length. The maximum values G, approaches 1.19 and 1.22,

respectively, for gate lengths of 20m and 30m, corresponding to relative rollover
condition of the vehicle.

The results, shown in Figures 6.18 and 6.19, illustrate that G,,. may exceed the

unity value for RSF'<1.0. This implies that an early warning for the open-loop roll
control must be generated at a relatively earlier stage. Assuming linear relationship

between G, and RSF3, it is suggested that the warning signal should be generated when
RSF approaches 0.99/( Gy, Jpeak. For a peak value of G- =1.3, the warning may be

generated near a threshold value of 0.76 RSF”.

Similar to G, , the lateral acceleration amplification factors for the tractor and
semi-trailer units (G, and G, ,) are evaluated to examine their relationship with RSF.

Figures 6.20 and 6.21 illustrate the variations in G, and G, as a function of RSF’ for
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the three steering maneuvers. For lower steering frequencies (0.25 Hz and 0.33 Hz), the

G, varies only slightly over the entire range of RSF>< /. while the corresponding G, ,
increases with increase in RSF.. The peak value of G, , approaches 1.25 corresponding

to relative rollover condition (RSF>=/.0). For a relatively rapid maneuver (steering

frequency=0.5 Hz), G,,, increases considerably with RSF,, while G, , decreases with
RSF>. G, approaches a peak value of approximately 1.24 corresponding to rollover

condition. Figures 6.22 and 6.23 illustrate the influence of gate length on the relationship
between lateral acceleration amplification factors and RSF>. In both cases, the
amplification factors initially increase and then decrease with increase in RSFo.

Corresponding to the relative rollover condition, the G,,, approaches values of 1.08 and

1.05 for the 20m and 30m gate lane change maneuvers, respectively. The corresponding
values of G, , are observed to approach approximately 1.11 and 1.07 for the 20m and
30m gate lane change maneuvers.

The vehicle model is further analyzed to derive ampl.iﬁcation factors of roll angles

of tractor (G, =9®,,,/®,,), semi-trailer (G, =®D,,,/P,) and rearmost axle
(Gps =D,5,/D,5, ), where @, represents the peak values obtained during turning and

correction phases of the maneuver. The relationship between each amplification factor
and RSF; is examined to derive an appropriate value of the warning signal threshold.
Table 6.5 summarizes the amplification factors of the six rollover indicators
corresponding to relative rollover condition under lane change maneuvers performed at
different frequencies and gate lengths. The maneuver performed at a frequency of 0.5 Hz

is highlighted since it yields considerably large variations in the amplification factors.

-231-



Furthermore. the maneuver corresponding to 0.5 Hz sinusoidal steering is considered to
be quite severe and may not be encountered in practice for heavy articulated vehicles. It
is therefore excluded in the following analyses. The results show a maximum value of

amplification factors of 1.29, with the exception of G_, ;. which approaches 1.66. An
upper limit of 1.3 is thus selected for G.o-, G,,,. G, and G ,, while the upper limit
for G, is selected as 1.7. The limiting value of G, , is identified as 1.1. The

corresponding values of threshold for generation of rollover warning signals are then

computed as 75% for Gy, G,,,. G, and G ,; 91% for G, and 59% for G ;.

These threshold values are proposed to ensure sufficient lead time to account for delays

associated with the driver's reaction and braking system.

Table 6.5: Amplification factors of various rollover indicators in sinusoidal steer and lane
change maneuvers.

Maneuver Amplification factor

(;RSF (;Axl (;sz (;§KI (;¢sz (;au5
0.25 Hz 1.22 1.05 1.23 1.24 1.25 1.52
0.33 Hz 1.29 1.00 1.27 1.29 1.29 1.66
0.50 Hz™" 1.20 1.23 0.83 1.32 1.32 2.53
20mgate 1.19 1.08 1.11 1.16 1.15 1.33
30 m gate 1.22 1.05 1.07 1.22 1.22 1.44
Range 1.19-1.29 1.0-1.23 083-127 | 1.16-132 | 1.156-1.32 | 1.33-2.53
Range (0.5
Hz 1.19-1.29 1.0-1.08 107-127 | 1.16-129 | 1.15-129 | 1.33-1.66
maneuver
excluded)
Selected
upper limit 1.3 1.1 1.3 1.3 1.3 1.7
Warning
given at 77% 91% 77% 77% 77% 59%
limit %
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Figure 6.18: RSF amplification factor G, during sinusoidal steer maneuvers.
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Figure 6.21: Semi-trailer lateral acceleration amplification G, , during sinusoidal steer
maneuvers.
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6.5.3 Influence of Road Adhesion Limit and Braking Intensity on Open-loop
Rollover Control

The previous analyses of the effectiveness of the open-loop rollover control is
conducted at road adhesion limit of 0.8 and braking pressure of 700 kPa, (referred to as
100% braking effort), which are considered to be upper limits of these parameters. The
effectiveness of the open-loop rollover control is further examined by varying the braking
intensity and road adhesion limits. Two different values of braking intensity are
considered by selecting the brake pressure as 100% and 50% of the nominal pressure
(700 kPa), while adhesion coefficients of 0.5 and 0.8 are selected to represent wet and dry
surfaces.

Figures 6.24 and 6.25 illustrate the wheel braking pressures at the left- and right-
side wheels, respectively, at 100% braking effort, when the vehicle negotiates a ramp
steer at 4.5 deg/s. Since an ABS algorithm is incorporated in the vehicle model, wheel-
braking pressures are adjusted to avoid wheel lockup, as shown in Figure 6.24. Figures
6.26 and 6.27 illustrate the resulting wheel braking pressures corresponding to 50%
braking effort (350 kpa control pressure). It should be noted that the ABS is not activated
at the right side wheels due to insufficient braking effort, as shown in Figure 6.27. The
variations in the vehicle forward speed during braking at different braking efforts are
illustrated in Figure 6.28. Higher braking effort (700 kpa braking pressure) yields higher
longitudinal deceleration of the vehicle, which does not necessarily indicate higher
rollover control ability, as observed from the RSF response illustrated in Figure 6.29.

Figure 6.29 illustrates that RSF approaches close to unity value under application
of higher braking pressure (700 kPa), while the lower braking pressure yields a lower

value of peak RSF. The vehicle may thus approach its relative rollover condition at
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relatively high braking pressure, while a moderate braking effort may reduce the risk of
rollover. The RSF response reveals a rapid increase, when the braking effort is applied.
This increase is mostly attributed to the steering system compliance, which introduces a
sudden increase in road wheel steer angle when braking is engaged, as shown in Figure
6.30. The theoretical explanation is that the tire cornering force is considerably reduced
when braking force is introduced, which in turn increases the steer angle of the road
wheels, as shown in Equation (6.27). The results further show that a greater braking
effort yields a larger increase in the steer angle of the road wheels.

The road adhesion limit determines the maximum braking efforts that the vehicle
can achieve. In straight-line braking maneuvers, it is widely accepted that braking on a
road surface with higher adhesion coefﬁ;:ient, yield shorter braking distance [112]. In
cornering maneuvers the vehicle may reach yaw instability prior to developing a roll
instability, when braking is performed on low friction road. The influence of braking
effort and road adhesion limit on the directional performance of the vehicle subject to a
ramp steer (4.5 deg/s) is thus investigated. The response characteristics are analyzed to
derive the threshold of early warmning based upon RSF”. The results, summarized in
Table 6.6, reveal that rollover warning should be generated when RSF approaches 85%

RSF” on high friction road (u = 0.8) with 100% braking effort. If 50% braking effort is

applied, rollover warning threshold can be relaxed to 89% RSF”. A moderate braking on

high friction road ( 4 = 0.8) is thus more efficient to bring the vehicle to the roll stability
condition. On low friction road ( u = 0.5 ), warning thresholds are obtained as 81% RSF’

and 82% RSF" under 100% and 50% braking efforts, respectively. On low friction road,

the impending rollover signal should thus be generated earlier than on high friction road.
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Table 6.6: Minimum warning threshold for different road friction and braking efforts.

u# =08 H=05
100% Braking 85% RSF’ 81% RSF’
4.5 deg/s 50% Braking 89% RSF’ 82% RSF’
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Figure 6.24: Braking pressure on the left side wheels at 100% braking effort.
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Figure 6.25: Braking pressure on the right side wheels at 100% braking effort.
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Figure 6.26 Braking pressure on the left side wheels at 50% braking effort.
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Figure 6.27: Braking pressure on the right side wheels at 50% braking effort.
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Figure 6.28: Changes of vehicle forward speed during braking at different braking efforts.
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6.6 SUMMARY

In this chapter, a comprehensive three-dimensional heavy vehicle model is
developed to investigate the effectiveness of open-loop roll instability control. The
steering system compliance, roll steer, bump steer, ackerman steer and wrap steer are
incorporated in the vehicle model, along with comprehensive tire model and 4BS
algorithm. Time delays due to driver’s reaction and the transportation lag of the braking
system are characterized by a variable called reaction delay. The rollover indicators in
terms of roll safety factor, tractor and trailer lateral accelerations and roll angles, and the
rearmost axle roll angle are investigated for their effectiveness for open-loop roll stability
control in various comering and evasive maneuvers, road conditions, braking efforts, and
different reaction delays.

It is concluded that warning signal should be generated when RSF reaches 65% to
85% in ramp steering maneuvers for different steering rates and reaction delays. The
range of threshold values for warning generation reduces to 75% - 80% in the spinal path
maneuvers. In lane change maneuvers, the warning thresholds are mainly dependent on
amplification mechanism of the vehicle response. An upper limit of amplification factor
is identified as 1.3 for RSF, semi-trailer lateral acceleration, tractor and semi-trailer roll
angles for all the lane change maneuvers, while the limiting values for tractor lateral
acceleration and rearmost axle roll angle amplification factors are identified as 1.1 and
1.7, respectively. Larger amplification factor at the relative rollover condition requires the
generation of the early warning signal at an earlier stage. While larger braking effort can
reduce vehicle forward speed more quickly, the vehicle exhibits violent transient roll

response under larger braking effort. Consequently, a moderate braking effort can yield
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improved performance for rollover control. Operation on road surface with lower

adhesion limits requires earlier warning generation of impending rollover.



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 HIGHLIGHTS OF THE INVESTIGATION

In this dissertation, a systematic study of static and dynamic roll characteristics of
heavy vehicles is conducted to identify measures related to onset of roll instability, such
that a design of an open-loop early warning roll control device may be conceived. The
study involves: establishment of roll instability criteria; identification of rollover
conditions through analysis of static and dynamic rollover characteristics; identification
of dynamic response vector directly related to onset of vehicle roll instabilities;
evaluation of the response vector in terms of measurability, reliability, and early warning
capability; and effectiveness of the proposed open-loop rollover control methodologies.
Some of the results attained from the dissertation research have been published in [113,
114, 115, 116]. The major highlights of various aspects of the study are summarized in

the following subsections.

7.1.1 Development of Relative and Absolute Roll Instability Criteria

Development of a definite roll instability criterion forms the most important issue
in assessing the dynamic rollover characteristics of heavy vehicles. Although the roll
stability of heavy vehicles has been extensively addressed in the literature, a roll
instability criterion has not been defined clearly. In this dissertation, two roll instability
criteria are defined based upon fundamental analysis of rollover mechanics of heavy
vehicles in terms of severity of the rollover: Relative Roll Instability; and Absolute Roll

Instability. Relative roll instability is approached when vehicle wheels on one or more
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axles lose road contact such that the vehicle can not remain stable under the action of a
constant level of lateral force. The corresponding maximum lateral acceleration response
of the vehicle. realized during a steady turn maneuver, is referred to as the static rollover
threshold. Absolute roll instability of the vehicle occurs at tip-over with zero tolerance of
lateral disturbance, when center of mass of the vehicle aligns vertically above the
effective contact region of the outer tires with the road. The rollover measures reported in
the literature are categorized based on the proposed roll instability criteria. Relative roll
instability criterion is employed to derive relative rollover conditions, and static and
dynamic rollover threshold of heavy vehicles. The proposed relative roll instability
criterion is employed to detect an impending roll instability and to assess the
effectiveness of open-loop rollover control. The absolute roll instability criterion is
employed to study the absolute rollover limits of heavy vehicles subject to directional

manecuvers.

7.1.2 Development of Relative Rollover Condition and Roll Safety Factor

Freight vehicle combinations comprise different numbers of multi-axle units,
where the suspension properties and loading conditions for each axle may differ
considerably. Under a severe directional maneuver, the loss of tire-road contact may
initially occur with wheels on one of the axles, which may be followed by loss of road
contact of wheels on the other axles. The relative roll instability criterion does not
necessarily imply that all the wheels on a single-track lift off the road surface. For
detection of impending roll instability of heavy vehicles, it is necessary to identify the

relative rollover conditions, which may vary with variations in the vehicle configurations.
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Furthermore. static rollover threshold of heavy vehicles can also be evaluated when a
vehicle approaches its relative rollover condition. In this dissertation, relative rollover
condition for heavy freight vehicles is mathematically represented by a variable referred
to as roll safety factor (RSF). The RSF approaches a unity value when relative rollover
condition is reached, irrespective of the vehicle configuration. The proposed RSF thus
serves as a reliable impending rollover indicator.

The relative rollover conditions for straight trucks, full trailers, tractor semitrailer
combinations, and B- or C- train doubles are analyzed through development of static roll
plane models. An A-train double combination is considered as two independent roll units:
a tractor semitrailer and a full trailer. The proposed models developed for tractor
semitrailers and full trailers are thus analyzed to predict SRT and relative rollover
condition for the A-train doubles. A parametric study is conducted to derive the influence
of an array of vehicle design parameters and suspension configurations on SRT and
relative rollover condition for various vehicle combinations. Wheels lift-off sequence of
various vehicle configurations in dynamic steering maneuvers is also investigated in
order to derive rollover initialization and subsequent relative rollover condition. The
results of the parametric study are further analyzed to derive the sensitivity of proposed

criterion to variations in vehicle design and operating variables.

7.1.3 Dynamic Rollover Threshold Analysis
While the static rollover of heavy vehicles has been extensively investigated in
many reported studies, only few studies have attempted to analyze the vehicle rollover in

a dynamic maneuver. Since dynamic lateral acceleration response characteristics of
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different units of an articulated heavy vehicle differ considerably in both amplitude and
phase angle, a concept referred to as effective lateral acceleration (ELA) is introduced.
The ELA represents a moment-weighted average lateral acceleration response
characteristic of all the units of a vehicle combination. Dynamic rollover threshold (DRT)
of a heavy vehicle is defined as the level of effective lateral acceleration, when its RSF
approaches a unity value in a dynamic steering maneuver. Dynamic rollover threshold
values of tractor semitrailer combinations and A-train doubles are investigated for
various operating conditions and steering frequencies, and compared with the
corresponding static rollover threshold values. The dynamic roll characteristics are
further assessed in terms of rearward amplification gains. The effectiveness of DRT and
rearward amplification gain in predicating a dynamic rollover is evaluated in terms of

their sensitivity to variations in vehicle design and operating parameters.

7.1.4 Development of a Roll Plane Model for Absolute Rollover Analysis

Although a large number of analytical models have been developed to study the
directional dynamics, handling performance and static roll instability of heavy vehicles,
only limited efforts have been reported on study of maneuver-induced dynamic roll
instability. The reported roll plane models for dynamic roll stability analysis were
developed based on the assumption that none of the wheels lose contact with the road.
The application of such a model thus raises many concemns, since a dynamic rollover
involves the loss of tire-road contact of the wheels on one track of the vehicle.

A roll plane model incorporating the loss of tire-road contact during a directional

maneuver is thus developed in this dissertation to study the dynamic roll properties of



single and multiple units articulated vehicles. A straight truck configuration is
represented by a single-roll-plane mode!l, while a tractor-semitrailer combination is
represented by three composite roll planes, including front axle, a composite drive axle,
and a composite trailer axle, coupled by two torsional springs. The B- and C-train
doubles are represented in a similar manner by four roll planes coupled by three torsional
springs. Each roll plane is characterized by five degrees-of-freedom motions. Equations
of motion are derived using Lagrange’s energy approach, which are considered valid
until the vehicle approaches its tip-over position. The proposed model differs from the
previous reported models in a significant manner, since it can predict the roll dynamics of
a vehicle after the wheels lift off the ground, and thus the occurrence of an absolute
rollover. The absolute rollover indicators in terms of Rollover Prevention Energy Reserve
Factor (RPERF) and Critical Distance Ratio (CDR) are employed to investigate absolute

rollover threshold of heavy vehicles.

7.1.5 Analysis of Potential Rollover Indicators

The design of a dynamic rollover warning device necessitates the identification of
impending dynamic rollover indicators with high degree of measurability, reliability and
available time margin for corrective maneuvers. Although few studies have attempted to
identify vehicle response variables related to onset of vehicle rollover, analysis of such
variables in terms of measurability, reliability and lead time for driver's actions has not
yet be reported.

In this dissertation, potential rollover indicators are identified through analytical

analysis of a lumped roll plane model, and evaluated in terms of measurability, reliability



and early warning capacity for driver's action. Measurability analysis is carried out based
on current engineering practice in terms of ease of measurement. Reliability analysis of
potential rollover indicators is conducted in terms of estimation errors due to uncertainty
of dependent parameters, linear correlation characteristics with roll safety factor (RSF),
and sensitivity to variations in operating conditions of the vehicle. Early warning
evaluation of the indicators is performed in terms of lead time for driver's corrective

efforts in dynamic directional maneuvers.

7.1.6 Feasibility Analysis of Open-Loop Rollover Control

In an open-loop rollover control, a warning signal is generated for the driver
through monitoring and interpretation of the impending rollover indicators. Upon
recognizing the warning signal, the driver may undertake braking and/or steering actions
to avert the potential roll instability. In view of the time delays associated with driver’s
perception and reaction, and buildup of the braking force, a warning signal for an
impending rollover should be generated early enough for the driver to perform a
corrective maneuver in appropriate time. The vehicle may approach its roll instability
condition, in the event that the lead time provided by the warning signal is inadequate to
develop necessary braking forces.

In this dissertation research, the feasibility and effectiveness of the open-loop
rollover control is investigated through development and analysis of a comprehensive
three-dimensional vehicle model. The model is formulated upon incorporating nonlinear
forces and moments due to tires, ABS braking, steering system kinematics and

compliance, and driver and braking system delays. The proposed model for a five-axle



tractor semitrailer combination is analyzed under various cornering and evasive
maneuvers. road conditions. braking efforts, and reaction delays. The results are analyzed
to derive impending rollover wamning threshold and effectiveness of the open-loop

rollover control.

7.2 CONCLUSIONS
The following specific conclusions are drawn from the dissertation research.

e Complete roll units of articulated vehicles can be identified on the basis of roll
coupling mechanisms, while the towing and trailing units coupled by a hitch with
weak roll stiffness can be treated as independent roll units.

e The rollover and tip-over of heavy vehicles can be accurately described by relative
and absolute roll instability criteria, respectively. The limiting value of lateral
acceleration of vehicle corresponding to its relative rollover condition directly relates
to the static rollover threshold of the vehicle.

e The analytical relationship between sprung mass roll angle and lateral acceleration,
derived from static roll analysis of various vehicle configurations, yields relative
rollover condition and static rollover threshold of the combination.

e The straight trucks or full trailers may approach their relative rollover conditions
when wheels on the front and/or rear axles lift off the ground, while the tractor
semitrailer combinations approach relative rollover condition when wheels on tractor
rear and trailer axles lift off the road surface. The relative rollover for B- or C-

doubles is described by one of the two conditions: (i) when wheels on both tractor's
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rear axles and the axles of the first semitrailer lift off; or (ii) when wheels on the axles
of the first and second semitrailers lift off.

While the relative rollover condition for straight trucks and full trailers is strongly
dependent upon the suspension roll stiffness and vehicle configurations, the relative
rollover condition for tractor semitrailer combinations is independent of variations in
suspension and vehicle parameters considered in this study.

Relative rollover condition for all the heavy vehicle combinations can be
mathematically expressed by the roll safety factor, which approaches a unity value
when relative rollover condition is reached, irrespective of the vehicle configuration.
Static rollover threshold of the combinations is significantly influenced by center of
gravity heights of the sprung masses, wheel track widths, track width and force-
deflection characteristics of suspension springs, auxiliary roll stiffness rates, but
insignificantly influenced by tractor frame compliance.

Dynamic rollover threshold (DRT) of the articulated vehicles can be described in
terms of an effective lateral acceleration response of the combination subject to
dynamic maneuvers. The effective lateral acceleration (ELA) response of articulated
vehicles under dynamic directional maneuvers correlates very well with unity value
of RSF thus describes the dynamic rollover threshold.

A comparison of dynamic and static rollover threshold accelerations of different
articulated vehicles revealed that DRT in most cases is slightly less than or equal to
the SRT. The difference between the static and dynamic rollover threshold values is
normally less than five percent. The static rollover threshold can thus be effectively

employed to estimate the dynamic rollover propensity of heavy vehicles.
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The rearward amplification ratio response of articulated vehicles, derived from
constant-velocity three-dimensional model developed for large roll angles, revealed
extreme sensitivity to variations in maneuvers performed. An analysis of the DRT
response. however, revealed that DRT is relatively insensitive to directional
maneuvers.

An analysis of the load transfer ratio response of different axles of a heavy vehicle
combination, yields wheel lift-off sequence in directional maneuvers. The analysis
further revealed that rollover of tractor semitrailer combinations and A-train doubles
is initiated at the rearmost axles of the vehicles.

The roll dynamics analysis of a vehicle combination after the loss of road contact of
certain wheels, and thus the occurrence of an absolute rollover, necessitates the shift
in the coordinates of the roll center to the contact patch of the outboard tires. The
absolute rollover of vehicles in dynamic maneuvers can be effectively predicted from
the Rollover Prevention Energy Reserve Factor (RPERF) and Critical Distance Ratio
(CDR). The absolute rollover limits predicted by RPERF, in general, are slightly
lower than those derived from the CDR.

Absolute rollover limits of straight trucks in an obstacle avoidance maneuver are
larger than the corresponding SRT values, especially for higher frequency maneuvers.
The SRT thus provides an underestimation of the anti-roll ability of heavy vehicles
under transient steering maneuvers.

Potential relative rollover indicators can be identified through development of their
explicit relationships with the roll safety factor. While roll safety factor is the most

reliable impending rollover indicator, irrespective of the vehicle configuration, its



measurability is relatively poor. The steer velocity factor (SVF) yields superior
measurability and large time margin for early warning but it exhibits considerable
sensitivity to variations in operating conditions and the maneuvers performed. The
indicators based upon unsprung mass roll angles demonstrate excellent linear
correlation with the RSF, and are relatively insensitive to variations in vehicle c.g.
height and maneuvers performed. The threshold values of unsprung mass roll angles,
however, are observed to be quite sensitive to variations in axle loads.
The indicators based upon lateral acceleration response of the semitrailer and sprung
mass roll angles of a 5-axle tractor semitrailer combination revealed excellent
correlation with the RSF, while their threshold values were observed to be strongly
dependent upon the variations in vehicle c.g. height. The lateral acceleration response
of the tractor demonstrates excellent capability for early waring generation of
impending rollover in directional maneuvers, but poor linear correlation with RSF.
The effectiveness of the roll instability indicators and the open-loop roll instability
control must be evaluated through analysis of a three-dimensional heavy vehicle
model, incorporating braking dynamics and driver's reaction delays.
The design requirements for an early warning based open-loop roll instability control,
derived from the analysis of the nonlinear three-dimensional vehicle model, revealed
that:
— In ramp steering type maneuvers, the warning signal should be generated for the
driver to avert impending roll instability, when RSF approaches 65% to 85%.
~ In spiral path maneuvers, the warning signal should be generated when RSF

reaches 75% to 80%.
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~ In lane change maneuvers. the warning thresholds are primarily dependent on

amplification mechanism of the vehicle response. The warning threshold values in

lane change maneuvers should not be greater than 77% of static rollover limits in

terms of RSF, semitrailer lateral acceleration, tractor and semitrailer roll angles.

The warning threshold values in terms of tractor lateral acceleration and rearmost

axle roll angle should not be greater than 91% and 59% of their respective static
rollover limits.

e Analysis of the open-loop roll instability control further revealed that a moderate

braking effort may yield improved performance for rollover control, and vehicle

operation on road surfaces with lower adhesion limits requires earlier warning

generation of the impending rollover.

7.3 RECOMMENDATIONS FOR FUTURE WORK

In this study, the warning thresholds of different indicators are obtained for a
specific 5-axle tractor-semitrailer combination under a range of specific steering
maneuvers. These maneuvers are characterized qualitatively to represent typical
cormering and lane-change maneuvers, and do not necessarily represent vehicle’s
maneuvers in daily operation. Based on this investigation, the rollover warning threshold
can be selected from a wide range of 60% to 85% of the static rollover limit. The
simulation results presented in this dissertation can only be interpreted for the specific
maneuvers and reaction delays, although they provide significant insight into the

feasibility and methodology for prototype development. The effectiveness of open-loop
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rollover warmning system should be examined through implementation of a warning
system and instrumentation of a test vehicle.

The open-loop rollover control, in general, must be useful to the driver and must
not interfere with normal driving tasks. The warnings generated by the system should
result in a minimum demand on the driver’s attention. The effectiveness of the open-loop
control further depends upon how often the early waming is generated. Frequent
warnings may lead to reduced sensitivity of the driver to the signals, and may cause the
driver to ignore them. Occasional or rare warnings. on the other hand, may cause panic
and distract the driver during critical situations. Therefore, the method of warning and the
frequency at which warnings are given must be chosen carefully. Nevertheless, the preset
warning threshold determines how often a warning occurs. The preset value should be
identified based on the vehicle duty cycle to ensure that warnings occur at an acceptable
frequency level.

Other aspects of feasibility are the ease of installation and reliability of the
warning signal. Although RSF is the most reliable rollover ihdicator, the measurement of
RSF requires dynamic vertical load information on tractor rear and trailer axles, which is
quite complex. One reasonable way is to monitor the wheel loads for only one axle. Since
rollover of heavy freight vehicles mostly initiates at the rearmost axle, it may be
appropriate to monitor only the rearmost axle load. For tractor semitrailer or trailer
combinations, the rearmost axle is the axle on a semitrailer or full trailer. Since tractors
and trailers are made by different manufactures and normally owned and maintained by

different companies, the instrumentation of a trailer axle needs an additional power
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supply and signal transmission between tractor and trailer, which may also pose certain
difficulties. Another choice is to monitor the wheel loads of tractor drive axles.

From the point of view of rollover warning, a precise measurement of wheel load
is not necessary. A qualitative estimation of how close a wheel approaches lift-off
condition is sufficient to generate a warning. One feasible method is to apply a small
braking pressure and measure the slip ratio of the wheel. Wheels with small vertical load
due to load transfer can easily be locked up. Figure 7.1 illustrates a possible flow chart
for the generation of rollover warning. The lateral acceleration level is initially examined
by comparing it with the preset value e.g. 0.25 g. A small test braking pressure is released
to the wheels on the drive axle, when lateral acceleration exceeds the preset value. If the
wheel longitudinal slip ratio is greater than a preset value (for example 0.2), a warning
signal is generated to the driver, or a braking effort is automatically applied to slow down
the vehicle in a close-loop manner. Otherwise, the system continues to re-examine the
condition after a certain elapsed time. The proper selection of test braking pressure for
different vehicles is very important for the effectiveness of such a warning algorithm.

In view of the difficulties in finding a single satisfactory impending rollover
indicator with desirable measurability, reliability and available time margin for corrective
maneuvers, certain combinations of several indicators may be considered for generation
of an early warning of impending rollover. Neural network algorithms may be explored
for such a purpose.

The methods for effective presentation of the warning signal to the driver should

also be explored. Instead of an audio warning signal, the warning can also be provided to
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the driver by constant visual feedback in the form of graduated light displays representing
how close the vehicle approaches rollover condition.

Further studies can also be carried out on possible closed-loop rollover control
systems. Upon detection of impending rollover, corrective actions may be directly
applied by control mechanisms, which include electric braking to slow down the vehicle
and to avert potential yaw instability, application of counter-roll moment to reduce roll

displacement of the vehicle and thus improve roll stability.

Start

a, >025g

Yes

Test braking
pressure

No

Warning

Figure 7.1: Flow chart of impending rollover warning generator based on
monitoring of wheel loads.
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