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ABSTRACT

Detection of Onset of Instabilities for an Early Warning Safety Monitor
for Articulated Frelight Vehlicles

Alain Piché

The directional dynamics of articulated freight vehicles 1is
investigated in order to determine the key vehicle response parameters
related to onset of rollover. Roll stabillty of an articulated vehicle
is investigated via computer simulation for low speed cornering and high
speed directional maneuvers. Attempts are made to relate the onset of
roll instability to varlous vehicle response parameters. These vehicle
response parameterc are thoroughly reviewed In view of their reliabllity
and ease of on-line acqulisition. A comprehensive database on the
properties and geometry of the vehicle 1is compiled. Sensitivity of
response parameters to variations in vehicle parameters is evaluated iIn
order to arrive at a set of key response variables that can best
describe the onset of roll instabllity. The study concludes that the
sprung mass lateral acceleration and rearmost axle’'s roll angle response
can best relate to onset of roll Iinstablility experienced during
cornering and high-speed directional maneuvers, respectively. Vehicle
Jackknife, caused by wheel lockup at the tractor’'s rear axles, |is
investigated through simulation of a comprehensive vehlcle dynamics
sof tware, referred to as "Phase IV Model”. Directional response
characteristics of the articulated vehicle are evaluated for
braking-in-a-turn maneuver 1in order to express the onset of vehicle
Jackknife via measurable vehicle response parameters. Directional
behavior of the vehicle 1is further investigated for varlations In

braking force distribution and two necessary conditions are derived that




can detect the onset of vehlcle Jjackknife. The key operational
parameters related to the occurrence of accldents Iinvolving heavy
vehicles are thus identified and the design of an early warning monitor
is proposed. The microprocessor based early warning safety monitor can
warn the driver of an impending instability such that an appropriate

corrective action may be taken to avert the occurrence of an acclident.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 GENERAL

For reasons of economy, the Canadian trucking industry has
indicated a continuing interest in increasing the sizes and load
carrying capacities of frelght vehicles. In the last few years, the
vehicle welights and dimensions regulations have been relaxed
considerably in Canada. Many studies carried out for the trucking
industry and policy makers have established that:

(a) Handling and control characteristics of articulated

freight vehicles are adversely affected by the increased
weights and dimensions [1].

(b) The rollover immunity of articulated freight vehicles 1is
so low that a moderately severe maneuver often causes
significant magnitude of lateral forces, and yaw and rell
moments that may lead to Instability. The rollover
immunity of articulated freight vehicles is further
deteriorated by the increased weights and dimensions [2].

As with all motor vehicles, the driver control is limited to
braking, acceleration and steering inputs. A combination of these
controls 1is required to operate the vehicle under routine or non-
routine, often severe, avoidance maneuvers when the driver is confronted
with a potential crash threat. In the case of most four-wheel vehicles,
relatively severe levels of either steering and/or braking must be made
to induce dynamic instabilities. However, this is not the case with

heavy vehicles, they are proportionally more involved In single vehicle



accidents (rollovers, loss-of-control, Jjackknifes, and collisions with
roadside fixed objects) than passenger cars and light trucks. A review
of heavy vehicle accident files revealed that heavy trucks were involved
in 28% of single vehicle accidents as compared with 19% for passenger
vehicles [3]. Almost 60% of the heavy vehicle accidents were associated
with rollover [4]. Review of highway accident files further revealed
that 9% of the multiple vehicle accidents involving heavy freight
vehicles resulted in rollover of the heavy vehicle, while the 33% of
single vehicle accidents involving heavy vehicles resulted in rollover.
The vehicle rollover often occurs at low speeds during a cornering
maneuver [5,6].

The high center of gravity of many freight vehicles, especlally
when laden, and the dynamic characteristics of articulated vehicles are
the primary contributory factors to vehicle accidents leading to
rollover and jackknife. Heavy vehicle instabilities can be classified
in two broad classes based upon the type of maneuver: (i) roll
instability and (1ii) yaw instabllity, as shown in Figure 1.1. The roll
instability can be further described in terms of low speed and high
speed roll instability. The low speed roll instability is experienced
during steady turning maneuvers when the centrifugal forces imposed on
the vehicle exceed the rollover threshold of the vehicle. Such a rol)
instability often leads to either vehicle rollover or vehicle running
off the road or a combination of both. High speed roll instability is
often caused by the rapid steer inputs when the driver is confronted
with a potential crash threat. Sudden lane changes at high speeds
generate diverging directional response which may lead to rnllover |in

the absence of corrective steering action. The roll Instabllities are




Articulated Freight Vehicle Instabilities

I
| |

Roll Instability Yaw Instability
l
l | |
Low Speed High Speed Braking and
Cornering Directional Steering
Maneuver L7Mzneuver‘ Maneuver
l |
I
Vehicle Rollover Trailer Swing
Vehicle Running Vehicle Jackknife
of f the Road may lead to rollover

FIGURE 1.1: Articulated Freight Vehicle Instablilities Classification



often initiated at the rearmost axle of the articulat~d freight vehicles
and the driver often remains unaw=-= of such impending instability due
to the excessive size of the veh1 ..

The yaw instability, caused by either braking or combined braking
and steering maneuvers, can lead to vehicle jackknife. The primary
cause of vaw instability is the rearward bias of the braking forces
typical in the heavy vehicle brake system design, increasing the
probability of tractor rear wheels to experience lockup. When lockup
occurs, the tires lose their ability to generate cornering forces and
the vehicle experiences yaw instability. Unstable yaw response along
with rapid corrective steering maneuvers of the heavy vehicle often
leads to vehicle Jackknife followed by a rollover.

Consequently, in view of the recently relaxed weights and
dimensions, and increased population of heavy articulated vehicles on
the highways, there exists an increased concern over thelr operational
safety. Their potential instabilities and extremely high inertia pose
high risks to highway safety and commercial property. The driver often
remains unaware of the impending roll instabilities at the trailer axlecx
and the directional instabilities caused by the vehicle Jjackknife are
quite rapid to be detected by the driver. A delay in corrective action
causes risks to the driver, the vehicle and the highway safety

Thus there exists a need to monitor the dynamics of heavy vehicle
during thelr operation, in order to warn the driver of the impending
instabi.itles. The driver could then take an appropriate correctiye
action to minimize the severity of instabllities and to mawimize the

preservation of the wvehicle and the highway safety




In an attempt to minimize the potential risks to highway safety, it
has been proposed that the efforts should be directed towards
development of effective methods to assess the relative stability
performance of various highway vehicle combinations. The assessment
method must account for static and dynamic characteristics of the
vehicle, and search for motion cues that the driver can either sense or
fail to sense prior to an instability [7]. However, no serious attempts
have yet been made to identify the vital motion cues associated with
onset of vehicle instability that the drivers can either sense or fail
to sense.

Alternatively, the onset of vehicle instabilities can be related to
certain vehicle response parameters. These vital response parameters
can be continuously monitcred to generate an early warning to the
vehicle driver, such that an appropriate corrective action can be taken
to ensure the safety of the driver, vehicle and the highway.

In view of the unreasonable risks posed by the highway accidents
involving heavy freight vehicles, the roll and yaw directional dynamics
of such vehicles has drawn extensive research investigations
(8,9,10,11]. However, studies on determination of wvital response
parameters related to the onset of vehicle instability and development
of an early warning monitor are limited to only a few [12,13]. A brief
review of the relevant literature on directiocnal dynamics of articulated

freight vehicles is presented in the following section.

1.2 REVIEW OF PREVIOUS INVESTIGATIONS
The handling and stability of heavy trucks and articulated vehicles

have been extensively investigated by various researchers during the



last two decades. Vlk [8] conducted a review of the literature on the
lateral dynamics of articulated vehicles and concluded that only few
investigations focused on the directional dynamics of such wvehicles.

In view of changing weights and dimensions, and risks posed by
accidents involving such vehicles, numerous analytical and experimental
studies have been conducted to study rollover dynamics, directional
dynamics, directional performance, etc. The influence of size and
weight variables on the stability and control characteristics of heavy
trucks and tractor-trailer combinations has been investigated by Ervin
et al. [14]. The computer simulation results were validated via a
limited number of field tests.

Vlk [15] examined the yaw stability of articulated vehicles during
cornering. A simplified analysis of the transient turning behavior of
two types of articulated vehicl:s showed that the tractor-semitraller
preserves stability under driving speeds exceeding 70 km/h, whereas the
truck-trailer appears to become oscillatery unstable at driving speeds
beyond 60 km/h. The studies conducted by Nalec: and Genin !9) concluded
that heavy vehicles, in general, begin to show unstable behavior as the
lateral acceleration approaches 3 to 4 m/s2 (0.3 to 0.4 g).

Vlk [11] developed a simplified model to study the steady turning
performances of freight vehicle combinations. A vertical load analogy
was proposed to represent the location of the center of gravity of
various units. His approach was applied to study the steady turning
performance of a truck-trailer in which the trailer employed a dolly
with a turntable. The study concluded that folding about the ;ront
articulation point of the truck-traliler was quite typical. Schmid [16]

concluded that the resultant tire side forces should be applled behind




the center of gravity of the truck in order to ensure the yaw stability
of the truck-trailer combination. If this condition is unfulfilled, the
truck tends to devia.: frem the desired path above a certain speed.

A Jackknife type of instability results when the tractor’s rear
wheels experience lockup. It is conceptually similar to a spinout
response of a four-wheel vehicle. A second articulation instability,
cairied trajler swing results when 2ll the trailer wheels experience
lockup. The trailer rotates out of alignment relatively slowly, often
without being noticed by the driver, since no significant disturbances
in the tractor motion occur [17].

A common mode of failure for heavy vehicles is rollover. A roll
instability is attained whenever the overturning moment, generated by
the centrifugal forces, exceeds the net stabilizing mome=t. For heavily
laden vehicles, the rollover threshe'd is so low tnat rollover can
easily occur at medium level maneuvers on paved surfaces. Typically
laden heavy vehicles can roll over during turning maneuvers when the

lateral acceleration approaches roughly 4 m/s? [9].

1.2.1 Developments in Vehicle Dynamics Simulation Models

In the sixties, yaw plane models of articulated vehicles were
developed as systems of linear equations to describe the directional
dynamics of the vehicle combinations. Schmid {16] investigated the
lateral dynamics and was one of the first to publish comprehensive
mechanical equivalent models of complete truck-trailers. Because of the
available computing possibilities, he made many assumptions and
therefore provided statements of limited quality about the directional

stability of such zomplex systems. The four degree<-ot-freedom linear



vehicle dynamic model was expressed by a chafacteristic equation. The
roots of the characteristic equation provided the marginal speed of the
vehicle related to divergent instability. However, this model was only
valid when the turntable point was directly above the trailer f{ront
axle.

A comprehensive linear yaw plane model of various heavy vehicle
combinations has been developed by UMIRI (University of Mi~higan
Transportation Research Institute) ([18]. The model represents the
vehicle combination by a system of linear equations. The vehicles are
assumed to behave as rigid bodies moving at constant forward velocity in
the horizontal plane. The articulation angles are assumed to be small
and the surface is assumed to have uniform frictional properties. The
cornering forces and aligning moments generated at the tire-road
interface are assumed as linear functions of the sideslip angle of the
tire, and thé braking and tractive forces are considered negligible.

Ervin et al. [14] investigated the rearward amplification of an
articulated vehicle, defined as the ratio of the trailer lateral
acceleration to the tractor lateral acceleration, using the yaw plane
model subjeet to a sinusovidal steering input. The results of the study
represented only first-order estimate of the rearward amplification
behavior due to the 1linear assumption. However, severe maneuvers
leading to large slip angles (greater than 3 degrees) and the load
transfer from the inner to the outer track could not be simulated using
this model.

Mallikarjunarao and Fancher [18] developed characteristic equations
for the linear yaw plane model and investigated the vehicle stability

via an eigenvalue analysis. The linear model was used to determine the




damping ratios, natural frequencies, peak lateral acceleration response
and transient directional response of the various elements of the
articulated vehicle combination during an emergency lane change
maneuver. The directional behavior of the Michigan tanker, evaluated
using the linear yaw plane model, was compared to that of other freight
vehicles to demonstrate the potentials of a modified hitch.

Vik (8] indicated that while many research papers and reports
described the development of various computer simulation models to
analyze the lateral dynamics of articulated vehicles, there exist
relatively few published studies on the comparison of these models. The
influence of size and weight variables on the stability and control of
heavy trucks and tractor-trailer combinations was examined by Ervin et
al. [14] using computcr simulations. Their computer simulation studies
were validated via a limited number of field tests. These models
clearly predicted the periodic yaw response of the trailer about its
equilibrium position but did not yield information about aperiocdic
trailer swing and jackknife due to a lack of a bounded and thus
nonlinear tire model.

In the seventies, the research trend was towards the development of
increasingly sophisticated computer simulation models to handle complex
tire models. Since the directional dynamics of a vehicle combination is
strongly related to the forces generated at the tire-road interface,
nonlinear tire models swere used in the lateral stability analyses of the
vehicle subject to simultaneous braking and steering maneuvers (19].
Johnson and Huston [20] developed an articulated vehicle model
incorporating nonlinear tire characteristics to 1investigate its

directional stability. Leucht [21] developed a nonlinear mathematical



model to study the steering and braking dynamics of articulated
vehicles. The equations of motion were similar to those of the linear
yaw plane model. However, the dynamic load transfer (longitudinal as
well as lateral) and the nonlinear cornering force-slip angle
relationship of pneumatic tires were 1incorporated. Bernard [22]
developed a vehicle model for the simulation of steady turning and
braking-in-a~turn maneuvers giving special considerations to the tire-
road interface modeling. A high degree of correlation between freight
vehicle test data and simulation results was also demonstrated for
steady turning and braking-in-a-turn maneuvers. Susemihl and Krauter
(23] developed a nonlinear vehicle model allowing the evaluation of
current design features, such as fifth wheel reactions and automatic
antilock systems.

It has been shown that the vehicle rollover is strongly related to
the rollover threshold acceleration of the vehicle established during a
steady turning maneuver. A static roll model of the articulated vehicle
was developed by Mallikarjunarao et al. [24] to determine the rollover
threshold of articulated vehicles during steady turning maneuvers. A
system of equations describing the static equilibrium of the vehicle in
the roll plane is solved iteratively for small increments in roll angle
of the semitrailer’s sprung mass. The multiple axle suspensions were
modeled by grouping the axles in three composite axles. The lumped
composite axles represented a tractor front axle, a single tractor rear
axle (by grouping the tandem axle), and a single semitrailer axle (by
grouping the traliler axles) [18]. The static roll model validity was
demonstrated by Mallikarjunarao et al. [24] with the ald of extensive

tilt table test results. The computer simulations were conducted to
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demonstrate the significance of suspension spring backlash in view of
the roll stiffness. The parametric study concluded that the spring
backlash affects the vehicle roll considerably and it 1is therefore
necessary to incorporate this effect in simulation studies.

Winkler et al. [25] emphasized that vehicle testing or on-highway
experience is extremely essential to confirm significant findings of
computer models, specifically for maneuver levels beyond the valid range
of the mathematical models. The yaw-roll vehicle model developed to
predict the directional response of articulated vehicle combinations,
provided a good correlation with the test results up to lateral
accelerations of roughly 2 m/sz. assuming constant forward speed [26].
For more severe maneuvers, at which wheel lift-off is experienced,
comparisons with experimental results indicated that the model provided
a conservative estimate of the lateral acceleration. The yaw response
of the analytical model compared fairly well with that established from
field tests. However, the timing and duration of the predicted motions
showed discrepancies of considerable magnitude.

A comprehensive three-dimensional vehicle model, referred to as the
"Phase IV Model", was developed by UMTRI [26], to simulate the
directional dynamics of heavy vehicle combinations subject to braking
and steering maneuvers. The model 1is capable of simulating the
directional dynamics of +trucks, tractor-semitrailers, doubles and
triples. It represents the UMTRI's latest thinking in computer modeling
of the braking and steering response of commonly used commercial
vehicles. The dynamics of the vehicle combinations are represented by
differential equations derived from Mewtonian mechanics, that are solved

for successive time increments by digital integration.
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The mathematical model incorporates up to 71 degrees-of-freedom.
The number of degrees~of-freedom 1s dependent on the vehicle
configuration and derives from the following:

(a) six degrees-of-freedom (three translational and three
rotational) for the sprung mass of the truck or the
tractor;

(b) three rotational degrees-of-freedom for the semitrailer
(the other three translational degrees-of- freedom of the
semitrailer are effectively eliminated by dynamic
constraints at the hitch);

(¢) five degrees-of-freedom for each of the two full trailers
allowad;

(d) two degiees-of-freedom (bounce and roll) for each of the
13 axles allowed;

(e) a rotational degree-of-freedom for each of the 26 wheels
allowed.

For the simulation of lateral dynamics behavior, the model incorporates
state-of -the—-art representation of cornering force characteristics of
the tires and vehicle suspension properties of significance to the
cornering behavior. The program can be operated either for an open-loop
or a closed-loop steering maneuver on roads of specified grade or cross-
slope.

Computer simulations of the vehicle model for ideallzed steering
and braking 1inputs demonstrated the influence of deceleration rate,
brake-torque distribution, diverse loading conditions and time delays
assoclated with application of brake at various axles on the directional

response of heavy vehlicles.
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1.2.2 Roll Stability Analyses

In view of the changing weights and dimensions, the roll stability
of freight vehicle combinations has drawn considerable attention from
the policy makers and the industry. Numerous studies presented
evidences linking the nominal roll stability of heavy articulated
vehicles to the involvement of such vehicles in rollover accidents [27].
Almost 60% of articulated vehicle rollovers led to fatalities among the
drivers and the number of rollovers occurring on dry pavements 1is
considerably larger than those on wet pavements [28]. The likelihood of
a vehicle rollover is strongly related to its rollover threshold,
defined as the lateral acceleration level which is sufficient to provide
an overturning moment exceeding the net stabilizing moment. Ervin et
al. [29] investigated the lateral acceleration threshold values of
articulated vehicles at which vehicle rollover may be expected.

The static rollover threshold of a rigid heavy vehicle (no
suspension and tire deflections) is estimated as the ratio of half the
effective track width to the trailer center of gravity height. The
rollover threshold of such rigid vehjcles is in the order of 6 m/s>.
Compliant tires lead to a lower value of rollover threshold (roughly
S m/sz), while the compliant tires and suspensions cause a further
decrease in the threshold value to around 3.3 m/s’ [30]. The rollover
threshold of a vehicle 1is further influenced by the suspension
properties and suspension geometry, in particular the roll center
height.

The mechanisms influencing freight vehicle roll stability in a
steady turn are well understood. As a vehicle undergoes a turn, it

experiences a centrifugal force pulling outward from the center of the
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turn through its center of gravity. This force tends to roll the
vehicle outward from the turn, and if large enough, will cause the
inside tires to 1lift off. The roll angle of the sprung mass then
increases rapidly, due to spring backlash, leading to vehicle rollover.
In addition to the centrifugal force, the lateral load shift encountered
during vehicle roll tends to reduce the net stabilizing moment and thus
lowers the rollover threshold [31].

Miller and Barter [32] attempted a simple theoretical analysis of
the articulated vehicle rollover by neglecting all the dynamic forces
and assuming that rollover occurs when the wheels on all the axles
experience 1lift-off. It was observed that, while negotiating a
roundabout, vehicles stable on the first half of the curve may roll over
during the second half. The parametric study clearly indicated that the
most important single parameter to be controlled is the trailer center
of gravity height, which should be kept as low as possible to achieve
the highest rollover threshold. An increase in effective tire track
tends to improve the rollover threshold 1imit of the vehicle combination
by increasing the magnitude of the stabilizing moment. However, the
effective tire track 1is 1limited by roads design. The lateral
accelerations measured during field tests, conducted at various speeds
and turn radii, correlated well with those evaluated from the steady-
state calculations made in their study. Their study further concluded
that the speeds which drivers estimated quite safe were 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.

14




Mallikarjunarao et al. (24] investigated the rollover stability of
heavy vehicles and showed that the calculated roll angles, except for
small discrepancies, matched test data fairly well. The highest level
of lateral acceleration achieved corresponded to the traller tires lift-
of f. The rollover thresholds were also found to agree with test
results.

Ervin [2] studied the static roll characteristics of heavy trucks
and established that the rollover threshold of vehicle with non-
compliant tires and suspension is related to the tire track width,
center of gravity height and vehicle roll angle. The rollover threshold
of an articulated vehicle is further lowered due to compliant tires and
suspensions. Softer suspensions yleld even lower value of rollover
threshold due to low roll stiffness. The measure of the load transfer
ratio serves as a continuous analog indicator of the proximity to total
wheel lift-off and is used to distinguish between different vehicles
sub jected to the same maneuver [1].

Since the fifth wheel coupling between the tractor and semitrailer
is quite stiff in the roll plane and the springs are stiffer on the
semitrailer axles, the greatest load transfer occurs on the semitrailer
axles. This load transfer at the semitrailer axles and the linear
nature of the steering behavior up to the }ollover limit implies a
danger that the driver is given no warning of the impending rollover
situation [33]. A study on Michigan double tanker, comprising of a
tractor, a semitrailer and a pup trailer, revealed that the roll
coupling between the pup trailer and the semitrailer is the key factor
in increasing its roll stiffness and thus the roll stability of the pup

trailer [34].
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The focus of prior works on the analysis of roll stability of heavy
vehicles was primarily directed towards static phenomena, and
specifically on the rollover in a steady turn. However, there exits a
need to examine the dynamics associated with reollover in order to assess
the adequacy of the static roll plane models [31].

Verma and Gillespie [35] showed that the roll dynamics of such
vehicles is dependent on the time history of applied lateral force and
induced vertical bounce motions. Rollover can occur at lateral
acceleration levels less than the rollover threshold due to roll
resonance. The 1limiting dynamic acceleration is dependent upon the
vehicle's suspension characteristics, especially the backlash in the
suspension springs. Finally, it is suggested that the rollover limit of
a vehicle combination should be estimated from the vehicle’'s dynamic
response.

Macadam (36} investigated the relationship between directional and
roll stability of heavy trucks during steady turning maneuvers.
Findings of the computer-based study suggested that yaw divergence will
lead to rollover in the abserce of corrective steering action or .cduced
speed, and the primary mechanism responsible to precipitate yaw
divergent behavior is the nonlinear sensitlvity of the cornering

properties of truck tires to vertical loads.

1.2.3 Directional Stability Analyses of Articulated Vehicles

Several analytical models, of varying complexities have been
developed to obtain the general directional stability limits of heavy
vehicle combinations. Diboll and Hagen [37] grouped the variables

associated with the design and operation of a heavy vehicle into flve
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dimensionless parameters: the ratio of lateral energy input at the
wheels to the trailer forward kinetic energy; the Strouhal number
relating size, frequency and velocity; the structural damping ratio; a
measure of the trailer moment of inertia; and the distance from the
articulation point to the center of gravity of the trailer. These
dimensionless parameters were used to determine the damping required to
ensure lateral stability. The most important parameters appear to be
the first two, (ratio of lateral energy input at the wheels to the
kinetic energy of the trailer, and Strouhal number) both of which
include the traller velocity. The first parameter showed that as the
velocity is increased more damping 1is required to retain lateral
stability. The second parameter indicated that a higher natural
frequency in the lateral mode will allow a higher velocity before an
instability is reached. This lateral frequency is greatly affected by
the lateral stiffness of the articulation mechanism. Tractor-
semitrailer combinations often employ stiff lateral springs and
articulation mechanisms to achieve high lateral resonant frequency.
Kashmerick [38], Gillespie and Winkler [39] showed that dual tires
rotating at a common spin velocity with a tandem axle result in a yawing
moment opposing vehicle turning. Typically the path -~urvature gain,
defined as the ratio of the steady state curvature response to the front
wheel steer angle, derived for tandem axle truck shows that these
additional turning resistances do not depend upon the vehicle speed and
thus modify only the Ackerman angle required to negotiate a steady turn.
The understeer coefficient therefore remains unchanged by the dual tires

and tandem axles, however the vehicle yaw damping is increased.
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Numerous studies conducted on the directional stability of heavy
vehicle comblnations 1lead to the conclusion that the trailer’'s
parameters are far more significant . han those of the towlng vehicle in
view of the stability. A study by Collins and Wong [40] indicated that
hitch loading, traller length, mass, mass moment of Inertla and small
vari.tions in the tractor tire pressure influence the trailer stability.
Even in the absence of a braking input, it is possible for a vehicle to
exhibit a spinout response caused by the development of an unfavorable
balance in the lateral forces generated at the front and rear axle tires
during cornering. Many heavy trucks begin to show a directionally
unstable response to steering at lateral acceleration levels around 3 to
4 m/s® wher operating at normal highway speeds.

Johnson et al. [41] established that the roll degree-of-freedom of
a vehicle is extremely important and must be ﬁxcluded in the lateral
stability model of the vehicle. Their analytical study demonstrated
that roll freedom, roll steer and drawbar flexibility have dramatic
effects on the vehicle stability. Another study further concluded that
the effects of variations in the cornering stiffness and roll steer
coefficients were far more significant than those of variations in other
parameters [42].

Crolla and Hales [43] 1investigated the lateral stability
characteristics of a tractor-trailer via an elgenvalue analysis. The
influence of different forward velocities on the lezteral stability of
exlisting tractor-traller combinations was investigated. The results of
the classical study of yaw oscillations of a traller towed by a car of

infinite mass have been used quite extensively 1in the recreational
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vehicle industry [44]. The study also proposed the minimum damping or
minimum hitch load criteria to improve yaw stability performance.

Mikulcik [45) developed a set of algebraic equations to determine
the stability boundaries of a car-traller system. The analytical model
is also applicable to articulated freight vehicles. The study
identified the group of parameters pertinent to the combination
stability, using the coefficients of the characteristic equation. A
general criterion governing both the oscillatory and aperiodic stability
was derived using Routh’'s methodology. The graphical representation
showed a stable region bounded by limits of oscillatory and aperlodic
stabllity. A parametric sensitivity analysis was conducted to evaluate
comparative stability and the relative effects of parameter changes.

Huston and Johnson [46] investigated the rearward amplification and
resulting trailer swing of vehicle combinations. The study established
that the trailc- swing becomes dominant when the center of gravity of
the trailer mass is moved to the rear. Fancher [47] developed a simple
yaw plane model, including the locations of all axles installed on a
unit, and established that the magnitude of amplification and thus the
trailer swing increases with an increase in the number of articulation
points and a decrease in the trailer length.

The maneuverability limit of a vehicle is reached when the moments
due to side forces about the vertical axis are unable to maintain the
vehicle in a dynamic equilibrium as it performs a prescribed maneuver
for given vehicle parameters, speed, braking, and environmental factors.
As the vehicle approaches its maneuverability 1limit, the articulation

angle increases rapidly leading to jackknife or trailer swing ([48].
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Pflug [49] established that the lateral dynamics of articulated
vehicles is worsened considerably when the trailer yaw mass moment of
inertia is increased in relation to its mass. The study recommended
that the load in partly laden trailers should be located such that the
overall center of gravity does not deviate considerably from the
position of the center of gravity of the trailer’s body. Tousi et al.
[50] showed that the lateral bending stiffness of the rrame affects the
lateral stability limits of articulated vehicles with relatively stiff
tires.

Due to their high center of gravity relative to the wheel track,
laden freight vehicles are prone to roll instabilities rather than yaw
instabilities when cornering on a dry road. The lateral acceleration of
a tractor-semitrailer wvehicle, encountered during a directional
maneuver, does not approach its rollover threshold limit on a wet road.
The reduced coefficient of friction of wet roads results in tire skid

be “ore the rollover threshold is reached, causing yaw instability.

1.2.4 Stability Analyses during Braking Maneuvers

During the past two decades, many investigators developed detailed,
complex models to analyze the steering and braking performance of heavy
freight vehicles. Due to the unreasonable risks associated with the
instability of such vehicles, the handling and directional performance
of articulated vehicle was the subject of many investigations during
that period. The wheel lockup at the rear axle of the towing vehicle,
facilitated by the removal of its dynamic load, specifically poses a
dangerous situation. Wheel lockup leads to a complete loss of the tire

side forces at the rear axle and a rapid increase In the tractor yaw
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angle. This divergent motion is called jackknife [51]. The tractor
Jjackknifs is encountered when the ratio of the magnitude of yaw response
of the tractor to the magnitude of yaw response of the semitrailer
approaches a large value. Schmid [16] defined the !»ckknife effect as
the articulation angular acceleraltion. Compared with other instability
modes, the tractor jackknife is the mcst dangerous, most rapid, and
least controllable by the driver. The instability manifests itself in a
very rapid ro.aticn, requiring one or two seconds for the tractor to
rotate through almost 120 degrees. This results in the cab striking the
trailer body.

For this reason, wheel lockup at the rear axle of the towing
vehicle must be prevented. Consequently, excessive braking at the front
axle is favorable due to increase in the front axle load urder braking,
however the directional control is lost when the front wheels experience
lockup. On the other hand, when the trailer wheels are locked, the
restoring effect is lost and the trailer exhibits a diverging yaw
motion. This divergent motion is called trailer swing [17,51]. The
vehicle combination also exhibits an instability even ~nen all the
wheels experience lockup at the same time. The vehicle w:i:lil become
unstable when there is a yaw angle disturbanc- at the beginning of the
braking maneuver ([52]. This directional behavior of an articulated
vehicle can be attributed to the cornering properties of the pneumatic
tires. Cornering forces developed by the tires approach zero when the
wheels experience lockup and thus the tires do not react to steering and
remain unable to correct the vehicle attitude as it begins to deviate

from a desired path.
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The cornering forces generated by the tires are nonlinear functions
of the normal load, braking force and sideslip angles {53)}. Huston and
Johnson [54] developed a relationship to estimate the cornering
stiffness values of tires and demonstrated that variations in cornering
stiffness caused by changes in normal loads significantly affect the
critical speed of a vehicle combination.

Pacejka {55] presented the dynamic properties of a rolling tire in
the form of transfer fur:tions and differential equations. He indicated
that the tire response depends on the tire compliance and its inertial
properties. Segel and Ervin [56] investigated the influence of tire
factors on truck stability and concluded that certain heavy trucks can
experience diverging yaw motion during steady turning at severity levels
far below those needed to achieve limiting response of passenger car-.
The influence of distributio.. of roll stiffness along the vehicle
combination on its directional stability was investigated. 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-related properties of the truck tires cause the trucks to
respond differently to parametric variations than typical passenger
cars. Both analysis and experiments showed that the cornering stiffness
and its variations with normal load are the primarv properties of a tire
governing the vehicle understeer in small disturbances maneuvers.

Computer simulations of the vehicle model for ideallized steering
and braking inputs demonstrated the influence of deceleration rate,
brake—-torque distribution, diverse loading conditions, and time delays
assoclated with application of brake at various axles on the directional

response of heavy veb .cles [S7]. The varying lnading conditions were
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identified as the major cause of undesirable directional response under
normal operations with a fixed brake—-torque distribution. The study
showed that brake-torque distribution, load-sensitive brake—-torque
control, and brake application times are design variables that can
improve the overall behavior of the vehicle under realistic loading
conditions.

Instabilities associated with loss of control and jackknife can be
identified from the vehicle response to a braking-in-a-turn maneuver.
Loss of directional control is encountered when the path of the tractor
center of gravity follows a straight line. The time history of the
tractor yaw 2ngle is required to determine if a vehicle has a tendency
to jackknife, while the time history of the articulation angle is

required to determine if the trailer has a tendency to swing.

1.2.5 Stability with Antilock Braking

Locked wheel stops are neither the most efficient nor the shortest
stops achieved during braking. Slowing the vehicles by rapid brake
modulation allows a more stable and shorter stopping distance because
the tires are held at the point of incipient skid. At this point, the
coefficient of friction is at its highest value and allows the greatest
deceleration rate and most efficient braking. Rapid brake modulation to
provide maximum braking is only developed by certain antilock devices
[58]. The onset of a locked wheel is detected from the state of the
drive wheels, and the corrective action consists of a corrective braking
using the antilock systems at all the axles. A more effective approach

consists of braking in a stabilizing technique [23}. In this approach,
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the stabilizing yaw moment is actively developed through braking when
the onset of a jackknife is detected.

A typical antilock braking system requires an accurate measurement
of the vehicle road speed as a reference for wheel slip control.
Johnston ([59] described a Doppler radar system to measure the vehicle
speed. The Doppler radar’s output is compared with that of the wheel
speed sensors to generate a command signal to control the brakes. The
onset of wheel lock, however, cannot be anticipated far enough in
advance to provide useful warning to the driver [13].

A decade after the antilock portion of the Federal Motor Vehicle
Safety Standard (FMVSS) was struck down, efforts on development of
effective antilock braking systems began to surface again [60]. Several
studies demonstrated that antilock braking system prevents wheels lockup
when braking, and provides directional stability, steer control and
optimum stopping distances [61,62]. A standard antilock braking system
consists of an electronic centrol wunit that manipulates the speed
signals of all wheel sensors and determines the reference speeds adapted
to the vehicle speed, wheel deceleration/acceleration and slip signals.
The wheel speed sensors, usually reluctance-type magnetic pickups, are

installed in the rear drive axle carrier [(63,64}.

1.2.6 Determination of Onset of Vehicle Instability

Since the introduction of electronic controls in the automotive
industry, considerable efforts have been mounted to develop sensors and
display devices to improve vehicle performance and driver comfort.
Smart electronic control systems are now beling develbped to improve

performance, economy and safety of heavy-duty trucks (30]. Important
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accident scenarios include: rollover due to sudden lane changes or high
speed cornering, loss of directional control due to locked wheel during
sudden stops or steering axle tire failure, or brake failure. Important
parameters to be monitored include: speed, braking system performance
(reservoir pressure, lining condition, integrity of air supply sys.iem),
front axle tire pressure, steering, and the pressure at the fifth wheel.
Of the major in-transit accident scenarios, only rollover and wheel
lockup involve driver-vehicle 1interactions. The driver-vehicle
interaction in rollover or wheel lockup, however, presents the potential
for the recognition of hazardous situations using on-board measurements
in time to allow the driver to take corrective action.

The study conducted by Miller and Barter [32] revealed that speeds
estimated as safe by the drivers during a steady turn were often quite
close to the vehicle's rollover limit. 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 at the semitrailer axles
[33]. The Jjackknife instability, associated with the locked wheel at
the tractor’s rear axle, is perhaps the most dangerous, most rapid and
least controllable by the driver. The relative yaw movement of the
trailer with respect to the tractor is extremely rapid to be detected' by
the driver.

In view of the hazards posed by an accident involving heavy
vehicles and the lack of warning on the onset of vehicle instability, it
has been recognized that some form of early warning to the driver lis
extremely vital to ensure the safety of the vehicle, driver and the

highway [13]. However, only a few efforts have been made to identify
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the key motion parameters related to the onset of the roll and yaw
instability of the vehicle.

Croce et al. [65] established the measurable parameters describing
the onset of vehicle jackknife, through computer simulations of a linear
model of the vehicle, The study established that abrupt increase in
tractor yaw angle, increase in trailer yaw velocity and tire skid at the
tractor rear axles, can best describe the onset of Jackknife. An
increase in the articulation angle without a corresponding change in the
tractor yaw angle and tire skid at the semitrailer axles have been
related to onset of the trailer swing [16]. The onset of vehicle
rollover has been related to magnitude of lateral acceleration
approaching 3 to 4 m/sz, roll frequency approaching the roll resonant
frequency, abrupt increase in roll angle and excessive deflection of the
suspension springs. However, majority of these parameters are either
extremely sensitive to vehicle design and operational factors or require
comprehensive instrumentation.

Since industry continues to attach great importance to improve the
heavy vehicle safety, Carracher [66] indicated that further progress
towards devélopment of an electronic safety monitor is expected in the
near future. Some of these parameters are already monitored and
controlled with devices mounted on these vehicles. Antilock braking
systems monitor speeds of the wheels and the vehicle to control the
potential instability during braking. Larocque et al. [13] emphasized
the need of a safety monitor and investigated the feasibility of a
vehicle system safety monitor. Thelir study concluded that further

research is desired in this area to increase the vehicle safety. Since
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the vehicle design is dictated by profit and not safety, the stability

limits of these vehicles are not expected to increase.

1.3 SCOPE OF THE THESIS

The overall objective of the thesis research is to contribute
towards the development of an on-line safety monitor for heavy
articulated vehicles that can provide an early warning of the impending
instabilities. The specific objectives of the thesis research are:

{a) Through computer modeling and simulations, identify the

key operational parameters closely related to vehicle
instabilities such as rollover and jackknife.

(b) Reduce the number of identified operational parameters to
a minimum and derive a set of directly measurable dynamic
quantities related to the onset of vehicle instabilities.

(c) Investigate the sensitivity of the key 1identified
parameters to variations in vehicle design and
operational factors.

(d) Design an on-line safety monitor using a microprocessor
and low cost reliable transducers.

In Chapter 2, the roll stability of articulated freight vehicles is
investigated for steady turning. The steady turning roll stability
limits of a tractor-semitrailer combination are investigated using the
static roll plane model of the vehicle. The equations of motion for the
model are derived and the associated assumptions are presented. This
model is simulated in conjunction with a comprehensive database on

vehicle geometry, and comme:cially employed suspension and tires. The
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key measurable parameters related to onset of vehicle rollover emerging
from this analyses are discussed.

The roll stability of articulated freight vehicles during lane
change ‘and evasive maneuver is investigated in Chapter 3. The high
speed roll stability corresponding to lane change and evasive maneuvers
is studied using the three dimensional yaw and roll plane model of the
vehicle. The equations of motion for the model are derived and the
simplifying assumptions are discussed. The three-dimenslionu. vehicle
model is simulated in conjunction with the database on suspension and
tires compiled in the previous chapter. A number of directional
response parameters related to onset of roll Iinstablility at highway
speeds are ldentified. The ldentified response parameters are reviewed
in relation to their ease of measurement. The key measurable parameters
cognate to onset of vehicle rollover emerging from this analysis are
listed.

The directional stability of the vehicle combination during braking
and steerling maneuvers ls investigated in Chapter 4. The equations of
motion of the three dimensional vehicle model are derived and the
associated simplifying assumptions are discussed. A parametric
sensltivity analysis is conducted to determine the influence of vehicle
geometry, and tire and suspension properties on the onset of vehicle
Jjackknife. A number of key vehicle response parameters related to onset
of Jackknife instablility are identified. The . ldentified vehicle
response parameters are reduced to directly measurable directional
response parameters.

In Chapter S, the identified key response varlables are discussed

in view of their feasibility and ease of measurement. The design of the
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early warning system is also presented. The sensors, data acquisition
and the associated hardware including the microprocessor board are
discussed. The software to compute the onset of instabilities
associated with roll and jackknife is presented.

Finally, the conclusions of the study and recommendations for

future work are presented in Chapter 6.
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CHAPTER 2

STATIC ROLL STABILITY ANALYSIS OF HEAVY VEHICLES

2.1 GENERAL

Many research 1investigations conducted on articulated wvehicle
dynamics reveal that the vehicle rollover 1s strongly related to its
rollover threshold during steady turning ([24,32]. The rollover
threshold is defined as the magnitude of maximum lateral acceleration
that the vehicle can withstand. The rollover threshold is primarily
affected by the center of gravity height of the trailer and the tire
track width. The combined center of gravity height of the traller
sprung mass and the payload has been estimated as 2 meters corresponding
to a median freight density condition. This 2-meter reference value has
been extensively used to estimate vehicle roll <characteristics
pertaining to rollover accident data. The tire track width of the
vehicle is limited by the maximum permissible vehicle width. Majority
of the current heavy vehicle configurations are limited to 2.44 meters
(96 inches) width. However, wider heavy vehicle combinations (2.59
meters or 102 inches) are gaining popularity in view of their increased
freight wvolume and roll stability.

A heavy vehicle combination may exhibit roll instabilities elther
at low speeds during cornering or at high speeds during a directional
maneuver. The roll instability at 1low speeds occurs during cornering,
where the vehicle is subject to high levels of lateral acceleration due
to short turn radius. The roll Instability of a vehicle at high speeds

is often caused by yaw divergence leading to vehlicle rollover during a




directional maneuver. The high speed roll instability often occurs at
relatively low levels of lateral acceleration.

The cornering stability of articulated vehicles is investigated via
a static roll analysis while the dynamic roll stability is evaluated via
a comprehensive three dimensional vehicle model in the next chapter.
The analytical models are developed for a tractor-semitrailer
combination since 77% of all highway freight vehicles operating on
Canadian highways are tractor-semitrailers [1]. The roll stability of
the vehicle combination is investigated for various loading and most
frequently used tires and suspensions in order to determine feasible key

operational parameters related to onset of roll instability.

2.2 MECHANICS OF VEHICLE ROLLOVER

The mechanism of vehicle rollover during turning can be illustrated
through the static roll analysis. Consider a rigidly suspended vehicle
with a single roll degree-of-freedom negotiating a turning maneuver, as
shown in Figure 2.1. It is assumed that the vehicle achieves a steady
lateral acceleration by means of lateral tire forces arising in the
ground plane. The primary overfurning moment (—Wayh) about the ground
plane is caused by the lateral acceleration of the vehicle and a
restoring moment (lele-lelTl) arises due to the lateral transfer of
load between the left- and right-side tires. As the vehicle rolls about
a point in the ground plane, the vehicle's center of gravity is
displaced laterally thus giving rise to the lateral displacement moment

(-Wh¢). The summation of these moments representing the steady state

equilibrium yields:
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Wayh = (inz_qu)Ti -~ Whe (2.1)

The overturning, restoring and lateral displacement moments are shown
graphically in Figure 2.1. The sum of restoring and lateral
displacement moments yields the net stabilizing moment, derived from the
vehicle response. The vehicle will become unstable in roll whenever the
lateral acceleration level 1s sufficient to provide an overturning
moment which exceeds the net stabilizing moment. 1In case of a rigidly
suspended vehicle the maximum restoring is achieved as WTx’ when the
total vertical load is transferred to the outboard tires, which occurs
with almost zero roll angle.

When the overturning moment exceeds the maximum restoring moment,
the rigidly suspended vehicle begins to exhibit a roll angle response.
The center of gravity of the vehicle is displaced laterally as the
vehicle rolls about a point 1in the ground plane, the lateral
displacement moment increases, providing a negative slope to the net
stabilizing moment curve shown on the right side of Figure 2.1. The net
stabilizing moment curve reveals that a declining magnitude of the
overturning moment is needed to continue the rollover response as the
roll angle increases. The center of gravity is displaced until it
reaches a point which is directly over the outboard wheels beyond which
the vehicle is inherently unstable and rolls over without the aid of any
external disturbances.

The static roll stability of a vehicle can be described by its
rollover threshold, defined as the maximum value of lateral acceleration
which the vehicle can withstand without rolling over. The static

rollover threshold also describes the value of lateral acceleration
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corresponding to the maximum net restoring moment (WTl). From Equation
(2.1), the rollover threshold can be expressed as a functlion of half the

tire track width and the center of gravity height:

A (2.2)

y h ’
where a; is the rollover threshold of a rigidly suspended vehicle. The
rollover threshold of an articulated vehicle is a complex function of
various vehicle design factors: center of gravity height, suspension
characteristics, tire characteristics, number and location of axles,
articulation properties, axle loads, torsional flexibility of the
chassls structure, etc, Thus the determination of roll stability limit
eof a vehicle during low speed cornering ls quite involved. Roll

stability limits of articulated vehicles are computed using the statlic

roll plane analysis software, developed by UMIRI [24].

2.3 STATIC ROLL ANALYSIS

Consider a five-axle tractor-semitraller vehicle with a three-axle
tractor and a two—axle semitrailer, as shown in Figure 2.2. The
multiple axle suspensions are modeled by grouping the axles with similar
suspension properties, such that multiple axles are represented by three
composite axles. The lumped composite axles remnresent a tractor front
axle, a single tractor rear axle (by grouplng the tandem axle), and a
single semitrailer axle (by grouping the traiier axles) [24]. The
sprung welght of the tractor is modeled as two sprung weights, W and

St

wsz, supported by the front and rear composite axles of the tractor.

The two sprung weights are coupled through the torsional stiffness of
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the tractor frame, Krn’ as shown in Figure 2.2. The sprung weight of
the semitrailer is coupled to the tractor sprung weight, wsz, by the
torsinnal stiffness of the fifth wheel and semitrailer structure, Ks.

The roll plane model of the vehicle is shown in Figure 2.3. A
number of simplifying assumptions are made during the development of the
roll plane model. The suspension springs are constrained to translate
along the vertical directions parallel te EU[ axis of the unsprung
weight. The nonlinear force-deflection characteristics of the
suspension springs are linearized about the operating point using a
look-up table. The typical load-deflection characteristics of a
suspension spring are shown in Figure 2.4, The vertical stiffness of
the tires is assumed to be linear with spring constant Kle (i=1,2,3 and
j=1,...,4), where i represents the axle and j represents the tires of
each composite axle. The lateral stiffness of the tires 15 also assumed
to be linear with spring constant KYTIJ. At lateral accelerations close
to the reollover limit of the vehicle, the load transfer to the tires
located on the outside of the turn is juite significant. Thus the
lateral forces developed by the tires on the inside of the turn are
assumed to be negligible when compared to the lateral forces developed
by the tires on the outside of the turn.

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 relative motion between the unsriung and sprung
masses 1s assumed to occur about the roll center. Roll angles of the

sprung and unsprung masses are assumed to be small, such that sin ¢ = ¢

and cos ¢ = 1. The torsional stiffness of the tractor is assumed to be
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hysteretic, as shown in Figure 2.5, while the stiffness of the fifth
wheel and semitrailer structure is lumped together.

The influence of the articulation angle on the roll response of the
vehicle is neglected while assuming small articulation angles. The
sprung masses at various axles experience different vertical
deflections, thus vehicle pitching during rollover can be incorporated
in the model. However, variations in the axle loads due to vehicle

pitching are assumed to be negligible.

2.4 EQUATIONS OF STATIC ROLL EQUILIBRIUM

A total of fifteen equations are needed to define the static roll
equilibrium of a tractor-semitrailer derived by balancing the following
forces and moments:

(a) the roll moments acting on the sprung masses,

(b} the roll moments acting on the unsprung masses,

(¢) the vertical forces acting on the suspension springs,

(d) the vertical forces acting on the tires, and

(e) the lateral forces acting on the tires.

2.4.1 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 semitrailer
structure, lateral forces acting through the roll center, and lateral
components of the gravitational forces. Balancing the roll moments

acting on the tractor's front sprung weight ylelds:
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F11[51+ZR1Sin(¢s1_¢01)] - F12[51-2R151n(¢51~¢U1)]
+ WFR(aycos ¢SI—51n ¢51)2FR1+ MFR

- FRIZR1COS(¢51-¢U1) = 0.0 (2.3)
where FIJ {i=1,2) is the force due to suspension springs on the tractor
front axle, MFR 1s the roll moment transmitted through the tractor frame

and WFR is the vzariical shear force acting through the tractor frame.

Note that er W o+ W - WAXLZ, where WAXL2 is the normal load on the

5 52

tractor’'s rear axle.
Since the roll angles are assumed small, Equation (2.3) reduces to:

(Fxx-F1z)s1 + (F11+F1,)z

a1 %s17%,;

+ W _(a=-¢ )2z +M -F = 0.0 (2.4)

FR "y "5t FR1 FR R1%R1
The effect of a small change in the sprung mass roll angle, frum an
equilibrium condition, is studied by rewriting the above equation in the

following form:

(AFll_AFlz)SI * (AF11+AF12)ZR1(¢SI-¢U1) * (F11+F12)2R1(A¢51_A¢U1)

+ AMFR - AF 2z =20.0 (2.5)

R1 R1

- W -
FR(Aay A¢S1)ZFR1

The changes in the suspension Iorces at axle [ are related to
variations in the deflections, such as A¢S“ A¢U‘. and Azu‘. in the

f51lewing manner:

aFlJ aFij aF\j
F = ———m =1 B i=y 2 2 F
ArU 32 AZUl + 3% A¢Sl 3% A¢U‘. i=1,2,3 and j=1,! (2 4)
931 Si V3
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Equation (2.6) is expanded to obtain separate equations for the left-
anc. right-hand side springs. The partial differentials of the
suspension spring forces are then expressed in terms of local linear
equivalent spring constants, corresponding to the operating spring

deflections, to yield:

aF = K11[Azux - sx(A¢51_A¢01)]
AF12 = sz[Azux + SI(A¢SI-A¢U1)] (2.7)
and
AFII + AFlZ = (WAXL!-WUI)(Aay¢Ul+ayA¢Ul) (2.8)

where C is the vertical motion of the unsprung mass of axle i along
the kUl axis, S, is the half spring spacing of axle i and ¢ux is the
roll angle of the ith unsprung mass.

Similarly, variations in the lateral force, FR‘. acting through the

roll center, in a direction parallel to the 3u1 axis, is written as:
AFRx = (WAXLa-wux)(Aay_A¢u1); i=1,2,3 (2.9)

Upon substituting Equations (2.7), {(2.8), and (2.9) into Equation (2.5),
the following equation, describing the roll moments acting on the front
sprung mass of the tractor, for small deviations about a given

equilibrium condition, is obtained:

2 2
(K, Kp08,87,, = (K +K IsiBe, + (K +K . )s be,
v (F A )z, (86 =80 ) + K (Bp -89 )
+ (WAXLx-wu1)(¢51-¢U1)231(Aay¢u1+ayA¢u1)

- (WAXL1-w01)ZR1(Aay-A¢U1) + WFRZFRI(Aay-A¢Sl) = 0.0 (2.10)
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Similarly, we derive equations for the remaining two sprung masses

to obtain:

-W_z (Aay—A¢52) + KS(A¢53-A¢SZ) - ws(Aay-A¢Sz)z

FR FR2 52

2 2
* (K, 7K,,)8,82,, = (K, #K s 08, + (K, +K,,)s 00,
v (F 4,02, (80 -08,) - K (B4 -08 )
+ (WAXLZ-WUZ)ZR2(¢52‘¢U2)(Aay¢u2+ayA¢U2)

- (WAXLz-wuz)sz(Aay_A¢uz) = 0.0 (2.11)

2 2

(K31-K32)5362U3 h (K31+K32)53A¢53 * (K31+K32)53A¢u3
* (F31+F32)293(A¢53_A¢U3) - I(S(M’sa'mf’sz)
* (wAXLa'wua)(¢sa_¢u3)zaa(Aay¢u3+ayA¢ua)

- (WAXL3-WU3)ZR3(Aay-A¢Ua) - Ws(Aay-A¢53)zs3 = 0.0 (2.12)

Equations (2.10), (2.11), and (2.12) define the roll moments acting
on the tractor's front, tractor’s rear and the trailer's sprung weights,
respectively, as caused by small deviations from an equilibrium

condition.

2.4.2 Roll Moments Acting on the Unsprung Masses

The equation of roll equilibrium of the unsprung weights includes
moments arising from suspension and tire forces, iateral forces acting
through the roll center, and lateral forces developed at the tires, as
shown in Figure 2.3. The equation for the roll moment of the ith

unsprung mass can thus be expressed as:
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(F__ _+F__+F )R sin ¢ + (F -FZM)(T +Ai)cos ¢u1

211 212" 213t 24 211
(sza- Zla)T cos ¢ Fz:s zM)y cos ¢ - (Fu-pxz)sx
+ FRleI Fyle + OV'I"3 + OVT“ = 0.0; i=1,2,3 (2.13)

where qu is the vertical force acting on tire j of axle I, Tt is half
the inner tire track width, Al is the dual tire spacing, and Y, is the
lateral displacement of tires on the outside of the turn. F‘yl is the
lateral force developed at the tires of axle 1, Ri is the effective tire
radius on axle i and Hm 1s the vertical helght of the unsprung mass
center of gravity. Assuming the roll angles to be small, and rewiiting
the above equation to express a small change about an equilibrium
condition, we get:

(AF211+AF212+AFZK3+AFZN)Rl¢Ui * (qu FZ!Z FZIS 214)R A¢

+ (8F, -OF, J(T +A) - (8F, +4F Dy, - (F3*F 200y,

+ (—AF11+AF12)51 + (AF -AFzm)T + AFR z, * FmAzm+ AFylHUl

+ FytAHm + AOV’I’13 + AOV'I'“l =0.0; 1i=1,2,3 (2.14)

The increments in the tire loads, AFz“, are related to changes in
(a) the unsprung mass roll angle, A¢m and (b) the unsprung mass bounce,
AHux' The varlations in normal forces acting on the four tires of a

single axle are expressed as:

&F, = KT“[(T +A )0 - AHUl]

oF, = KTiz[TlM’ - AHm]

6F, . = Krm[( -y )ag, - By g, + Aum]

OF, , = KT“[(T A -y )0 - By @+ AHUl]; i=1,2,3 (2.15)
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The changes in the roll-resisting moment produced at the tire-road

interface is given by:

[}

AOVTi3 - KOVT13A¢U1

AOVT
i4

- KOVT14A¢01; i=1,2,3 (2.16)

where KOVTiJ is the linear overturning stiffness of tire j on axle i.
Substituting Equations (2.7), (2.8), (2.9), (2.15), and (2.16) into

Equation (2.14), the following equation is obtained describing the roll

moments on an axle caused by small deviations about a given equilibrium

condition:

- [(K +K )s® - WAXL R - (WAXL -W )z + KOVT _ + KOVT
it 12 i i t Ut Ut i3 i4
2 2 2 2
+ KTll(Tl+Ai) + KleTl + KT13(T1 yl) + KT14(T1+A‘ yl) ]A¢ux
- [FZI3 * FZM * [(KT13+KTI4)(T1-yi) * KT14A1]¢U1]AYI
+ [-— (K11+K12)51 + (WA)(I..‘--WUI)(ay--dbm)]lszUl
+ [(KT“-KTM)(T‘M‘) + (KT KT )T,
- (KT +KT )y + WAXL a ]AH
i3 id { iy Ui
- [(wxxx.l-wm)HRl + mem]Aay
2
{ = . j=
+ (K 4K )siAg. = 0.0; i=1,2,3 (2.17)

2.4.3 Vertical Forces Acting Through the Suspension Springs
The forces generated by the compression and extension of the

suspension springs must satisfy the following equation in order to

maintain equilibrium along the ﬁu‘ axis.

0t sz = (WAXLl-wUl)cos ¢U‘ + (WAXLl-wU‘)aysin ¢u1 (2.18)
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By invoking the small angle assumption, Equation (2.18) can be

expressed as:

(K *K Az, - (K K, )s b, + (Ku.xxz)sxmul

- (WAXL‘-Wm)cSmAay - (WAXLI-WUl)ayAq&m = 0.0; 1i=1,2,3 (2.19)

2.4.4 Vertical Forces Generated by the Tires
The vertical load carried by each composite axle is assumed to
remain constant, while neglecting the influence of grade and vehicle

pltch. The tire vertical forces are expressed as:

(F_ +F F

't zi2* 213+qu) = WAXL1 (2.20)

For small devlations about an equilibrium condition, Equation

(2.20) is written as:

Aqu + AF212 + Aszs + Aqu = 0.0 (2.21)

Substituting Equation (2.15) into Equation (2.21), we obtain:

[(-KT“+KTN,(Tx+A’) + (-KT12+KT13)T1 - (KTx3+KTM)yl]A¢m
+ (KT11+KT12+KT13+KT“)AHm

- (KT13+KT14)¢01AY1 =0.0; i=1,2,3 (2.22)
2.4.5 Lateral Forces Acting on the Outside Tires

When the lateral acceleration approaches the rollover limit of the

vehicle, the tires on the outside of the turn carry almost the entire

45



B e R e

axle load. Thus a lateral translation of the centroid of the normal
pressure, acting between a tire and the road surface, is experienced.
For a dual tire set, the lateral fc.ce experienced by axle [ |is
expressed as:

Fyl = (KYTi3+KYTl4)yicos ¢ux (2.23)

where K‘.’T13 and KYTM are the linear spring rates of tires 3 and 4 on
axle [, oriented along the 3Ul axis. Fyi is the total lateral force

acting on the tires given by:
F = WAXL a (2.24)

Invoking the small roll angles assumption and considering small
deviations about an equilibrium condition, the lateral forces acting on

the tires are expressed as:
WAXLlAay = (KYT13+KYT“)Ayx (2.25)

2.5 SOLUTION PROCEDURE
Equations (2.3) through (2.25) constitute the fifteen equations
needed to compute the vehicle roll response during a steady turning

maneuver, When written in the matrix form, these equations are

expressed as:

(Al {ax} = (b}A¢53 (2.26)
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where [A] and {b} are (15x15) and ‘15x1) matrices, respectively
containing vehicle parameters, and {Ax} 1is the vector of vehicle

response variables given by:
T _ . s
{ax} = (Aav, A¢51, L A¢ux’ Azut, AHUI' Ay‘), i=1,2,3 (2.27)

where 'T' designates the transpose. Initially, the vehicle is assumed
to be mupright (¢sx=¢ua=0)' Equation (2.26) 1is solved for a small
increment in the roll angle of the semitraller sprung mass (A¢53). The
response vector, {Ax} is computed for a series of increments in A¢s3,
and the corresponding variations in the lateral acceleration and roll
angles of the sprung and unsprung masses are computed for the series of
equilibrium positions. The computations are terminated when the
deflections of the trailer and tractor rear axle tires on the inside of
the turn approach zero. The highest lateral acceleration achieved
during the computation process is termed as the steady turning rollover

threshold of the vehicle.

2.6 DETERMINATION OF PARAMETERS RELATED TO ONSET OF VEHICLE ROLLOVER
DURING STEADY TURNING
The mechanics of vehicle rollover reveals that the roll instability
during steady turning 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 potential rollover. However,

measurement of tire loads on a moving vehicle is quite complex and thus
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such a parameter may be considered infeasible to detect the onset of
vehicle instability.

Alternatively, vehicle rollover during steady turning has been
related to the rollover threshold (lateral acceleration) experienced by
the vehicle during steady turning. The lateral acceleration of the
sprung mass can be conveniently measured in order to determine the onset
of roll instability. The rollover threshold of a vehicle is however
strongly dependent upon various loading and vehicle design parameters:
sprung mass center of gravity height, tire track width, torque-
deflection properties of the articulation mechanism, axle loads, force-
deflection properties of the tires, cornering properties of the tires,
etc. Of these parameters, the sprung mass center of gravity height and
the tire track width affect the rollover threshold most significantly.
Variations in the tire track width of most heavy vehicle configurations
may be consider:d insignificant due to regulations on maximum vehicle
width. Most vehicle ~onfigurations, currently in use, are limited to
2.44-meter (96 1inches) width. The recently proposed 2.59-meter
(102 inches) wide vehicle combinations are slowly gaining popularity in
view of their increased freight volume and stability limits.

The rollover threshold 1limits of a flive-axle tractor-semitrailer
are investigated for various loading and vehicle design parameters to
determine the variance of rollover threshold value. A parameter, as a
function of lateral acceleration and the compliance characteristics of

the vehicle, is derived to detect the onset of vehicle rollover.
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2.6.1 Vehicle Parameters

The static roll model contains a comprehensive description of
suspension and tire properties, such that the e’cady turning rollover
threshold can be accurately predicted. In vie' of the dependency of the
rollover threshold limit on various vehicle parameters, a comprehensive
database on currently used suspension, tires and axle loads was
compiled. The rollover thresholds c¢f twenty-four different veticle
configurations with three different trailer certer of gravity heights
were computed. The tires, suspensions and physical dimensions used in

the simulation are listed as follows:

Tire: Michelin XZ2A Radial 11:00R22.50

Tractor front suspension: International Harvester;
53000 N (12000 1lbs) rating

Tractor rear suspension: Hendrickson RTE380;
84000 N (19000 lbs) rating

Hendrickson RTE440;
27000 N (22000 lbs) rating

Neway ARD244 16K;
71070 N 71600C lbs) rating

Mack Camel Back SS38C;
84000 N (19000 lbs) rating

Trailer suspension: Neway AR9S5.17 24K;
106000 N (24000 lbs) rating

Neway AR95.17 16K;
71000 N (16000 1bs) rating

Reyco 21B;
9300C N (21000 1lbs) rating

Overall vehicle width: 2.44 meters (96 in)
2.59 meters (102 in)

Center of gr.rity height: 1.52 meter (60 in)

1.78 meter (70 in)
2.03 meters (80 in)
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The load-deflection curves of the various suspension springs are shown
in Figures 2.6 to 2.13. The Neway suspensions use air springs, and are
considerably softer than the leaf-spring suspensions especially in the
zero~deflection region, as shown in Figures 2.9 and 2.12. The leaf
spring suspension however are usually stiffer and possess lash except
for the Mack SS38C suspension which 1is considerably softer than the
other Jeaf spring suspensicn due to its camel back configuration. The
various vehicle configurations used in the simulation are presented in
Table 2.1 and the parameters of the baseline vehicle are listed in

Table 2.2.

2.6 2 Rollover Threshold of Vehicle Combination

Equation (2.2%) is solved via Gaussian elimination method for
various vehicle configurations listed in the previous section,. The
lateral acceleration and the roll angle response corresponding to
vehicle rollover are evaluated for three different values of sprung mass
center of gravity height and two different values of vehicle width.
Figures 2.14 to 2.19 show the lateral acceleration and the roll angle
experienced by the semitrailer when the vehicle rollover is attained.
The different types of semitrailer suspensions are indicated on the
abscissa, while the suspension systems employed at the tractor's rear
ax ~re presented with an increasing order of linear stiffness.

Figure 2.14 1illustrates the roll angl: and lateral acceleration
response of the 2.44-meter wide vehicle, with semitrailer’s center of
gravity height of 1.52 meter. The figure 1illustrates the rollover
threshold is around S m/sz. and varies slightly for different suspension

systems at the tractor’s rear and semitrailer axles. The roll angle,
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TABLE 2.1

VEHICLE CONFIGURATIONS

Suspensions
Sprung Tractor Rear Axle Semitrailer Axle
Mass
Vehicle C.G. |Vehicle|Neway |Mack |Hendr. |Hendr.|Neway |Neway !Reyco
Configu-|Height| Width |ARD244{SS38C | RTE RTE |AR9517|AR9517( 21B
ration (m) (m) 16K 380 440 16K 24K
1 1.52 2.44 X X
2 1.52 2.44 X X
3 1.52 2.44 X X
4 1.52 2.44 X X
S 1.52 2.44 X X
6 1.52 | 2.44 I ¢ X
7 1.52 2.44 X X
8 1.52 2.44 X X
9 1.52 2.44 X X
10 1.52 2.44 X X
11 1.52 2.44 X X
12 1.52 2.44 X X
13 1.78 2.44 X X
14 1.78 2.44 X X
15 1.78 2.44 X X
16 1.78 2.44 X X
17 1.78 2.44 X X
18 1.78 2.44 X X
1< 1.78 2.44 X X
20 1.78 2.44 X X
21 1.78 2.44 X X
22 1.78 2.44 X X
23 1.78 2.44 X X
24 1.78 2.44 X X
25 2.03 2.44 X X
26 2.03 2.44 X X
27 2.03 | 2.44 X X
28 2.03 2.44 X X
29 2.03 2.44 X X
30 2.03 2.44 X X
31 2.03 2.44 X X
32 2.03 2.44 X X
33 2.03 2.44 X X
34 2.03 2.44 X X
35 2.03 2.44 X X
36 2.03 2.44 X X
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TABLE 2.1 (Continued)
VEHICLE CONFIGURATIONS

Suspensions
Sprung Tractor Rear Axle Semitraller Axle
Mass

Vehicle | C.G. {Vehicle Neway [|Mack Hendr. |Hendr. |Neway |Neway |Reyco
Configu-|Height| Width |ARD244|SS38C | RTE RTE |AR9517|ARSS17| 21B
ration (m) (m) 16K 380 440 16K 24K

37 1.52 2.59 X X

38 1.52 2.59 X X

39 1.52 2.59 X X

40 1.52 2.59 X X

41 1.52 2.59 X X

42 1.52 2.59 X X

43 1.52 2.59 X X

44 1.52 2.59 X X

45 1.52 2.59 X X

46 1.52 2.59 X X

47 1.52 2.59 X X

48 1.52 2.59 X X

49 1.78 2.59 X X

50 1.78 2.59 X X

51 1.78 2.59 X X

52 1.78 2.59 X X

53 1.78 2.59 X X

54 1.78 2.59 X X

55 1.78 2.59 X X

56 1.78 2.59 X X

57 1.78 2.59 X X

58 1.78 2.59 L X

59 1.78 2.59 X X

60 1.78 2.59 X X

61 2.03 2.59 X X

62 2.03 | 2.59 X X

63 2.03  2.59 X X

64 2.03 | 2.59 X X

65 2.03 2.59 X X

66 2.03 2.59 X X

67 2.03 | 2.59 X X

68 2.03 | 2.59 X X

69 2.03 | 2.59 X X

70 2.03 | 2.59 X X

71 2.03 | 2.59 X X

72 2.03 | 2.59 X X
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TABLE 2.2
PARAMETERS OF THE BASELINE VEHICLE

Tractor Tractor Semi-

Parameter Front Rear trailer
Axle Axle Axle

Axle Load (N), WAXLi 53000 142000 142000
Dual Tire Spacing {(m), Al 0.0 0.33 0.33
Rolling Radius (m}, Rl 0.5 0.5 0.5
Tire Vertical Stiffness (N/m)}, KTU 788000

Tire Lateral Stiffness (N/m), KYT1j 876000

Tire Overturning Stiffness (N-m/deg), KOVTU 40

Fifth Wheel Height (m), 2s 1.27

Tractor Frame Height (m), 2. 0.97

Tractor Frame Stiffness (N-m/deg), KFR 78.9

Tractor Frame Coulomb Friction (N), CFR 445

Fifth wheel stiffness (N-m/deg), Ks 1972

Fifth wheel load (N), Ws 138000

Weight of Tractor Rear Section (N), W 4290

s2
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Laleral Acceleration (m/e**2)

Roll Angle (deg)
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0 b | ! . ! 1 e X
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Semitraller Suspensions

FIGURE 2.14: The Semitraller Roll Anjle and Lateral Acceleration at
Rollover (Vehicle Width =2.44 m; C.G. Helight = 1.52 m)
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Lateral Acceleration (m/s**2)

Roll Angle (degj
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FIGURE 2.15: The Semitrailer Roll Angle and Lateral Acceleration at
Rollover (Vehicle Width = 2.44 m; C.G. Height = 1.78 m)
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FIGURE 2.16: The Semitrailer Roll Angle and Lateral Acceleration
Rollover (Vehicle Width = 2.44 m; C.G. Height = 2.03 m)
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Lateral Acceleration (m/s**2)
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FIGURE 2.17: The Semitraller Roll Angle and Lateral Acceleratlion at
Rollover (Vehicle width = 2.59 m; C.G. Height = 1.52 n)
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FIGURE 2.18: The Semitrailer Roll Angle and Lateral Acceleration at
Rollover (Vehicle Width = 2.59 m; C.G. Height = 1.78 m)
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Lateral Acceleration (m/s**2)
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FIGURE 2.19: The Semitrailer Roll Angle and Lateral Acceleration at
Rollover (Vehicle Width = 2.59 m; C.G. Height = 2.03 m)
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corresponding to vehicle rollover ranges from 3.6 to 5.8 degrees. The
response characteristics further reveal that the roll angle decreases as
the suspension stiffness 1is increased. However, the Mack SS38C
suspension (linear spring rate, K = 788 kN/m) exhibits slightly larger
roll than the softer Neway air suspension (linear spring rate, K =
259 kN/m). The smaller roll angle response of the air suspension can be
attributed to the progressively hardening nature of the air spring.

The roll angle and lateral acceleration response of the vehicle is
presented in Figure 2.15, when the center of gravity height is increased
to 1.78 meter. The magnitude of lateral acceleration corresponding to
the vehicle rollover (ro'lover threshold) reduces to around 4 m/s® due
to the increased center of gravity height. The corresponding roll angle
response ranges from 4.0 to 6.8 degrees, as shown in Figure 2.15.

Figure 2.16 illustrates the vehicle's response during turning, when
the semitrailer's sprung mass center of gravity height is further raised
to 2.03 meters. The rollover threshold lateral acceleration value is
further ~duced to around 3.4 m/sz, while the roll angle response ranges
from 4.2 to 8.4 degrees.

Figures 2.17 to 2.19 1illustrates the roll angle and lateral
acceleration response corresponding to vehicle rollover for a 2.59%9-ueter
wicde vehicle with three different values of semitrailer’s sprung mass
centar of gravity height. The lateral acceleration threshold increases
to around 5.4 m/s° due to increased tire track width, when the sprung
mass center of gravi. height is selected as 1.52 meter. The lateral
acceleration threshold reduces to around 4.6 m/s° and 4.0 m/s® when the
center of gravity height is raised to 1.78 meter and 2.03 meters,

respectively, as shown in Figures 2.18 and 2.19.
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The steady turning response characteristics reveal that for a given
loading condition and vehicle track width, the lateral acceleration
corresponding to the rollover varies only slightly with variation in
suspension properties. However, the roll angle response of the
semitrailer sprung mass varies considerably with the suspension
properties. Moreover, the lateral acceleration corresponding to vehicle
rollover is relatively insensitive to the torsional stiffness
characteristics of the tractor chassis (KFR). and that of the
articulation mechanism and trailer structure (Ks), as shown in
Figures 2.20 and 2.21. Thus the vehicle’s lateral acceleration can be
directly related to the onset of vehicle rollover provided the sprung
mass ceater of gravity height and the tire track width do not vary. In
majority of the freight vehicle combinations, the tire track width is
held constant due to limits imposed on the maximum vehicle width.
However, the sprung mass center of gravity height and thus the roll
stability 1limit vary with changing loading condition. Tables 2 3
ar.d 2.4 summarize the roll stability limits in terms of lateral
acceleration of various vehicle and loading configurations.

Tables 2.3 and 2.4 clearly demonstrate that onset of roll
instability can be directly related to the lateral acceleration resp~nse
of the vehicle. In view of the dependency of vehicle's latera’
acceleration rollover threshold on the semitrailer’'s sprung mass center

of gravity height, the following two schemes are proposed to detect the

onset of roll instabilicy ciring steady turning:

65




Lateral Acceleration (m/s**2)

5 |-
I
4 -
3
2 S 1 L ! 1 1 i 1 5
60 70 80 a0 10 110
Tractor Frame Structural Stiffness (N*m/deg.)
FIGURE 2.20: Rollover Threshold versus Torsional Stiffriess of the
Tractor Chassis
8
|
7 |

Lateral Acceleration (m/s**2)
n
]

-
4 -
3 b
2 L | N { N A1 . 1 s | i A "
800 1,000 1,200 1,400 1,600 i,800 2,000 2,200
Trailer and Fitth Wheel Stiffness (N*m/deg.)
FIGURE 2.21: Rollover Threshold versus Torslonal Stiffness of the Fifth

Wheel and Traller Structure

66



TABLE 2.3
ROLLOVER THRESHOLD LATERAL ACCELERATION
OF 2.44-METER WIDE VEHICLE

Vehicle Configuration Rollover Threshold
Suspension at the three composite axles

Center of Gravity Height

1.52 m 1.78 m 2.03 m
Rigid 7 0 m/s® 6.0 5.2
I-H, Hendrickson RTE380, Neway AR95.17 24K S.0 4.4 3.7
I-H, Hendrickson RTE380, Neway AR95.17 16K 4.8 4.1 3.6
I-H, Hendrickson RTE380, Reyco 21B 4.9 4.0 3.4
I-H, Hendrickson RTE440, Neway AR9S5.17 24K 5.1 4.3 3.7
I-H, Hendrickson RTE440, Neway AR95.17 16K 5.2 4.3 3.7
I-H, Hendrickson RTE440, Reyco 21B 5.1 4.3 3.6
I-H, Neway ARD244 16K, Neway AR95.17 24K 5.0 4.2 3.6
I-H, Neway ARD244 (6K, Neway AR9S5.17 16K 5.0 4.2 3.6
I-H, Neway ARD244 16K, Reyco 21B 4.8 3.9 3.4
I-H, Mack Camel Back SS38C, Neway AR95.17 24K 5.1 4.2 3.4
I-H, Mack Camel Back SS38C, Neway AR95.17 16K S.0 4.2 3.3
I-H, Mack Camel Back SS38C, Reyco 21B 4.9 4.0 3.4

TABLE 2.4
ROLLOVER THRESHOLD LATERAL ACCELERATION
OF 2.59-METER WIDE VEHICLE

Vehicle Configuration Rollover Threshold
Suspension at the three composite axles

Center of Gravity Height

1.2 m 1.78 m 2.03 m
Rigid 7.5 m/s° 6.4 5.6
1-H, Hendrickson RTE380, Neway AR95.17 24K 5.5 4.9 4.2
I-H, Hendrickson RTE380, Neway AR95.17 16K 5.4 4.6 4.0
I-H, Hendrickson RTE380, Revco 21B 5.5 4.6 3.9
I-H, Hendrickson RTE440, Neway AR95.17 24K 5.7 4.8 4.1
I-H, Hendrickson RTE440, Neway AR95.17 16K 5.7 4.9 4.2
I-H, Headrickson RTE440, Reyco 21B 5.7 4.8 4.1
I-H, Neway ARD244 16K, Neway AR95.17 24K 5.6 4.8 4.1
I-H, Neway ARD244 16K, Neway AR95.17 16K S.5 4.7 4.0
I-H, Neway ARD244 16K, Reyco 21B 5.5 4.5 3.8
I-H, Mack Camel Back SS38C, Neway AR95.17 24K 5.7 4.8 4.0
I-H, Mack Camel Back SS38C, Neway AR95.17 16K 5.6 4.8 4.0
I-H, Mack Camel Back SS38C, Reyco 21B 5.6 4.5 3.9
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1. Detection of Roll Instability when the Center of Gravity Height is

Unknown

Studies conducted by Miller and Barter [32] revealed that the
center of gravity of the sprung mass of a fully laden trailer lies
around 2 meters. Thus the onset of roll instability of the vehicle can
be directly related to the lateral acceleration listed in Tables 2.3
and 2.4 corresponding to the 2.03-meter center of gravity height. A
safe value of lateral acceleration can then be established as:

a

a =2 (2.28)
y x

where ay is the lower 1limit of the rollover threshold and « is the
safety factor. This scheme will provide a conservative estimate of the

impending roll instability, when the semitrailer is partly laden.

2. Detection of Roll Instability with Known Center of Gravity Height

The onset of roll instability can be detected quite precisely when
the center of gravity height is known. The rollover threshold of the
compliant five-axle tractor-semitrailer vehicle can be related to that

of a rigid vehicle:
a =C-a (2.29)
]
where ay and ay are the rollover thresholds of the compliant and rigid
vehicles, respectively. (€ is a compliance factor, determined from the

elastic properties of the suspension, tires and articulation mechanism.

The compliance factor is always less than 1 and can be expressed as the

68




ratio of rollover threshold of the compliant vehicle to that of the

rigid vehicle:

[}

(2.30)

®l
< el

The compliance factors and the corresponding lateral acceleration
responses of the selected vehicle configurations are presented in
Figures 2.22 and 2.23. Tables 2.5 and 2.6 present the vehicle
suspension configurations and the corresponding compliance factors for
2.44-meter and 2.59-meter wide vehicles, respectively. Tables 2.5
and 2.6 show that the compliance factors of all the vehicle
configurations analyzed are quite similar irrespective of the suspension
type and center of gravity height. The mean compliance factor is
obtained as 0.72 with a standard deviation of 0.03. The roll stability
of the vehicle can thus be related to the compliance factor. The

threshold value of compliance factor, C. is obtained as:
¢’ = é(5—3cr) (2.31)

where a is the safety factor, C is the mean value of compliance factor
and ¢ is the standard deviation. Assuming a safety factor o7 1.1, the
threshold value of compliance ' ictor is achieved as 0.57.

For known values of trailer track width and center of gravity
height, the rollover threshold of a rigid vehicle, a; can be computed
using Equation (2.2). A safe value of vehicle lateral acceleration is

then obtained as:
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FIGURE 2.22: Rollover Threshold of the Vehicles Analyzed

70

ey



Compliance Factor Compiliance Factor

Compliance Factor

0.8

0.6

0.4

0.2

0.6

0.4

0.2

0.6

Vehicle Width: 244 meters
Center of Gravity Height: 203 meters

Vehicle Width: 259 meters
Center of Gravity Helght: 2.03 meters

B
Vehicle Width: 244 meters
Center of Gravity Height: 1,78 meter

i "3 i Al 4

Vehicle Width: 2.44 meters
Center of Gravity Height: 1,562 meter

i k=1310 kN/m

o LI : ——
Neway AR95.17 16K Reyco 218 Reyco 218
Neway AR85.17 24K Neway AR95.17 24K
Semitrailer Suspensions Semitrailer Suspensions
Neway ARD244 Mack $5§38C
k=259 kiN/m k=788 kiN/m
M Hendrickson RTE380 Hendrickson RTE440

k=1860 kiN/m

FIGURE 2.23: Compliance Factors of the Vehicles Analyzed
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TABLE 2.5
COMPLIANCE FACTORS

OF 2.44-METER WIDE VEHICLE

Vehicle Configuration
Suspension at the three composite axles

Compliance Factor

Center of Gravity Height
52 m 1.78 m 2.03 m

1.

Hendricksor RTE380, Neway AR95.17 24K
Hendricksen RTE380, Neway AR95.17 16K
Hendrickson £7T380, Reyco 21B
Hendrickson RTE440, Neway AR95.17 24K
Hendrickson RTE440, Neway AR95.17 16K
Hendrick: on RTE440, Reyco 21B

Neway ARD244 16K, Neway AR95.17 24K
Neway ARD244 16K, Neway AR95.17 16K
Neway ARD244 16K, Reyco 21B

Mack Camel Back SS38C, Neway AR95.17 24K
Mack Camel Back SS38C, Neway AR95.17 16K
Mack Tamel Back SS38C, Reyco 21B

et i e et Pt et bt b e
[ [
[e i off« i e nfijc oo olijo s iifs oie ofifa sl ¢ ofife o

[

- .

)

[eNeoNoNoNoNeoNeoNeoNoRoNeoNe]

.72 0.74
.69 0.69
.70 0.67
.73 0.72
7S 0.72
.73 0.72
.72 0.70
.72 0.70
.69 0.66
.73 0.70
.72 0.70
.70 0.67

[eNoNoNoNsoRoRoNoNoNoNeNo]

.72
.70
.66
.72
.72
.70
.70
.70
.66
.66
.64
.66

TABLE 2.6
COMPLIANCE FACTORS

OF 2.59-METER WIDE VEHICLE

Vehicle Configuration
Suspension at the three composite axles

Compliance Factor

Center of Gravity Height
S2m 1.78 m 2.3 m

1.

1

, Hendrickson RTE380, Neway AR95.17 24K

, Hendrickson RTE380, Neway AR95.17 16K

, Hendrickson RTE380, Reyco 21B
Hendrickson RTE440, Neway Ah25.17 24K
Hendrickson RTE440, Neway AR95.17 16K
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Neway ARD244 16K, Reyco 21R

Mack Camel Back SS38C, Neway AR95.17 24K
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a =Ca (2.32)

where Ey is the safe value of lateral acceleration related to onset of
roll instability during steady turning. The lateral acceleration of the
vehicle during steady turning can be easily measured using a plezo-
resistive accelerometer. The onset of vehicle rollover can be detected
by comparing the measured value of lateral acceleration to the

precalculated safe limit Ey.

2.7 SUMMARY

A static roll plane model of the articulated vehicle combination is
developed to investigate steady turning stability limits. The onset of
roll instability during steady turning is described via the rollover
threshold lateral ac-eleration. The sensitivity of rollover threshold
to wvariations in vehicle’s design parameters 1s 1investigated to
determine a feasible parameter that can directly describe the onset of
roll instability. Two criteria, based upon the vehicle's lateral
acceleration response are proposed to detect the onset of roll

instability during steady turning.
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CHAPTER 3

DYNAMIC ROLL STABILITY ANALYSIS

3.1 GENERAL

The static roll plane model of the articulated vehicle
combinations, presented in the previous chapter, describes the roll
behavior of the vehlcle Jduring a steady turn. The dynamics associated
with the vehicle motion in the roll and yaw planes are neglected and the
steady turning stability of the vehicle 1is described by its static
rollover threshold. Although the vehicle rollover during a steady turn
is directly related to its rollover threshold laterazl acceleration, the
vehicle rollover during a severe directional maneuver at highway speeds
may occur at lateral acceleration levels considerably lower than the
rollover threshold. The design of a safety monitor will thus require
the scanning of vehicle response parameters that describe the onset of
dynamic roll instability of the vehicle,

The dynamic roll stability of a tractor-semitrailer combination is
investigated through analysis of a three dimensional vehicle model. The
three dimensional vehicle model, incorporating yaw and roll plane
dynamics, analyzes the directional response of the vehicle assuming
constant forward speed. The directional dynamics of the vehicle
combination is investigated wusing the "Yaw-Roll Analysis" software,
developed by the University of Michigan Transportation Research
Institute (UMTRI) [26]. A parametric sensitivity analysis Is conducted
to derive the key response parameters related to onset of dynamic roll

instability. Tne roll siability of the vehicle is investigated for




single lane change and evasive steering maneuvers at typical highway

speeds.

3.2 YAW-ROLL ANALYSIS

The yaw-roll model is one of the simulation programs developed at
UMTRI to study the directional response of multi-articulated vehicles to
dynamic directional maneuvers. The model was originally conceived to
simulate a road train of up to four units, with up to eleven axles
distributed in any arbitrary configuration, except for a sinzle tractor
front axle. In order to investigate the directional dynamics of the
tractor-semitrailer combinations, the vyaw-roll analysis software is
appropriately modified. The modified yaw-roll analysis software,
limited t~ ~ =z:Imum of two units and six axles, is then used to carry
out the stability analysis of the tractor-semitrailer combination
efficiently.

The highlights of the yaw-roll vehicle model include nonlinear
cornering characteristics of the tires and nonlinear suspension
characteristics. The nonlinear cornering forces and aligning moments of
the tires are computed as functions of normal load and sidesl}p angles
using look-up tables. The nonlinear suspension characteristics such as
backlash are represented in the form of load-deflection tables. The
leaf springs tend to twist in the roll plane and hence produce an
additional roll resisting moment when a relative roll motion takes place
between the sprung mass and the axles. This property of the leaf-spring
suspension 1is represented by an auxiliary roll stiffness parameter.
Simulations can be performed in either the closed-loop or open-loop

steering modes. In the open-loop mode, the time history of the steering
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input is provided as input to the model. In the closed-loop mode, the
desired trajectory s specified and the necessary steering .nput at the
front wheels is computed using a driver model incorporating preset

preview time and time delays.

3.3 ASSUMPTIONS

In order to simplify the equations, it is assumed that the pitch
angles of the sprung masses and the relative roll angles between the
sprung and unsprung masses are small, such that the small angle
assumption can hold. Further, the principal axes of lnertia of the
sprung and unsprung masses are assumed to coincide with their respective
body fixed coordinate systes- .

The model further assumes that .ach unit consists of a rigid body
sprung mass and a number of beam axles, represented by unsprung masses,
connected to the sprung mass through a compliant suspension system. The
vehicle is assumed to move at a constant forward speed on a horizontal
surface with uniform frictional characteristic. Tne relative motion
between the sprung and the unsprung masses are assumed to occur about
the roll center of each axle. The roll center is assumed to be located
directly underneath the sprung mass and free to move in the vertical
axis of the unsprung mass. Each suspension .s independent of other
suspension, such that inter-axle load transfer or load-sharing is
neglected. The fifth wheel coupling allows each unit to roll, pitch,

and yaw with respect to one another.
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3.4 EQUATIONS OF MOTION

The differentia. aquations governing the yaw and roll motion of an
articulated vehicle are derived. In the model, each sprung mass |Iis
treated as a rigid body with five degrees~of-freedom, namely: lateral,
vertical, yaw, roll, and pitch. Since the tractor forward velocity lis
assumed constant, the longitudinal degree-of-freedom is neglected. Each
axle is permitted to roll and bounce with respect to the sprung mass,
each unsprung mass is thus modeled as a two-degrees-of-freedom system.
The development of the yaw-roll model is organized under the following
systematic stages:

¢+ Axis Systems

- Suspension forces

- Equations of Motion for the Sprung Masses

Equations of Motion for the Unsprung Masses
- Constraint Force and Moment Equations

Tire Forces

3.4.1 Axis Systems

Three types of axls systems are used in the process of developing
the equations of motion: (1) an lnertlal axis system fixed In space,
(11) axis system fixed to each of the sprung masses, and (iii) axls
system fixed to each of the 7<les. Figure 2 1 1llustrates the three
axis systenms. Euler anvles are used to define the orientation of the
sprung and unsprung masses wi.-h respect to the lnertial axis system.
Since all sprung mass axis systems are defined allke, the transformation

equations are given below for only one sprung mass. For the same
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FIGURE 3.1: Axis Systems
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reason, the transformation equations for the unsprung mass axis systems

are derived for a single axle.

3.4.1.1 Sprung Mass Axis System

The three Euler angles, yaw (ws), pitch (85). and roll (¢S), are
needed to describe the orlentation of each of the sprung mass axis
system. The transformation equation between the inertial and sprung
mass axis systems is derived using the Euler angles. For the vyaw

rotation, ws:

A3k =ta ni 3 (3.1)
For the pitch rotation, 8

SE T S U (NS TS U C 0% (3.2)
Similarly, the roll rotation, ¢;

(I, 3», kT = te, 1i, 3, k) (3.3)

The transformation matrix needed to relate the sprung mass and the

inertial axes systems are obtained by combining (3.1}, (3.2}, and (3.3):

(1, 3,k =1a 041, J. k) (3 4)

where k = 1,2, designates the sprung weight due to the tractor and the
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semitrailer, [Alj] = [alJ][b‘J][clj] and the superscript 'T' denotes the
transpose.

Sprung mass pitch angles are assumed to be small during directional
maneuvers at constant forward speed, such that sin BS = Bs and cos BS =

1. The transformation matrix [AU]k is thus expressed as:

coswS -31nwscos¢s+escosw551n¢s sinwssin¢s+escoswscos¢s
[Alj]k= 51nws coswscos¢s+6551nwssin¢s -ccsw551n¢s+9551nwscos¢s (53.9)

-0 sin cos
5 ¢s ¢s

The body fixed sprung mass axis system is related to the inertial axis

system by the following:

- - -+ T -1, -+ - T .
(IS'JS'kS}k = [AU]k {in,Jn.kn} (3.6)
where:
. cos ws sin ws -es
[A”]k = -51nwscos¢s+95cosw551n¢s coswscos¢s+essmwssm¢s 51n¢s (3.7)

i + . - +
51nwssin¢s escoswscos¢s coswssin¢S essinwscosq)S cos¢S

3.4.1.2 Unsprung Mass Axis System

Each axle is allowed to roll and bounce only with respect to the
sprung mass to which it is attached. The orientation of the axle with
respect to the inertial axis system is therefore defined by the yaw
angle, ws' and the roll angle, ¢U. The transformation equation relating
the axis systems located on the sprung and unsprung masses, respectively

is derived as follows:

80



- -»

iu 1 951:51" ¢Sk eSkcos ¢Sk _1.5

‘_{u = -BSRSIH ¢U COS(¢Sk-¢U) —sin(¢5k-¢u) ;’s (3.8)
ku . -95kcos ¢u sln(¢5k-¢u) cos(¢Sk-¢u) . ks .

where { = 1,2,3 for k=1 and i = 4,5 for k = 2.

3.4.1.3 Angular Velocities of the Sprung Masses
The equations of motion of each sprung mass are written in terms of

the body-fixed translational (us.v.ws)k and angular velocitles

s
(ps. q rs)k and thelir derivatives. The Euler angular velocltles
(&s, és' J,S)k' calculated from the ©body-fixed angular velocities
(ps. qg rs)k, are integrated numerically to yleld the Euler angles.
The Euler angular velocitles (&s. és' Jls)k. defined along the
(Isu' -.". ﬁn) directions, are equated to the body-fixed velocities to
yield:

-+ -» - . - . - L] .
pSkiSk * qsu‘jsu * rSkkSk = ¢5kisu * equ * wSkkn (3.9)
From (3.3) and (3.5):
J' = cos ¢sw’su - ¢SkkSk
(3.10)
ky = "6, 1, + sin @, J,, + cos & kK,

Upon substituting (3.10) into (3.9) we get:
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pSkiSk = (¢Sk-95kw5k)isk (3.11)
qSkjSk = (95kcos ¢Sk+51n ¢Skw5k)JSk (3.12)
rSkkSk = (-GSksin ¢Sk*w5kcos ¢Sk)k5k (3.13)

The above three equations can be solved to express the Euler
angular velocities in terms of the body-fixed angular wvelocities,
(p

y T .
S, qS S)k

o - Pg * (q5k51n ¢5k+r5kcos ¢Sk)6Sk (3.13)
esu = qcos ¢sx - rSksin ¢su (3.15)
wsu = qsksin ¢5k *+ rg cos ¢su (3.16)

Equations (3.14) to (3.16) are numerically integrated to obtain the

Euler angles.

3.4.2 Suspensiocn Forces

Each suspension 1is assumed to consist of a pair of nonlinear
springs and linkages providing a roll center. The suspension springs
are assumed to remain parallel to the Eux axis of the unsprung mass, and
are capable of transmitting either compressive or tensile forces only.
All the roll plane forces perpendicular to the suspension springs are
assumed to act through the .0ll center located at a fixed distance, LI
beneath the sprung mass as shown in Figure 3.2. The roll center |is
allowed to slide along the Eux axis of the unsprung mass. The
suspension forces transmitted to the sprung mass from any given axle, i,

are therefore:
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FIGURE 3.2: Forces and Moments Acting in the Roll Plane of the Vehicle
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where Fn and F"2 are the forces due to springs located on right and

left side of axle i.
The suspension forces are defined in the sprung mass coordinate
system by applying the coordinate transformation expressed by equations

(3.8). Upon applying the transformation, we get:

Fsl = [-aneskSIn ¢u1 * (FII*FIZ)GSRCOS ¢Ul]iSk
Y [FRiCOS(¢Sk-¢UI) - (Fll*FIZ)Sln(¢Sk‘¢U1)IJSk
- [FR‘sin(¢5k-¢Ul) +(F“+F12)cos(¢5k—¢m)]kSk {3.18)

The force, an’ acting through the roll center is an internal force
which is eliminated by inspecting the dynamic equilibrium of the axle in

the 3Uldirection. The equation for the lateral equilibrium of the axle

can be written as:

m [(a 'Ju1] = -FRl + (Fy‘1+Fy12*Fy13+Fyl4)cos ¢Ul

B (FZU+FZIZ+FZIJ+FZH)Sin ¢Ul ¥ mUIg51n ¢Ul (3.19)

Equation (3.19) is rearranged as:

Far = My, (2 .JUl] * (Fyi1+Fy12+F

F  Jcos
Rl Ul mUl ¢u:

+
y13  yla

- (F_ +F

+F
[AS SR AT

213+le4)51n ¢u1 + mUlgsin ¢u1 (3.20)

where Fylj and Fsz are the lateral and vertical forces, respectively

due to the tire j on axle i.
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Of the terms on the right hand side of (3.20), the only unknown is

the acceleration a ul of the unsprung mass. Since the position of the
m

axle is defined relative to the sprung mass to which it is attached, the

acceleration of the unsprung mass is given by:

-+ - -+ -
a = a + a + a (3 .21)
mu1 mSk R1/mSk mU1/R1
- - -
where a , a and a are the accelerations of the sprung mass
mSk miii "R Ri/mSk

A. the unsprung mass 1 with respect to the roll center and the roll
_eftter 1 wWith respect to the sprung mass hk, respectively
The sprung mass acceleration along the body-flrsed coordinates

- -

o K ;u is given by:

L] . - . 4
3 = g eqw o-r v )} + (v eur -pw }j
ok 5 55 % 5 K ok S G505 L KTk
L] -
{ Vo 2
¢ W ep v, qsus)ukau (3 22)

Since the rojl center s at a flirved distance frem *he sprung mass
~enter cf gravity, the pasition ¢f the roll center Wwith respect to the

sprung mass center of gravity can be cxpressed In the following manner

. - *
= £ | .z NS LR B
RY.mbk By Tk By Lk
The corresponding velscity and acceleration are derlved a0 oW,
w = {z aq) + (-p 2 ex T -~ £ 7 K Y24
A1, mSk R1 '3k Sk PiZay a5 i T m
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- . 2 2, <
= - +p.r zZ =X T
(q z leqS pS S Rt le S)kisk

a
R1/mSk S Ri
. . -
- + +
+ pszm lerS+lequ5 xRiquS)kJSk
2 2 . »
+ (- - - .
( pszﬂl+lerSpS leqS leqS)kkSk (3.25)

Similarly, the unsprung mass acceleration with respect to the roll

center is described as:

a - ? - ol ° 2 - 2 s -
amUl/Rl - pUirUIZUlil“ (pUlel+2pUlei)JUl (pUleI zUl )kUl (3.26)

Hence, combining (3.22), (3.25) and (3.26), and transforming the

acceleration defined in the sprung mass coordinate system to the

unsprung mass coordinates system, we get:

» . . 2 2

a = -{u+qw ~-rv-+qz =-x +prz ~-x r_ ) e si
(sqss ssqs Rt mqs pssm Rl S)kSk n¢m

Z +X_ I +2Z r +x cos -

ps Rl "R1' S mqs s mqsps)k wsu ¢Ul)

-
mui JUI

+ (v +Uur ~pw-
(S SSPSS

. 2 2
(W PV ma M =P 2, +X T P -2, d =%, d.) sin(g =@, )
- pmzm- 2pmzUl (3.27)

From (3.20) and (3.27), the roll center force is obtained as:

. L] 2 2
F =-m |- (u+qw-~rv+gqz =X +prz -x r_)o_ sin
Rt ut ( S qs S §8§ qs Rl mqs ps SR “R1 S)k Sks ¢Ul
L ] L] L ]
+ (v+ur -pw - +X_ r +2 +x c -
( P PgZp, % mqsrs mqsps)u os(¢5k %1)

SS'SSsS "SR RS
. 2 2
- (w+p v -q u_- +X_ T p -2 X si -
( s Ps¥s 5% Ps%p " p "sPs miYs quS)k n(¢5k <°ux)

- pmzm—mezm] Y (Fy“+Fw2+wa+Fy“)cos Py
T a0t Tt )Sin 8y, + M, 8810 4, (3.28)
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3.4.3 Equations of Motion of the Sprung Masses

fFigures 3.1 and 3.2 present the pltch plane and rol! plane of the

articulated vehicle model. The five second-order differential equations

derived for each of the sprung masses are presented In the following

manner

Equations of Lateral Motion

m v -m {pw-ru)
Sk Sk Sk 'S S S5 S5k
“

= Z J. component of the constraint forces

5k
2
“_ijRICOS(¢Sk-¢Ul) ) (in*F12)51n(¢su-¢u1)]

=1,2 =
+ msagsin ¢Sk. k=1,2 and 1:1=1, .5

where )] and j2 designate the axles attached to the sprung mass.

Fnor tracter’s sprung mass (k=1); jl =1 and )2 = 3

For trailer’s sprung mass (k=2}, 1 = 4 and j2 =5

Equations of Vertical Motion

Mok se mSk(qsus-psvs)u
= Z isu component of constraint the forces
2
’12)EFR15“‘(¢5\(”’U!) * (FH‘FIZ)CO';“»SK-'»UI )I

37

3

3

29)

)i



Equations of Roll Motion

IXXSkpSk - IYYS— IﬁS )qukrSk

= Z roll moments from the constraints

2 2
- FRICOS(¢SK-¢Ul)ZRl * i (F11+F12)Sx
141 1251
) )
+1_J5Fl1+F12)sin(¢5k—¢Ui)le +1—J§RS‘(¢Sk-¢Ul) {3.31)

Equations of Pitch Motion

IYYSquk - (IZZS-IXXS)kp

r
Sk~ Sk
= Z pitching moments from the constraints

2
+‘ZJfFalsin(¢Sk-¢U‘) + (F11+F12)COS(¢SR_¢01)]xul (3.32)

Equations of the Yaw Motion

Since, the axles experience the yaw motion together with the sprung
mass, the yaw moments of inertia of the axles are combined with the yaw
moment of inertia of the sprung mass to obtain an equation applicable to

the combined rigid body:

2
[12152201 * Izzsu]rSk " s Lyvs WPsisi
= Z yaw moments due to the constraints
2
+ 1-“([Y-'mc:os(cﬁbsk-qﬁm) - (Fl1+F12)Sin(¢Sk‘¢Ul))x

Ui

+ (ATl1+AT12+ATIJ+ATl4)cos ¢su] (3.33)
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Equations (3.29) to (3.33) constitute the governing dl:‘erential
equations of motion of the sprung masses. The equation needed to
evaluate the unknown constraint forces and tire forces are developed in

subsequent sectlons.

3.4.4 Equations of Motion of th¢ Unsprung Masses
The equations of roll and bounce motlion of each of the unsprung
masses are given below.

Equations of Roll Motion

Ixxuai)u: = -(F PRS- FriZe
- [(Fyn*F 12+Fy13+Fy|4)c°S M
M LT e i " ](HRlcos 01"y
+ (szz- zu)('l‘ *A )cos ¢ + (l"zlz zna)T cos ¢
+ KRSl(¢Sk-¢U1) (3.34)

Equations of Vertical Motion

ma +k =mgceose¢ +F +F
- (an*an*Fz:a zu)c‘:’S ¢
B (Fyn’Fylz*Fyla‘Fyu)SIn %, {3.35)

- 4
The acceleration a.m-km is evaluated in a manner similar to the one

employed for evaluation of ;-uxcju: in Equation (3.27).
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et rerae RN B W A% X B EN PV ES KA AT R IR

<> - . . 2 2
a <k = '(U. +q W ~r v "‘quRi-x q+tpr.z =x r ) 8_ cos ¢U

Uil Ui S 'SS SS R1'S "S SRl Ri S k Sk 1

+ (VA4UT ~p W ~p2Z +X_ I +z_qr +x qp.) sin(¢_-¢ )

S §S "5SS "SRt RIS RI'SS RI'SSk Sk Ui
. 2 ] .
+ + -qu -p-z + - - s -
(wS pSvS qS S pS R1 xl"ﬂrSpS qus leqS)kco (¢Sk ¢Ui)
o 2
+ (z - z .
( o1 Pus Ul) (3.36)

3.4.5 Constraint Equation

The differentlal equations governing the motlon of the sprung
masses (Equations (3.29) to (3.33)) contain terms related to the
constraint forces and moments. These constraint forces and moments,
arising at the fifth wheel coupling, are derived using the kinematic
equations defining the constraint. A vehicle combination model
comprising of n sprung masses and m unsprung masses Yyields k
second~order differential equations to describe the motion of the
vehicle, where k = 5n + 2m. The set of k differential equations of

motion of the vehicle model are written in the matrix form:
3 -

Mx =y + Nfc (3.37)
where M is the [kxk] inertia matrix, ; is a vector of size k comprising
of gravitational, suspension, and roll center forces, N is the ikxj]
matrix of vehicle dimensions, ?c iez a vector of length j containing
unknown constraint forces, and ;{ is the acceleration vector of length k.

The kinematic constraints existing al the fifth wheel, when written

as a set of acceleration constraint equations, are of the form:

Cx = d (3.38)
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where:

C = a matrix of size jxk, function of the vehicle
dimensions and ;c
d = a vector of size j, function of ;c, X and the

vehicle dimensions.

The constraint force vector, fc, is obtalned via solving equations

(3.37) and (3.38). Equation (3.37) is solved to yield:

X =My + MNE_ (3.39)

-1 -1..2 -
My + M Nt _=d (3.40)
The vector of constraint forces ls thus obtained as:
= (o' Hd-a ') (3.41)

The acceleration vector X 1is then obtained by substituting ?c from

Equation (3.41) into Equation (3.39):
x = My + MOIN[oMTIN Hd-av 7Yy (3.42)
Since all the terms in the right-hand side of (3.42) are known,

Equations (3.42) are integrated using numerical integration techniques

to obtain directional response characteristics of the vehicle.
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The fifth wheel arrangement allows the tractor and the semitrailer
to yaw and pitch with respect to one another, but is quite stiff in
roll. The roll and pitch moments transmitted through the fifth wheel
are easily evaluated in terms of the relative roll and pitch
displacements between the adjacent units. Therefore, the acceleration
constraint approach is not adopted to solve the roll and pitch moments.
In the following section, the acceleration constraint equations needed
to determine the lateral and vertical forces at the fifth wheel are

developed.

3.4.5.1 Lateral and Vertical Constraint Forces

The fifth wheel is a single point constraint where the articulation
takes place. The constraint acceleration equations, needed to solve for
the lateral and vertical forces, are therefore formulated by equating
the lateral and vertical accelerations of the constraint poin£ on the
tractor to the accelerations of the same point on the semitrailer. The
acceleration of the constraint point on the tractor is given by the

expression:

- . . 2 -

a =(u +q. w_-r v_+q_z -X +p_ r_ 2z =-x r_ )i
c 517 351751 Ts1Vs1 " %s1%c1 Xe1Ts1 " Psi T s1%e1 e 17 tar

. . . -

+ (v_+u r -p.w _~p_ 2 +X r_+2 r_ +x )J
( s1” %5171 Ps1s1 " Pe1%c1 %1 1 T 21 %51 s1 %1951 Ps1 ' st

. . 2 2 e d
+ (w_+p v_-q_ u_ -X - Z +tX r -Z k
( st ps1 51 q51 (3] cquI ps1 ct Tet s1psx c1qsz) s1
4 b +ck (3.43)
= a + c .
17s1 1Js1 1 °s1

The acceleration of the same point in terms of the semitrailer

motion variables is expressed as:
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- . - 2 2 ->
a = +q _W_-r Vv_+ zZ _—-X +p r 2z ~x r )i
c (usa qsa §2 s2 s2 qsz c2 caqsz psz s27¢2 "2 sz) s2

. . -
+ (v__+ - \: P Z X r +2Z r +x
( s2 uSZrSZ pSZ s2 pSZ c2 c¢2 S2 C2q52 52 CZqSZPSZ)JSZ

. s 2 2,7
+ (w_+p_v_-q_u_- -p__z _+ -
( S2 pSZ S2 qSZ S2 chqSZ pSZ c2 xt':2r52p$2 zcquZ)kSZ
i +bJ_ +ck (3.44)
= a (o] .
2 52 ZJSZ 2 S2

The tractor coordinate system is transformed to the semitrailer
coordinate system, 1in order to equate the accelerations at the
constraint point.

Referring to Equation (3.4), we note that:

-
i
o 1@, 3., e (3.45)
ﬁn IR Rt T W Jgy0 Kgy )
kn

and
It
e (A 1793, 3., k) (3.46)
_‘252 1)°2 n' Jn' n )
kea

Upon eliminating the inertial axis system, (In, jn, in} from (3.45)

and (3.46), we get:

-)

i

il (A 17 1 G, 3, k¥ =T i, G, kY (3.47)
352 B 12 1j71 "s1’ J51' st 157 Tst’ js1’ si :

k

s2

Elements of the matrix [ij]’ derived using the transformation

matrices in Equations (3.5) and (3.7), are expressed as follows:
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T
11

12

T
13

T
21

22

T
23

31

T
32

T
a3

cos(,~¥,) + 0,8,

sin(lllsz-wm)cos ¢51 - eszSin ¢51
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(3.48)

The constraint equations needed to evaluate the lateral and

vertical constraint forces are thus derived as:

5 >
b s, = (a1T21+b1Tzz+c1T23)Jsz
> -
czksa - (a1T31+b1T32+C1T33)ksz
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3.4.5.2 Roll and Pitch Moments due to a Fifth Wheel Connection

The roll moments due to the torsional compliance of the
articulation mechanism are evaluated from the relative angular
displacement between the sprung weights of the tractor and the
semitraller. The roll moment acting on the tractor, Mx1' i1s computed
from the product of the constraint stiffness KS and relative angular
displacement resolved about the -1.51 coordinate, as shown in Figure 3.3.

The roll and pitch moments acting on the sprung weight of the

semitrailer, M _ and Mvz respectively, are determined by the coordinate

X2

transformation:
Moo= [¢s cos(y -y ) - 6_sin(y_-y_ ) - ¢51] (3.51)
sz = [os(qll w ) + 951952] (3.52)
Mo = My [eszcos(wsa_wsx)sm b5, ~ 85,510 o,

- sin(lllsz—wm)cos ¢52] (3.53)

3.4.6 Forces and Moments at the Tire-Road Interface

The measured tire data are used to compute the lateral forces and
aligning moments generated at the tire-road interface. The sideslip
angle and the vertical load acting on a tire are computed at every
integration step, and the corresponding 1lateral forces and aligning
moments are established from the tabulated tire data using linear
interpolation. Expressions for the sideslip angle and the vertical load
at the tire-road interface are derived in terms of the velocities and

displacements of the sprung and unsprung masses.
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The sideslip angle at the tire-road interface is expressed in terms
of the body-fixed velocities of the sprung masses and the axles. The

sideslip angle of the tire j on axle i is expressed as:

- axle
a = tan -8; Ii=1,...,5and j=1,...,4 (3.54)
1} u i
tire
1]
where:
®u1 sk
= - + -
axlei (vs leps)kcos ¢Sk cos ¢5k ;mlHRicos ¢Ul
=u_  + (T+A)r
tire Sk i i Sk
i1
u =u +Tr (3.55)
tire Sk I Sk
12
u =u ~-Tr
tire Sk i Sk
13
u =y = (T +A)r
tire Sk i 1 Sk
14
and 61 is the front wheel steer angle and 61 =0 ; i=2,...,5.
The vertical load acting on the tire j on axle i, FZU is computed

from the linear compliance of the tire KTU and the vertical deflection

A
1]
= KT A (3.56)
The vertical deflection of the tire is expressed in terms of the

deflection of the sprung and unsprung masses. The deflection of the

outer left tire on axle [ is given by the equation:
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By =4, *+ bz, -z, (lmcos ) + z,cos ¢, -z,
- (T1+A‘)sin ¢ux - xmesu (3.57)
where:

AzSk = the vertical deflection of the center of gravity of
sprung mass k along the inertial axis En, Azsu = 0.0
at time t = 0.0

240y = the vertical distance between the roll center and
the axle center of gravity at time t = 0.0

Ao1 = the static deflection of the tires.

The deflection of the other three tires on axle i are:

AIZ = Au ¥ Alsin ¢Ul

A:a = AlZ + 2Tlsin ¢m (3.58)
A =A_ + Asing¢

14 13 { Ui

3.5 METHOD OF SOLUTION

The set of differential equations, (3.29) to (3.35) represent the
equations of motion of a five-axle tractor-semitrailer vehicle subject
to a directional maneuver at highway speeds. For a given steer
maneuver, the lateral forces and aligning moments developed at the
tire-road interface are computed using Equations (3.54) to (3.58) and
the look-up tabies. The spring forces and the constraint forces and
moments are computed using the Equations (3.17) to (3.28) and (3.43) to

(3.53), respectively. The equations of motion are then solved to
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determine the directional response of the vehicle using numerical

integration based upon a predictor-corrector method.

3.6 VEHICLE PARAMETERS

The parameters of the simulation vehicle, such as vehicle
dimensions, inertial properties and axles loads, are given in Table 3.1.
The nonlinear force-deflection properties of various vehicle suspension
used in the simulation have been presentec in Chapter 2. The cornering
properties of the tires are shown in Figure 3.4, as function of the
normal load and the sideslip angle. The dynamic roll stability of the
vehicle combination is investigated for typical lane change and evasive
maneuvers executed at typical highway speed of 100 km/h. The
trajectories of the lane change and evasive maneuvers are presented in

Figures 3.5 and 3.6, respectively.

3.7 DIRECTIONAL STABILITY OF ARTICULATED VEHICLE COMBINATION

The yaw-roll vehicle model contains comprehensive description of
suspension and tire properties, the directional dynamics and stability
characteristics of the vehicle can thus be predicted quite accurately.
The yaw-roll analysis program has been extensively validated by UMTRI
(1}. The directional dynamics of the vehicle combination s
investigated for typical lane change and evasive maneuvers to determine
the response parameters that can describe the onset of dynamic roll
instability.

Lift-off of tires at the rearmost axles is often considered as the
first noticeable phenomenon prior to vehicle rollover. Since tire loads

are very intricate to measure, a measure of dynamic suspension loads is
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TABLE 3.1
SIMULATION VEHICLE PARAMETERS

Tractor Semitrailer

Sprung Weight (kN) 45.40 251.80

Roll Mass Moment of Inertia (kg'ng 2900 25000
Pitch Mass Moment of Inertia (kgém ) 19200 679000
Yaw Mass Moment of Inertia (kg-m") 19200 679000
Center of Gravity Height (m) 1.11 1.52, 1.78, 2.03

Axle 1 Axle 2 Axle 3

Axle Load (kN) . 53.30 71.20 71.20
Longitudinal Position from C.G. (m) 1.4 -2.8 -4.0
Axle Center of Gravity Height (m) 0.5 0.5 0.5
Dual Tire Spacing (m) 0.0 0.33 0.33

Axle 4 Axle S

Axle Load (kN) 71.20 71.20
Longitudinal Position from C.G. (m) -5.33 -6.55
Axle Center of Gravity Height (m) 0.5 0.5
Dual Tire Spacing (m) 0.33 0.33

Fifth Wheel

Longitudinal Position from Tractor C.G. (m) 3.0

Longitudinal Position from Semitrailer C.G. (m) -6.6

Roll Stiffness (kN-m/deg) 1130
Tires

Vertical Stiffness (kN/m) 788

Aligning Torque (N-m/deg) 148

* Longitudinal location of axles located behind the center of gravity is
specified by negative distance
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considered to detect the onset of tire lift-off and thus the vehicle
rollover. The directional response of the vehicle subject to an evasive
maneuver is investigated to determine the relationship between the
dynamic suspension forces and the wheel loads. Computer simulations are
carried out for different types of suspension at the semitrailer axles,
and the center of gravity of the semitraller is selected as 2.03 meters.

The dynamic wheel and suspension loads are expressed in terms of
dynamic wheel load ratio (ratio of the vertical load to the static load
on tires) and dynamic spring force ratio (ratio of dynamic spring force
to the static suspension force), respectively. The dynamic wheel and
spring ratio response characteristics of the semitrailer axles, equipped
with a leaf-spring suspension (Reyco 21B) are presented in Figure 3.7,
for an evasive maneuver. The wheel load and spring force ratlo response
of the trailing axle is quite similar to that of the leading axle, as
shown in Figure 3.7. The dynamic wheel load ratio increases during the
in! tial steering maneuver and approaches a peak vclue of approximately
1.75. The dynamic wheel load ratio decreases when the steering
direction 1s reversed as shown in Figure 3.7. The dynamic wheel load
ratio approaches zero around t = 2.85 s indicating a wheel lift-off and
thus the vehicle rollover.

The dynamic suspension force ratio increases in a manner similar to
the wheel load ratio during the initial steering maneuver. The dynamic
suspension force ratlc approaches a peak value of approximately 2.0 and
then decreases as the steering directlion ls reversed. The suspenslicn
force begins to increase after a wheel lift-off 1s encountered as shown

ir Figure 3.7. The dynamic spring force ratio approaches a negative
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value corresponding to the wheel 1lift-off, indicating that the springs
on one side of the axle cre under tension. Thus the negative suspension
force ratic nay be considered as an indicator of wheel lift-off and the
impending vehicle rollover.

This 1indicator of wheel 1lift-off is further investigated for
different types of semitrailer axle suspension. Figure 3.8 presents the
dynamic wheel and suspension force ratio response of the semitrailer
axles, equipped with an air-spring suspensicn (Neway AR95.17 16K). The
dynamic wheel load ratio approaches zero near t = 2.7 s indicating the
vehicle rollover. The suspension forc2 ratio, corresponding to wheel
lift-off, hovever remains positive (2 C 55). Since the air springs are
precharged and usually do not go into tension, the variations in dynanmic
spring force of the air suspension are quite different than those in the
leaf-spring type suspension. A measure of suspension loads thus does
not provide a reliable indication of the wheel lift-off and thus the
onset of vehicle rollover.

Alternatively, the detection of tire lift-off is attempted via
measuring the axle roll angle. Owing to the dynamic load transfer, the
lift-off of tires on the inside of the turn occurs at a certain roll
angle of the axles. The relationship between the tire lift-off and axle
rell angle is investigated via computer simulation. Figures 3.9 to 3.12
present the dynamic wheel load ratio and the roll angle response of the
leading and trailing semitrailer axles for typical lane change and
evasive maneuvers. These figures clearly demonstrate that the dynamic
load ratio and thus the tire lift-off can be directly related to the

axle’'s roll angle. Since the axle roll angle can be directly measured
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during the vehicle operation, the detection of onset of vehicle roll
instability via axle roll angle merits further investigations.

The semitrailer’s wheel load ratio and axle roll angle response
characteristics are evaluated for various values of center of gravity
height (1.52 meter and 2.03 meters} when the vehicle is subject to an
evasive maneuver, as shown in Figures 3.9, 3.10 and 3.11. Fligures 3.9
and 3.10 present the dynamic wheel load ratio and roll angle response
characteristics of the semitrailer’s axles of 2.44- and 2.59-meter wide
vehicles for a constant value of center of gravity height (2.03 meters).
Figures 3.9 and 3.10 clearly demonstrate that as the dynamic load ratio
approaches zero the axle roll angle grows rapidly leading to vehicle
rollover. However, it is also possible that the tires which experience
a lift-off during the initial steering input may return to the road
under the corrective steering action, as demonstrated in Figure 3.11.
The dynamic wheel load ratio approaches zero, indicating the wheel
lift-off at t = 3.6 s, and then continues to increase indicating that
the wheel has returned to the road. The axle roll angle response also
demonstrates the stable characteristics of the vehicle, as shown in
Figure 3.11. In this case, the vehicle is considered to be marginally
stable. The vehicle’'s response to a lane change maneuver, also reveals
similar phenomenon as shown in Figure 3.12. The tires on the outside of
the turn carry the entire axle load momentarily and the corresponding
cornering forces generated at the tire-road interface are considerably
small. The vehicle may experience rollover in the presence of an
external sideways disturbance of extremely low magnitude. Thus in order

to ensure an early warning of the impending rollover, it is vital to
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consider the wheel lift-off, even though the vehicle may be marginally
stable.

Figures 3.13 to 3.16 show the peak axle roll angles corresponding
to the onset of wheel lift-off. The onset of wheel lift-off is assumed
when the dynamic vertical load on a tire is less than one percent than
its static load. The peak roll angle and the dynamic wheel load ratio
response characteristics of the semitraller axles are evaluated for
various suspension configurations. The response characteristics are
evaluated for lane change and evasive maneuvers executed at 100 km/h,
the maximum legal speed on highways. All the vehlcle configurations
with a semitrailer’s center of gravity height at 2.03 meters, considered
in the study, experience rollover when subjebt to an evasive maneuver,
as shown in Figure 3.13. The peak roll angles experienced at the
semitrailer tralling axle before wheel lift-off range from 1.355 to 2.34
degrees.

During a lane change maneuver, only three of the vehicle
configurations exhibit rollover, as shown in Figure 3.14, However, a
wheel lift-off is encountered in the remaining vehicle configurations.
The peak roll angles experienced at the semitrailer tralling axle before
wheel lift-off range from 1.83 to 2.05 degrees. It can be also noticed
that the combinations that rolled over used a relatively softer Mack
SS38C suspension on the rear tractor axles.

The directional response characteristics of the vehicle are further
Investigated for different values of semitraller’s center of gravity
height. Flgure 3.15 shows the peak axle roll angle response of the
semitraller axle when the vehlcle is subject to an evasive maneuver.

The height of the center of gravity of the semitraller 1s selected as
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1.52 meter. In thils case also, only three vehicle configurations
equipped with Mack SS38C suspension exhibit rollover. The range of roll
angles of the semitrailer trailing axle a. wheel lift-off is obtained as
1.62 to 2.11 degrees.

The dynamic stability of a heavy vehicle is strongly influenced by
the effective track width and suspension spread. The directional
dynamics of the vehicle is thus further investigated for 2.59-meter wide
vehicle. The center of gravity of the semitrailer’'s sprung weight is
selected as 2.03 meters. Peak roll angle response of semitrailer’s
trailing axle is presented In Figure 3.16 for an evasive maneuver. All
the vehicle configurations, considered in the study, exhibit vehicle
rollover and peak axle roll angle ranges from 1.38 to 2.01 degrees. Low
values of the peak roll angle are attributed to increased tire track
width.

Computer simulation results reveal that the semitrailer trailing
axle roll angle can describe the onset of wheel 1lift-off most
efficiently. Moreover, the axle roll angle can be directly measured
during the vehicle operation. The lowest roll angles of the semitrailer
trailing axles are obtalned as 1.55 degrees anr 1.38 degrees for the
2.44~- and the 2.59-meter wide vehicles, respectively. Applying a factor
of safety of 1.1, safe values of axle roll angles before wheel lift-off
can be attained. These safe values are 1.41 degrees for the 2.44-meter

wide vehicle and 1.26 degrees for the 2.59-meter wide vehicle.

3.8 SUMMARY

A yaw-roll plane model of the articulated vehicle combination is

developed to investigate the dynamic roll stability during highway
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maneuvers. The onset of roll instability during highway maneuvers is
described via the tire 1lift-o.f of the semitrailer trailing axle. The
sensitivity of the lift-ecff of the tires on the semitrailer axles to
variations in vehicle design paramsters is investigated to determine a
feasible parasmeter that can directly describe the onset of roll
instability during highway maneuvers. Through computer simulations, it
is shown that the unsprung mass roll angle response can best describe

the onset of dynamic roll instability.
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CHAPTER 4

STABILITY ANALYSIS DURING BRAKING AND STEERING MANEUVERS

4.1 GENERAL

Articulated vehlcles exhibit jackknife and traller swing wunder
simultaneous application of severe braking and steering. Tractor
Jackknife is a mode of instability in which the ratio of the tractor yaw
angle to the semitrailer yaw angle approaches a large value. This
phenomenon is usually initiated when the tires on the tractor rear axles
skid. Compared with other modes of instability, the tractor jackknife
is the most dangerous, most rapid and least controllable by the driver.
Thus an early warning on the Impending Jackknife offers considerable
potentials to minimize the number of accidents involving such vehicles.
However, the jackknife lnstability needs to be defined in a quantitative
manner in order to construct an early warning algorithm.

Although antilock braking systems detect the onset of wheel lockup
via vehicle and wheel speed sensors, however the detection of wheel
lockup is not early enough to warn the driver of impending instability
{13]. Vehicle jackknife can also be caused by excessive engine torque
developed during gearing down or driving on an icy surface and since the
antilock braking system operates from the air brake systems it will not
prevent such a power Jjackknife [16]. Consequently, alternate directly
measurable vehlcle response parameters are sought to quantitatively

describe the onset of Jjackknife instability.



4.2 THE PHASE 1V MODEL

The three dimensinnal vehicle model, developed by UMTRI (University
of Michigan Transportaticn Research Institute) [67] to simulate the
braking and steering dynamics of freight vehicles, is used to
investigate the Jjackknife instability arising in a tractor-semitrailer
vehicle combination. The software package, ieferred to as Phase IV
Model, 1is written in a generalized fashion to permit simulation of
various vehicle combinations. The vehicle chosen for this study is a
five~axle tractor-semitrailer comprising of a three-axle tractor and a
two-axle semitrailer. The tractor consists of a single front axle with
single tires that can be arbitrarily steered. All other axles on the
tractor-semitrailer combination are represented as tandem axles with
dual wheel sets.

The Phase IV software can simulate vehicle combinations up to 71
degrees-of -freedom. The total number of degrees-of-freedom is dependent
upon the vehicle configuration. The tractor-semitrailer vehicle 1is

modeled as a 29 degrees-of-freedom system, derived from the following:

- Six degrees-of-freedom (three translational and three
rotational) associated with the sprung mass of the tractor.

- Three degrees-of-freedom for the semitrailer (the three other
degrees-of -freedom of the semitrailer are effectively
eliminated by dynamic constraints at the hitch).

- Two degrees-of-freedom (vertical and roll) for each of the
five axles.

- A rotational degree-of-freedom for each of the ten wheel sets,
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The motion of each of the sprung masses is determined from the
summation of forces and moments arising from the tires (acting through
the unsprung mass of the axle and suspension), suspension, gravity and
the hitch point constraints. The vehicle model incorporates dy: amics of
the air brake and antilock wheel control syst. ns, and comprehensive
tire-road friction models. The vehicle model can be used to evaluate
the stopping distance performance, effects of brake timing, dynamic
behavior in braking, antilock wheel control logic, tire-road friction
coupling, performance on split friction surfaces, brake proportioning
and tandem axle effects on braking limits. The nonlinear lateral
force-sideslip characteristics of the tires along with roll-off effects
during combined braking and steering are also incorporated 1in the
vehi:zle model. A closed path follower model, employing the d.,'iver view
time and lag time, is also integrated in the model in order to simulate
for closed-loop directional maneuvers.

The Phas2 [V model is uniquely applicable to investigation of the
directional response of vehicle combinations where the influence «f the
following items are to be considered in detail [2].

1) Spring force-deflection characteristics {hysteresis " and
backlash)

2) Brake fade - brake temperature

3) Brake hysteresis
4) Load~-leveler action in tandem suspensions
5) Brake proportioning algorithms

6) Steering system compliance

7} Torsional stiffness of the frame
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4.3 MAJOR ASSUMPTIONS
Small angle assumptions are made in the process of development of

equations of motion, thus the simulation sofiware is applicable up to

the maneuver limits at which a wheel lift-off is encountered. The other
ma jor assumptions are as follow:

1) The sprung and unsprung masses are assumed to move as one
rigid body in yaw, however the sprung and unsprung masses
experience independent roll motions.

2) The unsprung mass acceleration is assumed to be a function of
the total vehicle acceleration.

3) The height of the fifth wheel is assumed to be at the same

height as the roll center.

The Phase IV program has been validated via field tests conducted
by Ervin and Yoram [1]. El-Gindy and Wong [68] compared the simulation
results of Phase IV with those obtained from its predecessors (yaw-roll,
TBS, linear yaw plane) and concluded that the Phase IV package is
capable of predicting the vehicle performance quite accurately. In this
study, the Phase IV model was employed in a limited capacity. The one
special application inveolved evaluation of Lhe dynamics associated w' th
the tractor jackknife during braking-in-a-turn maneuver. The repetitive
computer simulations were carried out with various braking arrangements,
braking torques and steer angles to arrive at a set of directly

measurable parameters that can describe the onset of wvehicle jackknife.
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4.4 EQUATIONS OF MOTION

The equations of motion of the complex vehicle system are
conveniently described via the dynamics of several subsystems and their
interconnections. The dynamics of these subsystems are described in

orthogonal coordinate systems discussed in the following subsection.

4.4.1 The coordinate systems

In order to interpret the vehicle motion, it is necessary to define
the coordinate systems used. Two coordinate systems are necessary to
describe the motion of the vehicle combinations: an inertial axis system
and a body fixed coordinate system, as shown in Figure 3.1.

The inertial coordinate system (in,jn,ﬁn), a right-hand orthogonal
system fixeu in space, is used as a reference point from which vehicle
motions and attitudes are defined. The origin is placed at the tractor
sprung mass center of gravity at the beginning of the simulation. The
inertial coordinate system is aligned with the gravity vector and the
horizontal projection of the tractor longitudinal axis. The body fixed
coordinate system (;s’js’ﬁs)k defines the vehicle location and attitude.
Its origin is placed at the sprung mass center of gravity, as shown in
Figure 3.1.

The transformation equation between the inertial and sprung mass

axis systems can be derived using the three sequential steps of rotation

presented in Chapter 3.
4.4.2 Equations of Motion of the Sprung Masses

Application of Newton's law of motion yields six equations for each

of the sprung masses. The equations of translational motion of the
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sprung masses are derived in the following general form:

ms;c(us-vsrs"'wsqs)R = ZFx (4.1)
mSk(vsw-usr‘s-xmrsps)k = ZFY {(4.2)
msk(ws-usqswsps)k = ZFZ (4.3)

where me, is the sprung mass Kk, Us, Voo and w, are the translational

- - -
velocities along the body fixed coordinates isu' Jsu and kSk,

respectively. Pgr dg and rs are the roll, pitch and yaw rates of the

-

1 - e

sprung mass. Fx, Fy arn Fz are the iSk, j5k and ksk components
respectively of the forces acting on the sprung mass. The equations of
rotational motion of the sprung mass are expressed in the following

general form:

LasPsie ¥ 9ol Tzzse Tyvs) = & (4.4)

Lvadsk * Palsic Txxsx Tzzsn) = ZMy (4.5)

LoskTan * PoTsic Tyysn Taxsi) = M, (4.6)

where 1 y 1 and I are the mass moment of inertia of sprung
xXSk’'  YYSk Zz5k

mass k about the bedy fixed axis system. Mx. My and Mz are the moments
acting on the sprung mass, rotated about the body fixed axis system.

The forces acting on the sprung masses include the forces due to
suspension, tires, roll centers, gravity and fifth wheel constraint.
The nonlinear force-deflection characteristics of typlcal suspension
springs, shown in Figure 4.1, are linearlzed about the operating point,
using a look-up table. The forces due to suspenslon springs on a single

axle are evaluated as function of the suspension deflection and the
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linearized spring rate, as discussed in Chapter 3.

For tandem axle, the suspension force calculations use the same
algorithms as the single axle. However when the braking occurs, the
suspension forces at the leading and trailing axles are derived in view

of the brake torque and load transfer:

FSHIFT*BTORQ

SF(LEAD} = SF(LEAD) + L (4.7)
— »
SF(TRAIL) = SF(TRAIL) - FSHI?DBTORQ (4.8)

where SF is the vertical suspension force in the absence of braking and

SF is the total suspension force when braking occurs. BTORQ is the

total brake torque due to all four brakes on the tandem set. FSHIFT is

a factor related to the dynamic load transfer and TD is the tandem

spread of the axles. The LEAD and TRAIL refer to leading and trailing

axle, respectively.

The lateral forces due to the suspension may be viewed as the
constraint forces holding sprung and unsprung masses together. To
calculate these forces, the following procedure s used:

1) The sprung and unsprung masses are assumed to move as a rigid
body in yawing but not in rolling or pitching. Thus the
vehlcle acceleration is calculated using the entire mass and
the known forces at the tire-road interface.

2) The unsprung mass acceleration is assumed as a simple function
of the gross vehicle acceleration calculated in (1). The yaw
plane constraint forces are then computed from the known tire

forces in the yaw plane.
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3) These yaw plane constraint forces are then applied to the

equations of motion for the sprung masses.

The Phase IV simulation uses a spring-dashpot model for the fifth
wheel connection. This arrangement offers advantages in removing the
dynamic coupling and in simulating the roll compliance at the coupling.
At each integration time step the relative position of the tractor fifth
wheel, a point located on the tractor with respect to the position of
the trailer fifth wheel, a point on the trailer are calculated. A force
is assumed to act along the line between these points. The magnitude of
the force is computed from the linear spring rate, damping coefficient,

and relative position and velocity of the two articulation points [67].

4.5 SIMULATION VEHICLE PARAMETERS
The computer simulations are carried out for only one vehicle
configuration since the jackknife instability is mostly dependent on the

tire properties, the selected vehicle configuration is described as

follows:
Front Axle Suspension: International Harvester
Drive Axle Suspension: Neway ARD244 16K

Semitrailer Axle Suspension: Neway AR95.17 24K

Center of Gravity Height: 1.52 m
Initial Velocity: 77 km/h
Tires: Michelin XZA 11:00R22.50
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The center of gravity height is selected as 1.52 meter in order to
minimize the possibility of vehicle rollover, since the objectlive of
this analysis is to investigate the onset of jackknife instability. The
tire properties are of utmost importance when studying the braking or
the jackknife stability performance of the vehicle. The cornering and
longitudinal forc® coefficlents of the selected tires, defined as the
ratio of cornering and longitudinal force to the normal load,
respectively, are taken from the measured data {1]. The cornering force
coefficients in relation to the sideslip angles and the normal load of
the selected tire are presented in Figure 4.2. The longitudinal force
coefficients of the tire are presented in Figure 4.3 as functions of the
normal load, deformation slip and the tire velocity. The maximunm
braking force is generated around a slip of 0.3 (30%).

The computer simulations are carried out for a braking-in-a-turn
maneuver with a constant steer input of 1.7 degrees. The parameters
used in the simulation such as vehicle dimensions, axle loads, inertial

properties, etc... are listed in Table 4.1.

4.6 DETERMINATION OF PARAMETERS RELATED TO ONSET OF VEHICLE JACKKNIFZ
Tractor jackknife is associated with saturation or limitation of
the total side force produced by the drive axle tires. This saturation
or limitation of the side force occurs when the magnitude of sidesllp
angle at either drive axle tire continues to grow and the rate of change
of the side force generated by the tlire approaches zero. This
phenomenon can be demonstrated by the cornering force-sideslip
relationship of a pneumatic tire, shown in Figure 4.4. As the sidesllip

angle grows, the ccrnering force generated by the tire approaches a
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TABLE 4.1
SIMULATION VEHICLE PARAMETERS

Tractor Parameters

Wheelbase (m) 4,83
Base vehicle curb weight on front suspension (kN) 42.6
Base vehicle curb weight on rear suspension (kN) 37.4
Sprung mass center of gravity height (m)2 1.12
Sprung mass roll moment of inertia (kg-'m 2900
Sprung mass pitch moment of inertia (kg:m") 38400
Sprung mass yaw moment of inertia (kg-m®) 38400
Fifth wheel location ahead of rear suspension center (m) 0.381
Fifth wheel height above ground (m) 1.22
Tractor frame stiffness (N-m/deg) 4520
Tractor frame torsional axis height above ground (m) 0.914

Semitraller Parameters

Wheelbase from kingpin to rear suspension center (m) 12.3
Base vehicle kingpin static load (kN) 23.1
Base vehicle curb weight on rear suspension (kN) 38.3
Sprung mass center of gravity height (m) 1.32
Sprung mass roll moment of inertia (kg-ng 9040
Sprung mass pitch moment of inertia (kgém ) 113000
Sprung mass yaw moment of inertia (kg-m") 113000

Payload Parameters

Payload (kN) 222
Payload distance ahead of rear suspension center (m) 5.94
Payload center of gravity height (m) 1.57
Payload roll moment of inertia (kg—m2 11500
Payload pitch moment of inertia (kg-m") 405000
Payload yaw moment of inertia (kg-mz) 416000
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maximum value. A further increase ln the sideslip angle yields a rapid
decrease 1in the cornering force until a wheel lockup is experienced.
The rate of change of the cornering force approaches zero prior to the
rapid decrease in the magnitude of the cornering force. The saturation
or limltation of the side force can thus be detected when the sideslip
angle grows and the rate of change of the cornerlng force approaches
zero. This suggests that the side force-sideslip angle combination can
be a useful indicator of the wheel lockup and thus the onset of vehicle
Jackknife.

The measurement of the total side force at the tractor rear axle is
very Iintricate, an approximation of this force can be obtained by
summing the yaw moments about the front axle. Figure 4.5 shows the yaw
plane of the tractor, subject to lateral and yaw acceleration. An
approximati n of the cornering forces developed at the drive axles is
represented by Fr and the lateral constraint force acting on the fifth
wheel is represented by Fsy. The approximate force, Fr. required to
maintain yaw equilibrium can be derived by summing the moments about the

front axle, while assuming negligible vertical velocity:

F o= mx(vs1+rsxusx)xu1 Tl e T FSy(xux*xs)
Py (xuz+xU3) (4.9)
X A ——— 2
U1 2

where m, is the total mass of the tractor.

The approximate force, derived from Equation (4.9) is related to
the total side force developed at the drive axle tires. It can te shown
that the time derivative of the approximate force (Fr) and the time

4

derivative of the total slide force (JEIFy2+Fy3j) approach zero at the

]

129



XU1

a  f

|
@)

XuU2
XS5

Xu3

FIGURE 4.5: Yaw Plane Representation of the Tracter

130




same time. Equations (4.9) can then be used to determine the instant at
which the derivative of the total side force becomes =zero. The
approximate force, Fr, is evaluated at each Iintegration step using
Equation (4.9). The total side force developed at the drive axle tires,
is evaluated and compared with Fr for a constant steer input as shown in
Figure 4.6. The presence of oscillations in the lateral force curves
can be attributed to the Coulomb friction within the suspension springs.
The Coulomb friction introduces variations in the normal load of the
tires, leading to variations in the cornering forces. A comparison of
the approximate side force and true lateral force generated at the drive
axle tires reveal that both the lateral forces reach their maxima at the
same time.

In the later sections, it will be shown that the approximate force
F'r can be measured quite conveniently. However, the measurement of
sideslip angle is quite complex. The corresponding drive axle sideslip
and articulation angle response characteristics are also presented in
Figure 4.6. It can be observed that the sideslip as well as the
articulation angles follow a similar trend. The sideslip and
articulation angles'reach a peak value when the lateral forces approach
their maximum values indicating that the Jackknife will not occur.
Figure 4.6 further reveals that the time derivatives of the magnitude of
the sideslip and the articulation angles carry the same sign. Thus the
articulation angle, which can be measured directly, can be used to
detect the growing sideslip angle. The onset of tractor jackknife can

thus be described by the following necessary conditlons:
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, d -
(i) a—t(Fr) 20
(4.10)
- d
(ii) a€|7| >0
where y is the articulation angle, given by:
¥y, -y (4.11)

The validity of the above necessary conditions to detect the onset
of vehicle jackknife 1is investigated for various Obraking~in-a-turn
maneuvers. The directional dynamics of the vehicle combination are
investigated for various braking torque distributions.

In the second analysis, the braking is applied with a brake torque
of 13.6 kN'm at the front axle (FBI), 40.7 L“N-m at the rear tractor
axles (FBZ), and 13.6 kN-m at the semitrailer axles (FBB)' The
approximate lateral force, the total side force developed at the drive
axle tires, the average sideslip ungle of the dual tire sets on the
drive axles and the articulation angle response characteristics of the
vehicle are presented 1in Fig;re 4.7. The sideslip and articulation
angle continue to grow as the lateral forces increases. The approximate
lateral force and the total side force developed at the drive axle tires
approach identical peak values at the same time, as shouwn in Figure 4.7.
It can be seen that both the necessary condition: related to onset of
vehizle jackknife are satisfied. The time derivative of Fr approaches
zero at approximately 0.5 second and the time derivative of the
magnitude of the corresponding articulation angle 1s observed to be

positive indicating the vehicle jackknife. It can alsc be observed that
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the condition of vehicle jackknife 1is attained well before the
articulation angle reaches a dangerous value. The onset of Jackknife is
detected while the articulation angle reaches only 2 degrees. It is
further observed that the lateral force diverges quite rapidly as the
articulation angle increases since the force exerted by the semitrailer
on the tractor changes its direction of application. The two necessary
conditions of tractor jackknife thus reveal that the detection of
Jackknife can be verformed at relatively small articulation angles.

In the third analysis, braking is applied at the tractor rear axles
only with a brake torque of 27.1 kN:m. The lateral forces, sideslip
angle and articulation angle characteristics are presented in
Figure 4.8. The approximate lateral force approaches a peak value
slightly before the total side force saturates, as shown in Figure 4.8.
As the lateral forces reach their maximum, the articulation angle
continues to increase at a slow rate, thus initiating a mild jackknife.
A maximum articulation angle of 15 degrees is attained, as shown in
Figure 4.8. The two necessary conditions and thus the detection of the
Jjackknife however are obtained when the articulation angle approaches 10
degrees at approximately 2 seconds.

In the fourth case, the front wheel steer angle is increased to 2.3
degrees and braking is applied to the rear tractor axles only with a
brake torque of 40.7 kN-m. The lateral forces, sideslip angle and
articulation angle response characteristics are presented in Figure 4.9,
The lateral forces approach their peak values quite rapidly, while the
articulation angle continues tc grow. The two necessary conditions
described in Equation (4.10) are thus satisfied initiating the vehicle

Jackknife. The vehicle jackknife is detected while the articulation
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angle 1is relatively small (2 5 degrees at t = 0.5 s), as shown in
Figure 4.9.

In the fifth case, the front wheel steer angle is maintained at
1.7 degrees, and the braking is applied to the tractor rear axles only
with a smaller brake torque of 13.6 kN'm. As the lateral forces reach
their maximum, the articulation angle increases at a slow rate, thus
initiating an even milder jackknife, as shown in Figure 4.10. The
maximum articulation angle is attained around 7.5 degrees, as shown in
Figure 4.10. The detection of the jackknife condition is obtained while
the articulation angle is relatively small (= 6 degrees at t = 2 s).

In the sixth analysis, the front wheel steer angle is reduced to
0.6 degrees and the braking force is applied to tractor rear axles only
with a brake torque of 10.8 kN:'m. The lateral forces, sideslip angle
and articulation angle response characteristics are presented |in
Figure 4.11. Figure 4.11 reveals that as the lateral force curves reach
their maximum, the articulation angle also reaches its maximum, thus no
Jackknife is initiated. The maximum articulation angle attained is less
than 2 degrees.

In the last case, the front wheel steer angle 1is kept at
0.6 degrees while the brake torque is applied to all the axles, 3.25
kN'm at the tractor front axle, 4.88 kN'm at the rear tractor and the
semitrailer axles. The lateral forces, sideslip angle and articulation
angle response characteristics are presented in Figure 4.12. As the
lateral forces reach their maximum, the articulation angle approaches
its maximum. The necessary conditions are thus not achieved indicating
that the jackknife is not initiated. The maximum articulation angle

attained is around 1.7 degrees.
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From these analyses, it can be concluded that an estimate of the
appreximate tractor rear axle lateral force and articulation angle can
defined the onset of Jackknife accurately and well before the
articulation angle reaches a critical value. The monitoring of the side
force and the articulation angle has the potentlal for implementation in
a real tractor-semitrailer combination. Such an implementation will
require only simple measurement and signal processing. This
implementation can detect the onset of vehicle jackknife condition
arising from simultaneous braking and steering maneuvers as well as from

the slippery road conditions.

4.7 SUMMARY

A three dimensional model of the articulated vehicle combination
capable of simulating the steering and braking maneuvers is used to
investigate the wvehicle Jackknife stability limits. The onsst of
Jackknife during braking-in-a-turn maneuvers 1is described via the
cornering force and the sideslip angles developed at the drive axles.
In view of the complexities associated with measurement of side forces,
the cornering force auaevelop»d at the drive axles is related to an
approximate lateral force derived from the yaw plane of the tractor.
The sideslip angle developed at the drive axles 1is related to the
articulation angle, which can be measured quite conveniently. The onset
of tractor jackknife ls described by the approximate lateral force and
the articulation angle. The sensitivity of the approximate lateral
force and articulation angle to variations in braking and steering

parameters ls lnvestigated to determine their feasibility.
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CHAPTEX 5

DETERMINATION OF ONSET OF VEHICLE INSTABILITY

5.1 GENERAL

The number and severity of highway accidents 1involving heavy
vehicles can be decreased considerably by r=ducing the number of
accldents attributed to driver-vehicle interactlions. Vehicle accidents
caused by roilover and Jackknife are often attributed to inadequate
driver-vehicle interactions, such as high speed, rapid steering, rapid
braking, etc The probability of such accidents can be reduced by
providing an early warning to the driver pertaining to impending vehicle
instabilities, such that the driver may take an appropriate corrective
actlion.

Development of an early warning safety monitor requires a prior
knowledge of response prarameters that closely relate to the onset of
vehicle instability. It is desirable to 1limit the number of these
parameters to only a few, in order to facilitate manipulations, and to
minimize the cost of on-line measurement and signal processing. The key
parameters, related to onset of vehicle instabllity, should be directly
measurable and the asscclated sensors should be reliable enough to
operate in rough environment. In this chapter, the key parameters
derived Iin Chapters 2 to 4 are further examined for their on-line
acquisition and the design criteria are formulated towards development
of an early warning safety monitor.

The early warning safety monitor can be realized with a micro-
processor that can read and manipulate the signals from the sensors.

The stabllity criteria are either computed or retrieved by the




microprocessor. The on-line measurements on the vehicle are assessed in

relation to the stability criteria to detect the onset of any
instability. The microprocessor based early warning safety monitor can

then warn the driver of the impending danger.

5.2 ONSET OF ROLLOVER INSTABILITY DURING STEADY TURNING

Many research investigations conducted on the dynamics of
2 “ticulated vehicles reveal that the vehicle rollover is strongly related
to its rollover threshold during steady turning [24,32]. The rollover
threshold defined as the magnitude of maximum lateral acceleration that
the vehicle can withstand, is determined from the statlc roll plane model.
of the vehicle described in Chapter 2.

The model contains a comprehensive description of suspension and
tire properties, such that an accurate estimation of the steady turning
rollover threshold can be made. Computer simulations are carried out to
establish the lateral acceleration and vehlcle roll experienced during a
steady turn. The calculations are terminated when the deflections of
the trailer and tractor rear axles tires on the inside of the turn
approach zero. The highest lateral acceleration achieved during the
computation process is termed as the steady turning rollover threshold
of the vehicle.

The steady turning rollover can be related to a number of vehicle
response parameters, such as vertical load on the tires on the inside of
the turn, roll angle of the composite axles and the lateral acceleration
of the vehicle. The wheel lift-off can be detected when the vertical
load on the tires on the inside of the turn approaches zero. Thus the

onset of wvehicle rollover can be detected via the normal load on the

144




TR R ATTET AT Wl WYY TN

ST T TR

tires. However, an on-line measurement of tire load 1is extremely
difficult. Consequently, detection of rcllover instability through tire
loads is considered infeasible.

Alternatively, the vehicle rollover during steady turning Iis
strongly related to the roll angle of the unsprung mass and the lateral
acceleration, and these response parameters can be conveniently measured
during the vehicle operation. Thus, it is concluded that the unsprung
mass roll angle and the vehicle lateral acceleration merit further
considerations in order to detect the onset of vehicle rollover during
steady turns.

The rollover threshold and thus the rollover stablility of the
vehicle is strongly influenced by variocus vehicle parameters, such as
vehicle geometry, axle 1loads, and stiffness properties of the
suspension, tires and articulation mechanism. However, the vehicle
weights and dimensions, regulated by the provincial governments, perm.it
only small variations in vehicle geometry and axle loads, as listed in
Table 5.1 {27]. Thus the variations in rollover threshold due to small
variations in geometry and axle loads are considered insignificant.

The rollover threshold and thus the roll stability of the vehicle
is strongly related to the compliance of the articulation mechanism,
suspension and tires. Due to the weights and dimensions regulations,
the vehicle width is limited to 2.44 meters. Vehicles with wider track
(2.59-meter wide) have been recently proposed to attain higher load
carrying capacities and stability limits. However, majority of the
tractor-semitrailer vehicles on the road are still 2.44-meter wide. The
center of gravity of a semitrailer lcaded with median freight density lis

located at a height of approximately 2 meters. Thus, the rigid rollover
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TABLE 5.1

WEIGHTS AND DIMENSIONS ACROSS CANADA
FOR FIVE-AXLE TRACTOR-SEMITRAILER [27]

Province Typical Overall Tandem Tandem
Gross Length Axles Axles
Combination m) Load Spread
Weight (kN) (kN) (m)
Québec 387-410 21 172 <1.590
177 >1.5Z
Ontario 392-428 23 169 1.30-1.40
176 1.52-1.60
187 >1.80
New Brunswick 356-387 20 157 1.22
162 1.37
167 1.52
177 1.83
Alberta 3546-365 20 157
Manitoba 356 20 157
British Columbia 365-.87 20 162 <1.50
167 1.50-1.85
Canada 387 23 167 1.20-1.85

(proposed by RTAC)
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threshold of the majority of the loaded tractor-semitrailers |is
estimated as 5.2 m/s2 (0.53 g). The rollover threshold of a compliant
vehicle, however, decreases as a function of the effective roll
stiffness of the wvehicle.

In view of the dependency of the rollover threshold limit cn
various vehicle parameters, a comprehensive database on currently used
suspensions, tires and axle loads was compiled. Computer simulations
were carried out to establish the range of compliance factors
representing a broad class of tires and suspensions. The rollover
thresholds of tractor-semitrailer combinations of twenty-four different
configurations with three different values of center of gravity height
of the trailer are computed to determine the ~—ange of compliance
factors.

Computer simulations on the steady turning response characteristics
reveal that for a given loading condition and vehicle track width, the
lateral acceleration corresponding to the rollover varies only slightly
with variations in the properties of commercially available suspension.
Moreover, the lateral acceleration corresponding to vehicle rollover is
relatively insensitive to the torsional stiffness characteristics of the
tractor chassis, and that of the articulation riechanism and trailer
structure. Thus the vehicle's lateral acceleration can be directly
related to the onset of vehicle rollover provided the sprung mass center
of gravity height and the tire track wi'th do not vary. In the majority
of the freight vehicle combinations, the tire track width 1is held
constant due to limits imposed on the maximum vehicle width. However,
the sprung mass center of gravity height and thus the roll stability

limits vary with varying loading conditions.
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The rollover threshold of the compliant five-axle tractor-
semitrailer vehicle is related to that of a rigid vehicle through a
compliance factor C. The compliance factor is determined from the
elastic properties of the suspension, tires and articulaticn mechanism.
The compliance factor is always less than one and can be expressed as
the ratio of rollover threshold of the compliant vehicle to that of the
rigid vehicle. The compliance factors of selected vehicle
configurations are evaluated as discussed in Chapter 2. The results of
the study reveal the mean value as 0.72 with a standard deviation of

0.03. The threshold value of compliance factor is thus computed from:
1,=

where c is the threshold value of the compliance factor and a is the
safety factor. Assuming a safety factor of 1.1, the threshold value of
compliance factor s achieved as 0.57.

For known values of trailer track width and center of gravity
heicht, the rollover threshold of a rigid vehicle a; can be computed
using Equation 2.2. A safe value of vehicle lateral acceleration is then

obtained as:
a =Ca (5.2)

where Ey is the safe value of lateral acceleration related to onset of
roll instability during steady turning. The lateral acceleration of the
semitrailer during steady turning can be easily measured using a

plezo-resistive accelerometer. The onset of vehicle rollover can be
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detected by comparing the measured value of lateral acceleratlion to the
precalculated safe limit, Ey. In the event when the center of gravity
height is unknown, the safe value of lateral acceleration is established

assuming a center of gravity height of 2 meters.

5.3 ONSET OF ROLL INSTABILITY AT HIGHWAY SPEEDS

The vehicle rollovers occurring at highway speeds are far more
fatal than those occurring diring steady turns. Rollovers occurring at
highway speeds pose unreasonable risk to the highway safety, safety of
the drivers and passen;:rs of light vehicles, and property in commerce.
The rollovers occurring at high speeds are often caused by severe
steering maneuvers, such as rapid lane change and evasive maneuvers.
The three-dimensional yaw-roll model of the vehicle, developed |in
Chapter 3, contains comprehensive description of the suspension and tire
properties, the directional dynamics and stability characteristics of
the vehicle can thus be predicted quite accurately. The yaw-roll
analysis program has been validated through a number of road tests
conducted by UMTRI (1]. The three dimensional yaw and roll plane model
of the articulated vehicle is simulated for lane change and evasive
steering maneuvers, in order to identify the key parameters related to
onset of vehicle 1ollover at highway speeds.

Lift-of f of tires at the rearmost axle is often considered as the
first noticeable phenomenon prior to vehicle recllover. Since tire loads
are very intricate to measure, a measure of dynamic suspension loads is
considered to detect the onset of tire lift-off and thus the vehicle
rollover. However, the dynamic suspension loads are strongly related to

the type of axle suspension, as discussed in Chapter 3. The variations
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in dynamic loads due to air springs are considerably different than
those due to the leaf springs, since the air springs are precharged and
usually do not go into tension.

Alternatively the detection of tire lift-off is attempted via
measuring the axle roll angle. The simulation results presented in
Chapter 3 for various configurations clearly revealed that the wheel
lift-off and thus the onset of vehicle rollover 1is directly related to
the semitrailer’s axle roll angle response. For the current suspension
designs and varying values of center of gravity heights, the mean value
and the standard deviation of axle roll angles are computed as 1.97 and
0.17, respectively, for 2.44-meter wide vehicles. The corresponding
values for 2.59-meter wide vehicles are obtained as 1.78 and 0. 19.

The lowest values of roll angle response of the 2.44-meter and
2.59-meter wide semitrailer’'s trailing axles are 1.55 and 1.38 degrees,
respectively. Applying a safety factor of 1.1, the safe values of axle
roll angles are obtained as 1.41 and 1.26 degrees, respectively. The
axle rell angle can be measured directly using a miniature vertical
gyroscope or a tilt sensor. A tilt sensor, however, will require

appropriate correction for the lateral acceleration.

5.4 ONSET OF JACKKNIFE INSTABILITY

The tractor-semitrailers operation always involved the problem of
Jackknife before the instability can be observed directly. Tractor
Jackknife is a mode of instability 1in which the ratio of tractor yaw
angle to semitrailer yaw angle approaches a large value. Compared with
other modes of instabilities, the tractor Jjackknife 1is the most

dangerous, most rapid, and least controllable by the driver.
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The detection of onset of Jjackknife instability requires the
determination of Jackknife In a quantitative manner. The Jackknife
instability of the tractor-semitrailer combination is investigated via a
vehicle model capable of simulating the braking and steering dynamics,
developed by UMTRI {26]. The vehicle model incorporates the dynamics of
the air brake system and a comprehensive tire-road friction model, and
has shown to be capable of predicting the vehicle performance quite
accurately [68]. The vehicle model was employed to evaluate the
directional dynamics associated with braking-in-turn maneuvers.

Tractor jackknife is associated with saturation of the total side
force produced by the drive axle tires. This saturation of the side
force occurs when the magnitude of the sideslip angle at either drive
axle tire continues to grow and the rate of change of the side force
generated at t.e tire approaches zero. The measure of the total side
force at e tractor rear axle is very intricate, an approximation of
this force is obtained by summing the yaw moments about the front axle,
as discussed in Chapter 4. This approximate side force, Fr, is

expressed as:

R L FSy(xUIﬂ(S)
Fo = x_+%_) (5.3)
v2 U3
X + —<_ 7
U1 2

The simulation results presented in Chapter 4 clearly demonstrated
that this approximate side force is directly related to the true side
force generated at the drive axle tires. The rate of change of the
approximate and true side forces approach zero at the same time. The

results presented in Chapter 4 also demonstrated that as the rate of
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change of the side force approaches zero, a tractor Jackknife is
initiated as evidenced by the rapid 1increase 1in sideslip and
articulation angles. The onset of tractor jackknife is thus expressed

by the following two conditions:

T
N
14
o

{5.4)
j—gm >0

The approximate side force is a function of the lateral
acceleration of the tractor, forward velocity, vyaw rate and vyaw
acceleration of the tractor, and lateral force at the fifth wheel

constraint. The quantity (QSl+r ) is, approximately, the absolute

s1%s1
lateral acceleration of the tractor center of gravity. This
acce.eration can be measured using a piezo-resistive accelerometer
located near the tractor’s center of gravity and oriented in the 351
direction. The quantity ;sx is the angular acceleration component about
the E51 axis (yaw acceleration of the tractor). The yaw acceleration
can be meavured by r 1cing an additional accelerometer near the tractor
rear axle and orienced in the 351 direction. The yaw acceleration can
then be evaluated from the two lateral accelerations and the

)

longitudinal ¢ stance between the accelerometers. Let a1 = (\:'51+r51uSI
be the lateral acceleration measured near the tractor’'s center of
gravity and a, be the lateral acceleration measured near the tandem

center. The yaw acceleration can thus be approximated from:

r=2_2 (5.5)
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where b2 is the longitudinal distance between the two accelerometers.
The quantity Fsy is the lateral component of the constraint forces
acting on the tractor. This quantity can be measured by means of strain
gauges or by a force transducer properly placed at the fifth wheel.

However, the measure of the sideslip angle is quite complex. The
simulation results presented in Chapter 4 clearly revealed that the sign
of the time derivative of the magnitude of the articulation angle is
identical to that of the sideslip angle. Thus, the articulation angle,
which is directly measurable using a gonicmeter, can be used to detect a
growing sideslip angle. The onset of tractor jackknife can thus be
detected by monitoring the dynamic behavior of the approximate side
force and the articulation angle.

From the analysis carried out, it can be concluded that an estimate
o* the approximate tractor rear axle lateral force and the articulation
angle can define the onset of jackknife accurately and well before the
articulation angle reaches a critical value. The monitoring of side
force and articulation angle has the potential for implementation in a
real tractur-semitrailer and such an implementation will require only
simple measurement and signal processing. This implementation can
detect the onset of vehicle jackknife arising from braking as well as

from the slippery road conditions.

5.5 DESIGN OF THE SAFETY MONITOR
An electronic monitoring system consists of three major components:
a sensor, a signal processing unit, and a form of display device. In

the following subsection the main components of the early warning systenm
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are discussed. The circuit diagram of the proposed safety monitor is

shown in Figure 5.1.

$.5.1 Microprocessor Board

The central processing unit is a microprocessor, which includes an
arithmetic logic unit as well as registers for data and instruction
storage, and a control unit. The board is based on the 2-80
microprocessor from Zilog which is an eight bits microprocessor of
relatively advanced design and provides great versatility and high speed
in an elegant simple configuration. It uses n-channel depletion-mode
MOS (Metal Oxide Semiconductor) technology providing high element
density and allows operation at 5 volts with a 4 megahertz clock. Clock
signal and power supply use three pins, and the data bus and the 16
address lines use another 24 pins, leaving 13 pins of the 40 pins for
the control signals. The instruction set includes 158 distinct
instructions providing flexibility and extensive computing power. The
combination of simplicit; and versatility makes the Z80 attractive for
the design of the early warning system.

The 2Z-80 requires a single phase O to S volts clock signal,
generated by the 741S04 oscillator circuit. Since the typical
high-level output voltage of a TTL (Transistor-Transistor Logic) gate is
only 3.3 volts and the minimum high level required at the Z-80 clock
input is 4.4 volts, a 330 ohms pull-up resistor is thus required. When
power is first applied to the system it is convenient to have the
microprocessor reset itself without activating the reset switch. With
the RC network comnected to the reset input, the capacitor will hold the

reset pin low for several time constants when power is first applied.
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FIGURE 5.1: Circuit Diagram of the Proposed Safety Monitor
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Because the reset signal obtained across the capacitor 1s a rising
exponentlal and not a sharp square wave, a Schmitt trigger is used to
yield a nearly square wave shape.

Microprocessors in general are MOS devices with very limited drive
capabilities, thus bus buffering is required. The buffers with built-in
Schmitt trigger and tri-state capability are employed to allow several
transmitters to control the same bus line. The circuit is designed with
a single-step circuit to test the hardware and to carry out diagnostics
in the development stage by freezing the data on the microprocessor
buses. The single-step circuit use the built-in WAIT state capability
of the microprocessor. In the WAIT state the microprocessor idles,
holding valid addresses, control signals, and data on its buses. The
input-output are memory-mapped to reduce the number of chips and the
complexity of the board. The program is stored in a two-kilobyte
electrically programmable read-only memory chip (2716, 2K EPROM) and the
computation results are stored in a two-kilobyte read-and-write static

memory chip (6116, 2K SRAM).

5.5.2 Data Acquisition

The microprocessor can measure analog voltages by using a special
interface componen: called an analog-to-digital converter. The
integrated circuit ADCO808 from National Semiconductor provides nearly
all the components needed to build a complete data acquisition systen.
At any given time, any one of the eight separate input signals can be
sampled as selected by the three address input lines. The selected
channel is couverted to an 8-bit digital word after a typical conversion

time of 100 microseconds. Tri-state output latches-buffers are built-in
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to allow direct connection with the data bus. An external 5 volt
reference voltage is required and this determines the absolute accuracy.
A 1 megahertz signal is also provided by dividing the system clock by
four. Internally the analog-to-digital converter uses the successive
approximations technique for analog-to-digital conversion. A successive
approximations register and analog comparators are all included on the
chip. With the 5-volt reference, the input voltage range is limited to

0O to 5 wvolts

5.5.3 Sensors

Sensors are required to measure the vehicle response parameters
releted to onset of vehicle instability. An accelerometer, located at
the semitrailer’'s sprung mass is required to measure the wvehicle’s

lateral accelerstion and to detect the onset of vehicle rollover during

steady turning. Since the lateral motion of the wvehicle is a 1low
frequenncy phenomenon, it is desirable to select resistive
accelerometers. A general purpose, solid-state plezo-resistive

accelerometer with built-in amplification and temperature compensation,
ICSensors 3110, is selected in view of its high resolution. The
lightweight plastic housing provides easy aitachment to the measurement
surface. The accelerometer module consists of a silicon micro machined
acceler-ometer, an amplifier, a signal conditioner, and a temperature
compensation circuit. The accelerometer with a range of * 9.81 m/s’
provides a full scale output of * 2 volts about a 2.5-volt offset. The
accelerometer element is protected from shocks by over-range stops in

the silicon micro-structure.
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The detection of roll 1instability arising from high speed
directional maneuvers requires the measurement of the roll angle
respgonse of the rearmost axle. The roll angle can be measured via a
gyroscope attached to the axle. The VM0O2-0128-1 vertical gyroscope made
by Humphrey with a range of * 9 degrees can be employed. The miniature
vertical gyroscope requires an input voltage of 28 wvolts D.C and
comprises of an internal A.C. inverter for the gyroscope spin motor.
The angle is mearured by a 5000 ohms rotary potentioneter. The
gyroscope can sustain shocks of up to 15 g and is packaged in a moisture
proof case.

The detection of the onset of vehicle jackknife requires
measurement of lateral and yaw acceleratior of the tractor, articulation
angle and the lateral force at the fifth wheel constraint. Two
piezo-resistive accelerometers are mounted, one at the tractor chassis
near the center of gravity and one near the tandem center of the drive
axle, and the corresponding tractor’s yaw acceleration is derived from
the iwo lateral acceleration signals. \ strain gauge based low profile
load cell {(Omega LCH-20K) can be mounted to measure the lateral force at
the fifth wheel constraint. The load cell provides a full scale output
ot 30 millivolts with a nominal excitation wvoltage of 10 volts D.C..
The articulation angle can be measured using a goniometer. The
goniometer consists of a 5000 ohms rotary potentiometer and pulleys in a

pull-cord arrangement.

5.5.4 Softuare

The software program is developed to compute the stability criteria

and to determine the impending roll and jackknife instability from the
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measured response varisnbles. The software will provide the warning to
the driver through an electronic buzzer when the onset of an instability
is detected. The software reads the base parameters, such as vehicle
width and the approximate center of gravit, height of the trailer. The
vehicle width is read from a switch which can be toggled between
2.44 meters and 2.59 meters. An eight-position rotary switch
representing the approximate height of the semitrailer center of gravity
can be set between 1.4 meters to 2.1 meters in 0.1 meter increments.
The safe values of rollover threshold and the roll angle of the
semitiailer’'s rearmost axle are then established by the software.

The analog-to-digital conversion is performed almost independently
of the software calculating the onset of instability. The analog
signals from the sensors are daigitized using the analog-to-digital
converter and stored in memory. The stored values are compired to the
computed stability criteria to detect an impending instability. The
lateral acceleration response of the semitrailer is compared to the safe
valve of lateral acceleration to detect a roll instabilitv at low
speeds. In the next step, the program scans the semitrailer’s rearmost
axle roll angle from the digitized output of the gyroscope and onset of
roll lInstability 1is detected by comparing it with the saf~ value
depending on the vehicle width. In the last step, the approximate side
force is computed from the digitized signals of .... two accelerometers
‘ixed on the tractor and the force transducer fixed on the fifth wheel.
Tne side force ai 1 measured articulation angles are filtered through a
low-pass filter. The rates of change of the magnitude of articulation
angle and the side fo-ce are computed. The two necessary conditions of

Jjackknife are checked to determine impending tractor jackknife. If
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onset of any instability is detected, the program will sound an
electronic buzzer and continue its computations. Thus the software will
continue to give the warning until the vehicle becomes directionally
stable.

A listing of software written in Assembler language with the

accompanying machine instructions is presented in Appendix I.

5.6 SUMMARY

The key measurable vehicle response parameters that describe the
onset of vehicle instability are derived based upon the discussion
presented in this chapter. The roll instability arising during a steady
turr can be detected via the the semitrailer’s lateral acceleration
response, which can be easily measured using a piezo-resistive
accelerometer. The onset of potential vehicle rollover at highway
speeds 1is related to the roll angle response of the semitrailer’s
trailing axle. The axle roll angle can be measured using a miniature
vertical gyroscope or a tilt sensor with appropriate lateral
acceleration correction. An estimate of the approximate tractor rear
axle lateral force and articulation angle can define the onset of
tractor Jackknife accurately. This anproximate side force, calculcted
from the simple yaw plane model of th: tractor, can be easily meas.ured
using two accelerometers and a force transducer. The articulation angle
can be easily measured using a goniometer.

The onset of roll and jackknife instabilities can thus bz detected
via the measurement of semitrailer’s lateral acreleration, tralling
axle's roll angle, tractor’s lateral and yaw accelerations, lateral

constraint force, and articulation angle. The measured response signals
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are manipulated to detect the onset of vehicle instability and to
generate an early warning to the driver. The design of the proposed
early warning system is presented with the description of the associated

hardware and software.
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CHAPTER 0

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 GENERAL

Since the introduction of electronic controls in the automotive
industry, considerable efforts have been mounted to develop sensors and
display devices to improve vehicle performance and driver comfort.
Smart electronic control systems are now being developed to improve
performance, economy and safety of heavy-duty trucks. Highway accidents
involving heavy vehicles pose unreasonable risks to the safety of
driver, vehicle in property in commerce. Important accident scenarios
include: rollover due to sudden lane changes or high speed cornering,
loss of directional control due to locked wheel during sudden stop. Of
the major in-transit accident scenarios, only rollover and brake lock
involve driver-vehicle Iinteractions. The driver-vehicle Iinteractions
associated with rollover or brake lock present the potential for the
recognition of impending hazardous situations |using on-board
measurements in order to allow the driver to take corrective action.

The overall objective of the thesis research was to contribute
towards the development of an on-line safety monitor for heavy
articulated vehicles that can provide an early warning of the impending
instabilities. The development of an early warning safety monitor,
however requires determination of dynamic response variables related to
onset of roll and jackknife Instabilities of the vehicle. The roll and
Jjackknife stability 1limits of the five-axle tractor-semitrailer

combinzations are investigated via computer modeling and simulation to




determine directly measurable key parameters closely related to the

onset of vehicle instabilities.

6.2 MAJOR HIGHLIGHTS OF THE INVESTIGATION

The major highlights of this investigation are summarized

follows:

(1)

(ii)

(1i1)

The steady turning roll stability limits of the vehicle
combination are evaluated using a static roll plane
model, The roll stability  limits, described by the
vehicle's rollover threshold lateral acceleration, are
evaluated in view of various vehicle design and
operational parameters.

A  comprehensive database on suspension and tire
properties is compiled to investigate the sensitivity of
vehicle's rollover threshold to variations in suspension
and tire properties.

The rollover thresheld of the vehicle is related to the
roliover threshold of a rigid vehicle and a compliance
factor. Through cémputer simulation of various vehicle
configurations, it is concluded that the vehicle rollover
during steady turns can be detected via *“he vehicle's
lateral acceleration response. The mean and the standard
deviation wvalues of the compliance factors are
established for various vehicle configurations to further
demonstrate that the lateral acceleration response is the
key parameter related to the onset of vehicle rollover

during steady turns.
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{iv)

(v)

(vi)

(vii)

The roll stability of vehicle combination corresponding
to directional maneuvers executed at highway speeds is
investigated through a three dimensional directional
dynamic model of the vehicle. The computer simulations
are carried out for lane change and evasive steering
maneuvers at typical highway speeds.

The onset of vehicle rollover is related to the response
parameters, such as dynamic wheel load, dynamic
suspension load and axle roll angle. The feoasibility of
these parameters 1is 1investigated in view of their
acquisition and it is concluded that the roll angle
response of the semitrailer's trailing axle provides the
most reliable information concerning the onset of vehicle
rollover at highway speeds.

The tractor jackknife behavior is investigated using the
Phase IV model, develnped by UMIRI. The directional
response of the tractor-semitrailer vehicle is evaluated
for simultaneous braking and steering maneuvers. The
onset of tractor Jjackknife is related to the rate of
change of cornering forces generated at the drive axle
tires and the sideslip angle.

Recognizing tha the measurement of side forces and
sideslip angles is quite complex, the onset of vehicle
jackknife is described by an approximate side force
computed from Lhe yaw plane of the tractor. The vehicle

jackknife 1is expressed by two necessary conditions
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related to the rate of change of the apprrximate side
force and the articulation angle.

(viil) The identified key parameters are discussed in view of
their feasibility and ease of measurement. Design of an
early warning safety monitor, and the associated hardware

and software are presented.

6.3 CONCLUSIONS
Based upon the study, the following conclusions are drawn:

- The onset of roll instability of the wvehicle can be directly
related to the rearmost axle’s wheel liftoff and thus the
dynamic normal load acting on the rearmost axle's tires.

- The onset of vehicle jackknife is directly related to the
cornering forces and sideslip angles developed at the drive
axle’'s tires.

- The detection of vehicle instabllity via dynamic¢ wheel loads,
cornering forces and sideslip angles requires quite complex
measurements.

- The vehicle’s roll instability durirg steady turns can be
related to vehicle's lateral acceleration response, which can
be easily measured.

- The roll instability of the vehicle subject to directional
maneuvers at highway speeds can be characterized via the roll
a2..gle response of the semitrailer axles.

- The cornering forces and sideslip angles developed at the

drive axle tires are related to the approximate lateral force,
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derived from the yaw plane, and the articulation angle,
respectively.

- The approximate lateral force can be manipulated from the
lateral force at the constraint, lateral acceleration response
and the tractor geometry.

- The onset ot vehicle jackknife is related to the rate of
change of approximate side force and the articulation angle.

- An on-line monitoring of vehicle’s lateral acceleration,
lateral force at the fifth wheel constraint, rearmost axle's
roll angle and articulation angle response characteristics
provides the basis for warning the driver to take appropriate
corrective action.

- An early warning safety monitor can be realized to minimize
the number of highway accidents attributed to inadequate

driver-vehicle interactions.

6.4 RECOMMENDATIONS FOR FURTHER WORK
The study presents the Kkey parameters related to onset of
instabilities in a five-axle tractor-semitrailer combination and their
acquisition. The realization of a comprehensive and reliable early
warning safety monitor will require further testing and simulations.
The following recommendations are made tc 1lize the early warning
safety monitor for heavy vehicle combinations:
a. The proposed safety monitor should be built and tested in the
laboratory along with the software.

b. Field tests should be conducted to establish (i) the
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reliability of the safety monitor and (ii) driver's reactions
to the warning.

Studies on development of low cost and reliable sensors can
certainly accelerate the Iimplementation of such safety
monitor. Specifically, the highly expensive and fragile
gyroscope required to measure the axle roll angle needs to be
replaccd by a low cost and rugged roll angle sensor.

The influence of cross-slope of highways and ramps on the key
paranceters related to onset of vehicle instabilities needs to
be investigated in order to ensure adequate operation of the
safety monitor.

Vehicle confligurations, such as tri- and quad-axle tractor-
semitrailers, and B-trains should be investigated using the
proposed .ethodology to derive the corresponding iey
parameters related to the onset of instabllity.

The effect of vehicle speed on the key parameters related to
the onset of instability should be studied.

The models should be expanded to include the study of the
effect of cargo shift, such as in partially filled tanker
trucks, or improperly/unevenly loaded trucks to derive tLhe
corresponding key parameters related to the onset of
instability.

Key parameters related to the onset of instability should also
be studled for other types of trucks, such as trucks with and

without trallers, trucks or tractors with dual front axles.

167



10.

11.

12.

13.

REFERENCES

Robert D. Ervin and Guy Yoram, The Influence of Weights a.d
Dimensions on the Stability and Control of Heavy Dufy Trucks in
Canada, portions of a draft Report, University of Michigan
Transportation Research Institute, 1986.

Robert D. Ervin, The Influence of Size and Weight Variables on the
Roll Stability of Heavy Duty Trucks, SAE Pazner 831163, 1983.

Robert E. Heglund, Truck Safety - An Agenda for the Future, SAE
Publication No P-181, 1986, p. 154.

Hank Seiff, “Large Truck Accident Exposure in the U.S.", Symposium
sur le Role des Poids Lourds dans les Accidents de la Circulation,
OCDE, Montréal, Québec, 1987.

Robert M. Clarke, "Vehicle Factors in Accidents Involving Heavy
Freight Vehicles", Symposium sur le Role des Poids Lourds dans les
Acclidents de la Circulation, OCDE, Montréal, Québec, 1987.

B. E. Horn, "OECD Emphasis on Highway Freight Transportation Issues
and Truck Safety", Symposium sur le Role des Poids Lcurds dans les
Accldents de la Circulation, OCDE, Montréal, Québec, 1987.

P. Hamelin, "Risque d'Implication des Conducteurs de Poids Lourds
dans 1les acclidents de 1la Circulation en Fonction de 1leurs
"Habitudes Temporelles de Travail' et de leurs Caractéristiques
Professionnelles”, Symposium sur le Role des poids Lourds dans les
Accidents de la Circulation, OCDE, Montréal, Québec, 1987.

F. V1k, "Lateral Dynamics of Commercial Vehicle Combinations - A
Literature Survey", Vehicle System Dynamics, vol. 11, 1982,
pp. 305-324.

A. G. Nalecz and J. Genin, "Dynamic Stability of Heavy Articulated
Vehicles", International Journal of Vehicle Design, vol. S, no. 4
1984, pp. 417-426.

P. S. Fancher, "The Static Stabllity of Articulated Commercial
Vehicles", Vehicle System Dynamics, vol. 14, 1985, pp. 201-227.

F. Vlk, "Handling Performance of Truck-Trailer Vehicles: A State-
of-the~-Art Survey", International Journal of Vehicle Design,
vol. 6, no. 3, 1985, pp. 323-361.

E. A. Susemihl and A. I. Krauter, "Jackknifing of Tractor-
Semitrailer Trucks - Detection and Corrective Action", Journal of
Dynamic Systems, Measurement, and Control, Transactions ASME, 1974,
pp. 244-252.

G. R. Larocque et al., Feasibility Study of a System Safety Monitor
for Hazardous Material Trucking, SAE Paper 852357, 198S.

168




14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Robert D. Ervin et al., Influence of Size and Weights Variables on
the Stability and Control Properties of Heavy Trucks’, Report
UMTRI-83-10-2, University of Michigan Transportation Research
Institute, 1983.

F. Vlk, "“"Statlonar- und Ubergangsverhalten von Sattel- und
Lastzugen bel der Krelsfahrt: Lineare Berechnungen", Vehicle System
Dynamics, vol. 12, 1983, pp. 331-350.

I. Schmid, Engineering Approach to Truck and Tractor Train
Stability, SAE paper 670000, 1967.

F. D. Snelgrove et al., Performance Evaluation of Several Jackknife
Control Devices, Report CVOS-TR-80-03, Ontario Ministry of
Trans .ortation and Communications, Toronto, Ontario, 1980.

C. Mallikarjunarao and P. Fancher, Analysis of the Directional
Response Characteristics of Double Tankers, SAE Paper 781064, 1978.

H. K. Brewer and R. S. Rice, Tires =~ Stability and Control, SAE
Paper 830561, 1933.

D. B. Johnson and J. C. Huston, Nonlinear VLateral Stability

Analysis of Road Vehicles using Liapunov’s Second Method, SAE Paper
841057, 1984,

P. M. Leucht, The Directional Dynamics of the Commercial Tractor-
Semitrailers during Braking, SAE Paper 700371, 1970.

J. E. Bernard, A Digital Computer Method for the Prediction of the

Directional Response of Trucks and Tractor-Trailers, SAE Paper
740138, 1974.

E. A. Susemihl and A. I. Krauter, Automatic Stabilization of
Tractor Jackknifing in Tractor-Semitrailer Trucks, SAE Pc.er
740551, 1974.

C. Mallikarjunarao et al.,’Roll Response of Articulated Motor
Trucks during Steady-Turning Maneuvers’, Computational Method in
Ground Transportation Vehicles, ASME Winter Annual Meeting, Nov.
1982, pp. 133-182.

C. B. Winkler et al., Testing the Michigan Double-Bottom Tanker’,
SAE Paper 781066, 1978.

J. Y. Wong and M. El-Gindy, Computer Simulation of Heavy Vehicle
Dynamics Eehavior - Users Gujde to UMIRI Models, Number 3,
University of Michigan Transportation Research Institute, 1985.

Council of Ministers of Transportation and Highway Safety, The
Memorandum of Understanding on Interprovincial Vehicle Weights and
Dimensions, Summary Information, 1988.

169



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

J. Nuotlo, "Heavy traffic transport on the Finnish road network”,
Symposium sur le role des polds lourds dans les accidents de la
¢circulation, OCDE, Montréal, Québec, 1987.

Robert D. Ervin et al., Future Configuration of Tank Vehicles
Hauling Flammable Liquids - Michigan, Report UM--HSRI-80~73-2,
University of Michigan Transportation Research Institu‘e, 1980.

S. Rakheja et al., "Roll Plane Analysis of Articulated Tank
Vehicles during steady turning", Vehicle System Dyrnamics, no. 17,
1988, pp. 81-104.

Robert E. Heglund, Truck-Safety - An Agenda for the Future, SAE
Publication No P-181, Handling/Stability Session, 1986.

D. W. G. Miller and N. F. Barter, "Roll-Over of Articulated
Vehicles", Proceedings of the Institute of Mechanical Engineers,
C203/73, 1973.

F. Uffelrmann, "Automotive Stability and Handling Dynamics in
Cornering a. d Braking Maneuvers", Vehicle System Dynamics, vol. 12,
1983, pp. 203-223.

. 2 Vauderploeg and J. E. Bernard, "Dynamics of Double Bottom
Commercial Vehicles", International Journal of Vehicle Design,
vol. 6, no. 2, 1985, pp. 139-148.

M. K. Verma and T. D. Gillespie, "Roll Dynamics of Commercial
Vehicles", Vehicle System Dynamics, vol. 9, 1980, pp. 1-17.

C. C. MacAdam, A Computer-Based Study of the Yaw/Roll Stability of
Heavy Trucks Characterized by High Centers of Gravity, SAE paper
821260, 1982.

W. B. Dibell and D. H. Hagen, "Lateral Stability of Road and Rail
Trailers", Journal of Engineering for Industry, Transactions ASME,
1969, pp. 1C69-1074.

T. E. Kashmerick, Vehicle Equipment Installation for Best Ride
Match, SAE Paper 690766, 1969,

T. D. Gillespie and C. B. Winkler, "On the Directional Response
Characteristics of Heavy Vehj-les", 2nd IUTAM Symposium on Dynamics
of Vehicles on Roads and Tracks, 1977, pp. 165-183.

R. L. Collins and J. P. Wong, "Stability of Car Trailer Systems
with Special Regard to Traller Design", Journal of Dynamic Systems,
Measurement, and Control, Transactions ASME, 1974, pp. 226-243.

D. B. Johnson et al., The Influence of Drawbar Flexibility and Roll
Steer ~u the Stability of Articulated Vehicles, SAE Paper 790183,
1979.

170




manaiithed

42.

43.

44,

45.

46.

47.

48,

49.

S0.

S1.

S2.

54.

S5,

J. C. Huston and D. B. Johnson, Relative Significar e of Parameters
Affecting tateral Stability of Articulated Recreational Vehicles,
SAE Paper 790184, 1979.

D. A. Crolla and F. D. Hales "The Lateral Stability of Tractor and
Traller Combinations", Journal of Terramechanics, vol. 16, no. 1,
1979, pp 1-22.

R. T. Klein and H. T. Szostak, Determination of Traller Stability
Through Simple Analytical Methods and Test Procedures, SAE Paper
790186, 1979.

E. C. Mikulcik, "Stability Criteria for Automobile~Trailer
Combinations", Vehicle System Dynamics, vol. 9, 1980, pp. 281-289.

J. C. Hustorr and D. B. Johnson, Basic Analytical Results for
Lateral Stability of Car/Trailer Systems, SAE Paper 820136, 1982.

P. S. Fancher, The Transient Directional Response of Full Trailers,
SAE Paper 821259, 1982.

A. F. D’Souza and R. L. Eshleman, "Maneuverability Limits and
Handling Criterion of Articvlated Vehicles". Computational Methods
in Ground Transpertation Vehicles, ASME Winter Annual Meeting, Nov.
1982, pp. 117-132.

H.-C. Pflug, "Lateral Dynamic Behavior of Truck-Trailer
Combinations due to the Influence of the Load", Vehici. System
Dynamics, vol. 15, 1986, pp. 155-175.

S. Tousi et al., "On the Stability of a Flex’*ble Vehicle Controlled
by a Human Pilot", Vehicle System Dynamics, vol. 17, 1988,
pp. 37-56.

B. W. Mocring and J. Genin, "A Kinematic Constraint Method for
Stability Analysls of Articulated Vehicles", International Journal
of Vehicle Design, vol. 3, no. 2, 1982, pp. 190-201

S. Sankar et al., "Effect of Wheel Slip on the Stability and
Stopping Ability of a Road Vehicle", International Journal of
Vehicle Design, vol. 3, no. 1, 1982, pp. 77-89.

H. K. Sachs and C. C. Chou, "On the Stability in the Sense of
Liapunov of a Rubber Tire Vehicle", Journal of Dynamics Systems,
Measure, >nt, and Control, Transactions ASME, 1976, pp. 180-18S5.

J. C. Huston and D. B. Johnson, Effect of the Normal Force
Dependence of Cornering Stiffness on the Lateral Stability of
Recreatiocnal Vehicles, SAZ Paper 800161, 198S.

H. B. Pacejka, "In-Plane and Out-of-Plaane Dynamics of Pneumatic
Tyres", Vehicle System Dynamics, vol. 10, 1981, pp. 221-251.

171



56.

57.

S8.

59.

60.

61.

62.

63.

64.

6S.

66.

67.

68.

L. Segel and Robert D. Ervin, "The Influence of Tire Factcrs on the
Stability of Trucks ond Tractor Trallers", Vehicle System Dynamics,

vol. 10, 1981, pp. 3s-39.

V. S. Verma et al., "The Directlional Rehavior during Braking of a
Tractor/Semi~Traller Fitted with Anti-Locking Devices",
International Journal of Vehlcle Design, veol. 1, no. 3, 1980,
pp. 195-220.

R. E. Nelson and J. W. Fltch, Optimum Braking, Stability and
Structural Integrity for Longer Truck Combinations, SAE Paper
630547, 1963.

R. H. Johnstor, "Speed Measurement by Radar for Anti-Lock Braking",
International Conference on Automotive Electronics, IEE Conference
Publication No. 181, 1979.

P. Feske and E. Petersen, Progress of the WABCO ABS for Commercial
Vehicle in the North American Market, SAE Paper 861978, 1986.

H. Decker and R. Stock, BOSH-aABS-Designed for the User, SAE Paper
861977, 1986.

E. Gohring,Reliability of Daimler-Benz/WABCO Anti-Lock Systems -
Five Years of Experience after Production Began, SAE Paper 880986,
1988.

E. Petersen, et al. Anti-Lock Brzking Systems (ABS) with Integrated
Drive Slip Control (ASR) for Commercial Vehicles, SAE Paper 861961,
1986.

D. Kramer et al., Drive axle Antilock for Heavy Vehicle Stability,
SAE Paper 871572, 1987.

Paul A. Croce et al., A Feasibility Study of a Sealed Safety
Monitor for Trucks Carrying LNG and Other Hazardous Materi:ls,
Report DOE/EV/10502-1, 1982.

Peter Carracher, "Status of Technological Development of Heavy
Freight Vehicles: Other Major Factor Influencing Traffic Safety",
Symposium sur le Role des Poids Lourds dans les Accidents de la
Circulation, OCDE, Montréal, Québec 1987.

C. C. Macadam et al., A Computerized Model for Simulating the
Braking and Steering D ifamles of Trucks, Tractor-Semitrallers,
Doubles and Triples Combinations - User's Manual, Report
UM-HSRI-80-58, Unliversity of Michigan Transportation Institute,
1980.

M. El-Gindy and J. Y. Wong, "Comparison of Various Computer
Simulation Models for Predicting the Directional Responses of
Articulated Vehicles”, Vehicle System Dynamics, no. 16, 1987,
pp. 249-268.

172



0000
0001
0004
0007
000A
oooC
O0OE
O0COF
0011
0013
0015
0017
0019
001B
001D
001F
0021
0023
o023
0027
0029
002B
002E
0030
0032
0035
0037
0039
003C
003E
0040
0043
0045
0047
004A
0o04c
O04E
0051
0053
0055
0058
005A
0osC
00SF
0061
0064
0066

APPENDIX I

LISTING OF THE EARLY WARNING SAFETY MONITOR SOFTWARE

F3
31FFOF
3A0018
320008
CB47
2856
3D
281F
D602
2822
D602
2825
neo2
2828
D602
282B
D602
282E
D602
2831
3E70
320208
182F
3EA6
320208
1828
3ESB
320208
1821
3E92
320208
181A
3E89
320208
1813
3E82
320208
180C
3E7C
320208
1805
3E75
320208
3E14
320108
3E01
CB47

N1

N2

N3

N4

NS

N6

N7

N8

N9

DI

LD SP,OFFFH

LD A, (1800H)
LD (080CH),A
BIT 0,A

JR Z,N9

DEC A

JR Z2,N1

SUB 2H

JR Z2,N2

SUB 2H

JR Z2,N3

SUB 2H

JR Z,N4

SUB 2H

JR Z,N5

SUB 2H

JR Z,N6

SUB 2H

JR Z2,N7

LD A,70H

LD (0802H), A
JR N8

LD A,QA6H

LD (0802H),A
JR N8

LD A,SBH

LD (0802H),A
JR N8

LD A,92H

LD (0802H),A
JR N8

LD A,89H

LD (0802H), A
JR N8

LD A,82H

LD (0802H),A
JR N8

LD A,7CH

LD (0802H),A
JR N8

LD A,7SH

LD (0802H),A
LD A,14H

LD (0801H),A
LD A, 1H

BIT 0,A
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; DISABLE INTERRUPTS

; LOAD HIGHEST ADDRESS IN STACK

; LOAD THE SELECTOR VALUE IN A

; LOAD THE SELECTOR VALUE AT 0800
; TEST FOR VEHICLE WIDTH
; IF SWITCH INDICATES 96 INCHES

;CHECK
:CHECK
iCHECK
:CHECK
:CHECK
:CHECK

; CHECK

FOR 59 INCHE

FOR 63 INCHE

FOR 67 INCHE

FOR 71 INCHE

FOR 75 INCHE

FOR 79 INCHE

FOR 83 INCHE

; LOAD 106 IN/SEC**2

gLOAD
ELOAD
gLOAD
gLOAD
ELOAD
ELOAD

: LOAD

; LOAD

157

147

138

130

123

117

IN/SEC**2

IN/SEC**2

IN/SEC**2

IN/SEC**®2

IN/SEC**2

IN/SEC**2

CG

CG

CG

CG

CG

CG

cG

IN

IN

IN

IN

IN

IN

HEIGHT

HEIGHT

HEIGHT

HEIGHT

HEIGHT

HEIGHT

HEIGHT

0802H

0802H

0802H

0802H

0802H

0802H

0802H

111 IN/SEC**2 IN 0802H

1.41 DEGREES IN 0801H

; RESET ZERO FLAG



0068
006B
006D
006E
0u70
0072
0074
0076
0078
007A
007C
007E
0080
0082
0084
0086
0088
008A
008D
008F
0091
0094
0096
0098
0098
009D
O09F
00A2
00A4
00A6
00A9
00AB
OO0AD
00BO
ooB2
00B4
00B7
00B9
00BB
COBE
00C0
00C3
0oCs
0oc7
00CA
oocC
0O0CE
00Do
00D2
00D3
00DS
oobeée
00D9

3A0008
CBC7
3D
281F
D602
2822
D602
2825
D602
2828
D602
282B
D602
282E
D602
2831
3E78
320208
182F
3EB1
320208
1828
3EA6
320208
1821
3E9C
320208
181A
3E%94
320208
1813
3E8B
320208
180C
3E84
320208
1805
3E7S
320208
3E12
320108
3E01
CcB47
3A0308
CB7F
2804
D680
1804
47
3E80
90
320908
3EO04

N10

N13

N14

N15

N16

N17

N43

N18

Ni9

LD

JR

A, (O800H)
SET O, A
DEC A

Z,N10

SUB 2H

JR

Z,N11

SUB 2H

JR

Z,N12

SUB 2H

JR

Z,N13

SUB 2H

JR

Z,N14

SUB 2H

JR

Z,N15

SUB 2H

JR
LD
LD
JR
LD
LD
JR
LD
LD
JR
LD
LD
JR
LD
LD
JR
LD
LD
JR
LD
LD
JR
LD
LD
LD
LD
LD

Z,N16
A,78H
(0802H), A
N17
A,0B1H
(0802H) , A
N17
A,OA6H
(0802H), A
N17

A,9CH
(0B02H), A
N17

A,94H
(0802H), A
N17

A, 8BH
(0802H), A
N17

A, 84H
(0802H), A
N17

A,75H
(0802H) , A
A,12H
(0801H), A
A, 1H

BIT O0,A

LD

A, (803H)

BIT 7H,A

JR

Z,N18

SUB 80H

JR
LD
LD

N19
B,A
A,80H

SUB B

LD
LD

(809H) , A
A,4H

§CHECK
;CHECK
:CHECK
:CHECK
:CHECK
;CHECK

; CHECK

FOR

FOR

FOR

FOR

FOR

FOR

FOR

59 INCHE

63 INCHE
67 INCHE
71 INCHE
75 INCHE
79 INCHE

83 INCHE

;LOAD 114 IN/SEC**2

; LOAD

; LOAD

; LOAD

; LOAD
+ LOAD
;: LOAD

; LOAD

168

157

148

140

132

125

IN/SEC**2

IN/SEC**2

IN/SEC**2

IN/SEC**2

IN/SEC®*2

IN/SEC®**2

CG

cG

CG

CG

CG

CG

IN

IN

IN

IN

IN

IN

IN

HEIGHT

HEIGHT

HEIGHT

HEIGHT

HEIGHT

HEIGHT

HEIGHT

0802H

0802H

0802H

0802H

0802H

0802H

0802H

111 IN/SEC®*2 IN 0802H

;LOAD 1.26 DEGREES IN 0801H

y RESET 2ERO FLAG
; LOAD PREVIOUS VALUE OF ACCH#]
;CHECK FOR SIGN OF THE ACC

; PUT ABSOLUTE VALUE OF ACC

‘MULTIPLY ACCELERATION 1 BY 4
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0GCDB
OODE
0OOE1
OOE4
OCES
OOES
O0E9
OCEB
OGED
O0F0
OOF3
00F5
QOF7
00F9
OOFB
OOFC
OOFE
QOFF
0100
0103
0104
0106
0108
010B
O10E
0111
0114
0117
0119
011B
011D
O11F
0120
0122
0123
0124
0125
0126
0127
0129
012B
O12E
0131
0134
0137
013A
013D
013F
0141
0143
0145
0146
0148

320A08
CD3502
3A0BO8
47
3A0208
90
3802
1803
320018
3A0708
CB7F
2804
D680
1804
47
3E80
90

47
3A0208
90
3802
180C
320018
3A0018
320308
320118
3A0408
CB7F
2804
D680
1804
47
3E80
90

6F

87

S9F

67
1E04
1600
Cb4D02
221008
3A0018
320408
320218
3A0508
CB7F
2804
Dé80
1804
a7
3E80
90

N24
N25

N26

N27

N28

N29

N30

N31

N32

LD (80AH),A
CALL UMULS
LD A, (080BH)
LD B,A

LD A, (0802H)
SUB B

JR C,N24

JR N25

LD (1800H),A
LD A, (0807H)
BIT 7H,A

JR Z,N26

SUB 80H

JR N27

LD B,A

LD A,8CH
SUB B

LD B,A

LD A, (0802H)
SUB B

JR C,N28

JR N29

LD (i800H),A
LD A, (1800H)
LD (0803H),A
LD (1801H),A
LD A, (0804H)
BIT 7H,A

JR Z,N30
SUB 80H

JR N31

LD B,A

LD A,8CH
SUB B

LD L,A

ADD A, A

SBC A,A

LD H,A

LD E,4

LD D,0

CALL MUL16
LD (0810H),HL
LD A, (1800H)
LD (0804H),A
LD (1802H),A
LD A, (0805H)
BIT 7H,A

JR 2Z,N32
SUB 80H

JR N33

LD B,A

LD A,80H
SUB B
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;LOAD ACC VALUE IN A

; LOAD ACC VALUE IN B

; LOAD SAFE VALUE IN A

; SUBSTRACT CHECK IF ACC SAFE

; SOUND BUZZER LAT ACC EXC. SAFE
; LOAD PREV. VALUE OF ROLL ANGLE
;CHECK FOR SIGN OF THE ROLL ANG

; PUT ABSOLUTE VALUE OF ROLL ANG

;LOAD ROLL ANGLE VALUE IN B
; LOAD SAFE VALUE IN A
; SUBSTRACT CHECK ANG EXC. SAFE

; SOUND BUZZER ROLL ANG EXC. SAFE
; LOAD CONVERTED VALUE OF ACC1
;SAVE IT IN MEMORY

; START CONVERSION ON ACC2

;LOAD PREV. VALUE OF LAT ACC#2
;CHECK FOR SIGN CF THE ACC

; PUT ABSOLUTE VALUE OF ACC

; EXTEND NEG ACC TO 16 BIT SIGNED

;MULTIPLY ACCELERATION BY 4

; TRACTOR CG LAT ACC IN/SEC**2
; LOAD CONVERTED VALUE OF ACC2
;SAVE IT MEMORY

; START CONVERSION ON ACC3

; LOAD PREVIOUS VALUE OF ACCH#3
;CHECK FOR SIGN OF THE ACC

; PUT ABSOLUTE VALUE OF ACC



0149
0144
O14B
014C
014D
014F
0151
0154
0157
015A
015D
0160
0163
0165
0167
0169
016B
016C
O16E
O16F
0170
0171
0172
0173
0175
0177
017A
017D
O17E
0181
0184
0185
0188
018B
018t
0191
0192
0196
0198
019B
019E
01A1
01A4
01A7
O1AA
O1AD
01BO
01B3
01B6
01B9
01BC
Q1BF
01C2

6F

87

9F

67
1E04
1600
CDh4aDo2
221208
3A0018
320508
320318
3A0808
CBTF
2804
D680
1804
47
3E80
90

6F

87

9F

67
1E9C
1600
Cb4D02
3A0018
47
3A0608
322008
78
3A0608
320418
221408
2A1008
AT
ED4B1208
ED42
221608
2A1008
118507
CD4Do2
3A0018
320708
320518
221808
2ZA1608
11A604
CD4Do2
3A0018
320808
320018
221A08

N33

N34

N3S

LD L,A

ADD A,A

SBC AA

LD H,A

LD E,4

LD D,0

CALL MUL16
LD (0812H),HL
LD A, (1800H)
LD (0805H),A
LD (1803H),A
LD A, (0808H);
BIT 7H,A

JR 2Z2,N34

SUB 80H

JR N3S

LD B,A

LD A,80H

SUB B

LD L,A

ADD A A

SBC A,A

LD H,A

LD E,9CH

LD D,0

CALL MUL16
LD A,(1800H)
LD B.A

LD A, (0806H)
LD (0820H),A
LD A,B

LD A, (0O8B06H)
LD (1804H),A
LD (0814H), HL
LD HL, (810H)
AND A

LD BC, (812H)
SBC HL,BC

LD (0816H),HL
LD HL, (0O810H)
LD DE,Q78SH
CALL MUL16
LD A, (1800H)
LD (0BO7TH),A
LD (180SH),A
LD (0818H},HL
LD HL, (0816H)
LD DE, 4A6H
CALL MUL16
LD A, (1800H)
LD (0BO8H),A
LD (18COH),A
LD (081AH), HL
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;EXTEND NEG ACC TO 16 BIT SIGNED

yMULTIPLY ACCELERATION BY 4

; TRACTOR LAT ACC AT DRIVE AXLES
; LOAD CONVERTED VALUE OF ACC3
;SAVE IT IN MEMORY

; START CONVERSION ON GONIOMETER
;LOAD PREV.B VALUE OF LAT FORCE
;CHECK FOR SIGN OF LATERAL FORCE

; PUT ABSOLUTE VALUE OF LAT FORCE

;EXTEND NEG LAT F TO 16 BIT SIG.

sMULTIPLY LATERAL FORCE BY 156
;LOAD CONVERTED YALUE OF GONIO

ySAFE PREVIOUS VALUE OF ART ANG
;SAVE IT IN MEMORY

;START CONVERSION ON GYROSCOPE
: LATERAL FORCE IN LBS
iLATZ2 - LAT1 FOR ANG ACC

: TRACTOR YAW ACC
;FR CALCULATION

;LOAD CONVERTED VALUE OF GYRO
;SAVE IT IN MEMORY

;START CONVERSION ON FORCE TRAN.
‘MTeAY® X1

;LOAD CONVERTED VALUE OF F
;SAVE 1T IN MEMORY

; START CONVERSIGN ON ACCH1
; 122%W2

TRAN



01CS
o1cs
01CA
01CC
0iCF
01D2
01DS
01D6
01DA
01DC
01DD
CiE1l
01E3
01ES
01E7
D1EA
01EC
O1EE
O1EF
01F2
01F3
01FS
01Fé6
01F7
01FB
01FD
0201
0203
0206
0208
020A
020C
020E
020F
0211
0212
0215
0218
0Z21A
021C
021E
0220
0221
0223
0224
0225
0228
0229
022B
022D
0230
0231
0232

2A1408
1EAF
1600
CD4D02
221208
2A1808
A7
ED4B1AOS8
ED42
A7
ED4B1CO08
ED42
1EBE
1600
CD6302
CB7C
2807
F9
210000
A7
ED42
F9

A7
ED4B1EOS8
ED42
ED531E08
202E
3A0608
CB7F
2804
Dé80
1804
47
3E80
90
322108
3A2008
CB7F
2804
D680
1804
47
3E80
90

47
3A2108
90
CB7F
2003
320018
00

00
C3C700

N36

N38

N39

N40

N41

N42
N37

LD HL, (0814H)
LD E,CAFH

LD D,0

CALL MUL16
LD (081CH),HL
LD HL (0818H)
AND A

LD BC, (CS1AH)
SBC HL,BC
AND A

LD BC, (081CH)
SBC HL,BC

LD E,OBEH

LD D,0

CALL SDIV1é
BIT 7H,H

JR Z,N36

LD BC,HL

LD HL,O

AND A

SBC HL,BC

LD DE,HL

AND A

LD BC, (081EH)
SBC HL,BC

LD (081EH),DE
JR NZ,N37

LD A, (806H)
BIT 7H,A

JR Z2,N38

SUB 8OH

JR N39

LD B.A

LD A,80H

SUB B

LD (0821H),A
LD A, (0820H)
BIT 7H,A

JR Z,N40

SUB 80H

JR N41

LD R,A

LD A,80H

SUB B

LD B,A

LD A, (0821H)
SUB B

BIT 7H,A

JR NZ,N42

LD (1800H), A
NOP

NOP

JP N43
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; FSY* (X1+XS)

; PUT ABSOLUTE VALUE OF FR
; SUBSTRACT OLD VALUE OF ABS FR
; FROM NEW VALUE OF ABS FR

;FR

;IF DIFF IN FR=0 CHECK ART ANG

; LOAD PREVIOUS VALUE OF ART ANG
;CHECK FOR SIGN OF THE ART ANGLE

;LOAD OLD VALUE OF ART ANGLE
;CHECK FOR SIGN OF THE ART ANGLE

; SOUND BUZZER ROLL ANG EXC. SAFE



0235 ; SUBROUTINES

0235 UMUL8 ; UNSIGNED MULTIPLICATION 8 BIT
0235 210908 LD HL,809H

0238 SE LD E, (HL) ; GET MULTIPLICAND

0239 1600 LD D,0 ; EXTEND TO 16 BITS

023B 23 INC HL

023C 7E LD A, (HL) ; GET MULTIPLIER

023D 210000 LD HL,O ; PRODBUCT=2ERO

0240 0608 LD B,8 ; COUNT = MULYIPLIER BIT LENGHT
0242 29 MULT ADD HL,HL ; SHIFT PRODUCT LEFT 1 BIT
0243 17 RLA ;SHIFT MULTIPLIER LEFT 1 BIT
0244 3001 JR NC,CHCNT ; IS CARRY FROM MULTIPLIER 1?
0246 19 ADD HL,DE : ADD MULTIPLICAND TO PRODUCT
0247 10F9 CHCNT DJNZ MULT

0249 220B0S8 LD (080BH),HL : SAVE PRODUCT IN MEMORY
024C C9 RET

024D MUL16 ; SIGNED MULTIPLICATION 16 BIT
024D 4D LD C,L

024E 44 LD B,H

024F 210000 LD HL,O

0252 3EOF LD A,15

0254 CB23 MLP SLA E

0256 CB12 RL D

0258 3001 JR NC,MLP1

025A 09 ADD HL,BC

025B 29 MLP1 ADD HL,HL

025C 3D DEC A

025D 20FS JR NZ,MLP

025F B2 OR D

0260 FO RET P

0261 09 ADD HL,BC

0262 C9 RET

0263 SDIVie ; SIGNED DIVISION OF 16 BIT
0263 7C LD A,H

0264 32CC02 LD (SREM), A

0267 AA XOR D

0268 32CB02 LD (sQuoT),A

026B 7A LD A,D

026C B7 OR A

026D F27602 JP P, CHKDE

0270 97 SUB A

0271 93 SUB E

0272 SF LD E.A

0273 9F SBC A,A

0274 92 SUB D

0275 57 LD D,A

0276 7C CHKDE LD A,H

0277 B7 OR A

0278 F28102 JP P,DODIV

027B 97 SUB A

027C 95 SUB L

027D 6F LD L,A

027E 9F SBC A,A
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027F
0280
0281
0284
0285
0288
0289
028C
028D
028E
028F
0290
0291
0292
0295
0296
0297
0298
0299
029A
029B
029C
029D
029E
029E
029F
02A0
02A2
02A5
02A6
02A7
02A8
02A9
02A9
02AA
02AB
02AE
02B0
02B1
02B1
02B3
02B4
02B6
02B8
02B9
02BB
02BC
02BE
02BF
02BF
02C0
02C1
02C3

94
67
CDSEO2
D8
3ACB02
B7
F29202
97
95
6F
9F
94
67
3ACC02
B7
FO
97
93
SF
9F
92
57
c9

7B

B2
2007
210000
54

SD

37

Cc9

4D

7C
210000
0610
B7

CB11
17
CB1S
CB14
ES
EDS2
3F
3801
E3

33
33
10EE
EB

DODIV

DOREM

SUB H

LD H,A

CALL UDIV1é
RET C

LD A, (SQUOT)
OR A

JP P,DOREM
SUB A

SUB L

LD L,A

SBC A,A
SUB H

LD H,A

LD A, (SREM)
OR A

RET P

SUB A

SUB E

LD E,A

SBC A,A
SUB D

LD D,A

RET

UDIV16

LD AE

OR D

JR NZ,DIVIDE
LD HL,O

DIVIDE

DROP

RL H

PUSH HL
SBC HL,DE
CCF

JR C,DROP
EX (SP),HL

INC SP

INC SP

DJNZ DVLOOP
EX DE,HL
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02C4 CB11
02C6 69
Q2C7 17
02C8 67
02C9 B7
02CA C9
02CB
Qaz2cc
02CD
02CE
0000

SLEEE

RET
SQUOT DS 1
SREM DS 1
COUNT DS 1

END

>
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