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DE-Vol. 106, Advanced Vehicle Technologies
ASME 2000

MODELING, ANALYSIS, AND EXPERIMENTAL TESTING
OF ABS SYSTEMS WITH LOAD SHIFTING

Val Mills, Bernard Samuels, and Dr. John Wagner
Deparntment of Mechanical Engineering
Clemson University, Clemson, SC

Abstract

The steerability and stability of vehicles must be
maintained during emergency stopping and evasive driving
maneuvers on degraded roads. The introduction of antilock
brake and traction control systems has expanded the envelope
of safe vehicle operation. ABS development has traditionally
depended on extensive in-vehicle testing, at proving grounds,
which contribute to lengthy product development cycles,
However, recent attention has focused on laboratory wheel
testers and hardware-in-the-loop strategies to emulate test
conditions in a controlled setting to shorten product design time
and address critical safety issues. In this paper, the effect of
transient load shifting due to cargo movement on ABS system
performance will be studied.  Analytical and empirical
mathematical models are presented to describe the chassis,
tire/road interface, wheel, and brake modulator dynamics.
These models have been integrated into a simulation to allow
the study of transient weight transfers on the vehicle's overall
stopping distance and steerability. Experimental test results will
be gathered on a single wheel tester which has been fabricated.
The analysis of the numerical and experimental results will
allow the ABS system performance to be predicted for various
loading conditions and establish an envelope for safety critical
testing during the product development process.

1. Introduction

The application of antilock brake and traction control
systems (ABS/TCS) to passenger and commercial vehicles has
expanded the envelope for maintaining control on degraded
road surfaces. During emergency starting or stopping
maneuvers on wet or ice covered roads, ABS/TCS systems can
regulate the wheel spin through brake and/or engine
intervention to maintain vehicle steerability and effect the
requested acceleration or deceleration. ABS systems
continually adjust the applied brake caliper pressure through the
management of solenoid valves located in the brake modulator.
For TCS functionality, a variety of strategies may be considered
including fuel cutoff, spark retard, and/or brake intervention.
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Furthermore, the availability of integrated ABS/TCS systems
provide the opportunity to offer yaw control features to
maintain vehicle stability during cornering maneuvers, In this
instance, the driver's steering wheel commands are interpreted
and compared against the vehicle's actual path with ensuing
individual wheel braking and/or engine management to enhance
realize the yaw envelope.

The modeling and analysis of ABS/TCS systems, prior to
in-vehicle testing, requires the integration of automobile,
environment, and driver dynamics to create a simulation tool.
Vehicle chassis simulations (refer to Figure 1) typically include
the platform, suspension, wheels, steering, brakes, tire/road
interface, driver, environment, and in some instances,
powertrain (j.e., engine and transmission) dynamics (Allen ef
al., 1988) . For instance, the wheel dynamic block is impacted
by the transmission, brakes, and tire/road interface, and
provides wheel speed (i.e., slip) information to the ABS
controller and tire/road interface. For this project, analytical
and empirical models have been developed to describe the
dynamic behavior of light and medium-duty vehicles during
emergency stopping maneuvers.

The primary components in a base brake system includes
the master cylinder, vacuum assist boast, brake force valve, and
brake calipers as shown in Figure 2 (Khan et al,, 1992). The
driver's commanded brake pedal force is gained and transmitted
to the brake calipers; the brake force valve proportions the
brake pressure to the front and rear wheels to compensate for
differing axle loadings. ABS systems supplement this base
system with an electro-mechanical hydraulic modulator, four
wheel speed sensors, and an electronic controller. The
controller monitors each wheel speed signal for the onset of
wheel lockup (i.e., wheel slip approaches unity) during braking
maneuvers, and if present, regulates the brake pressure to that
wheel. An important system variable that effects braking
performance is variable axle loadings (i.e., tire normal force)
due to vehicle pitch and cargo shifting.

To support the experimental testing of ABS systems, an
automotive wheel, tire, and brake tester has been designed and




fabricated at North Carolina A&T State (refer to Figure 3).
This heavy-duty apparatus can accommodate low speed tire
(i.e., vehicle) stops using a treadmill road surface and a single
brake/ABS channel. The tester consists of a drivetrain
assembly which features an AC motor, electric clutch, speed
reducer, and axle which drives a P245/75R16 truck tire. ABS
brake modulators may be attached to the base brakes and
interfaced to the wheel assembly, To allow the effects of
variable loading to be studied, an adjustable normal force will
be applied to the upper-tire support structure. This laboratory
tool will permit the experimental investigation of design and
safety critical issues in a controlled laboratory setting prior to
in-vehicle road testing.

ABS Contoller J4———
Pawerrain| | —I

Je—sl Trnamission |

[N —

L________.___c'-u.rz_fl‘__

Figure 1. Automotive powertrain and chassis components

In this paper, analytical and experimental tools will be
presented to investigate ABS system design with attention to the
effect of variable load shifting. In Section 2, a series of models
will be presented to describe the behavior of the vehicle, brake
system, and cargo shifting such that an integrated simulation
may be created and applied to study emergency stopping
maneuvers, A single wheel testing apparatus is discussed in
Section 3 which offers the opportunity to validate the simulation
results, and study in-depth nonlinear phenomena at the tire/road
interface. In Section 4, representative numerical results are
presented to highlight the tools' potential by focusing on the
effect of light to medium-duty truck cargo shifting.

Figure 2. Light to medium-duty vehicle with ABS

2. Platform, Tire/Road Interface, Wheel, and Brake Models

A series of analytical and empirical models will be
presented to describe the chassis dynamic behavior to support
the investigation of braking maneuvers. The subsystem models
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(Figure 1) include the platform, suspension, steering, base and
ABS/TCS brakes, and in some instances, the powertrain
(Wagner and Keane, 1997). A three degree-of-freedom
platform model will be presented to describe the longitudinal,
lateral and yaw motions of a vehicle. To determine the forces
and moments acting on the wheels, the tire/road interface wiil
be based on a mathematical model (e.g., Bakker et al., 1987,
Dugoff et al., 1970) with provisions to adjust the road surface
friction coefficient per the environment block. The driver block
represents the commanded vehicle actions (i.e., steering path,
accelerator, brakes) while the engine control unit and ABS
blocks denote the respective control algorithms. The effect of
variable weight loading, due to cargo shifting, on ABS system
performance will required the development of a cargo model.

Figure 3. ABS hardware-in-th-loop tester

Platform Dynamics: The chassis' direction of motion is
referenced about a moving coordinate system attached at the
vehicle's center of gravity (CG), and the velocities are
referenced about a fixed coordinate system (Garrott and Scott,
1980). As shown in Figure 4, the longitudinal, lateral, and yaw
velocities are u, v, and r, respectively. Applying Newton’s
law, the forces acting on the vehicle become

Fp=m(i-rv) (1
Fy = m(y - ru) (2)
T=1I (3)

where m is the vehicle mass at the center of gravity, and I is
the vehicle's moment of inertia about the x-axis. These forces
and torques are dependent on the vehicle's interaction with the
environment at the tire/road interface and aerodynamically with

Fx=Fxl+Fx2+Fx3+Fx4_FD “

Fy=Fy]+Fy2+Fy3+Fy4 (5)
T=HFy - F - Fy3 +Fx4)+a(Fy1 +Fy2)"'b(Fy3 +Fy4) ()
where Fpy is the aerodynamic drag force, 1 is the half tread,
and a(b) is the longitudinal distance between the front(rear)
wheels and CG. The drag force is determined by

1
Fp = Cpppu’ o)




where Ap is the frontal area and Cp is the drag coefficient.

(Front) x BoDY Y
. Axs

Fr3
Figure 4. Platform forces with coordinate systems
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The forces acting on the wheels, Fy and Fy;, are functions
of the wheel steer angle, &, as well as the tire/road interface
longitudinal Fywi (1-€- wheel travel direction) and lateral Fyy;
{i.e., normal to wheel travel direction) forces

Fy = Fxwi €08 S8; — Fywi sin §; ®
Fy; = Frwi sin 8; + Fyny; €08, 9
The effective front wheel steet angle, O . becomes
S pw =—;—(51+52) (10)
while the rear wheel steer angle, 8 5 » becomes
5, =—Csr® 1n

where Cg is the roll-steer coefficient and ¢ is the sprung mass
roll angle. In this paper, 8 quasi-static approximation has been

selected for the latter

p=—— (12)

with / denoting the CG height, and K (Ky ) representing the
front (rear) roll stiffness.

Tire/Road Interface: The vehicle traction force is dependent
on the wheel slip, road surface. and normal Joad. The slip, 4,
is defined as the ratio of the wheel's longitudinal and angular
velocity to the Jongitudinal or angular velocity depending on
whether the vehicle is accelerating or decelerating

~R@; ~Ro,
i&’l__-———l—-] and )'ﬂccel=[uw;em_wl } (13)
1

}“decel= Ui

As shown in Figure 5, the wheel slip is defined as Agpee; =~1
for full wheel spin with zero vehicle velocity and Agqpe =1
for complete wheel lockup with ﬁ_nitc vehicle velocity. Notice
that maximum road surface traction, flp,.., generally occurs
between 10-20% wheel slip (Gillespie, 1992).

.

The slip angle, &, I8 the angle between the vehicle's
velocity vector and the tire's actual direction (Figure 6a) ‘
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Figure 5. W/ A curves for various road surfaces

A series of tire models will be presented to describe the
longitudinal and lateral forces, as well as the aligning torques.
The first model is an empirical representation based on the
research by Bakker e al. (1987). The model inputs are the tire
slip angle, normal wheel load, camber angle, road friction
coefficient, wheel slip, and the steer angle. The model outputs
are the lateral and longitudinal forces plus the aligning torque.
The primary limitation of this model is that it applies only to
pure comnering or braking under steady-state conditions.

Direction of
wheel v;l

/

X' Dircetion of
wheel heading

Direction of
vehicle travel

Direction ol
= mrwhee wavel
x

¥y
I

Figure 6. Schematic diagrams for (a) tires and (b) wheels

The longitudinal forces, lateral forces and aligning torques
may be described by the general equation

Y = Dsin(C arctan(B¢)) (15,
where the variable ¢ may be determined as
¢=(1—E)X +(E/B)arctan(BX ) (16)

When solving for the lateral force and aligning torque, the
variable X represents the slip angle. However, when sclving
for the longitudinal force, the variable X represents the wheel
slip. The coefficient C is practically independent of the
vertical load F, and is influenced mainly by the force/aligning
torque of interest. The coefficients B, D, and E are
dependent on both the vertical load and the quantity under
consideration. These coefficients may be described,
respectively, with the aid of a set of coefficients (i.e., & for
i=1,2,...,13) that depend only on the force/aligning torque of
interest. The values of B, D, and E for the longitudinal
forces may be expressed as




_aF +a,F,

B 174

CDe%*%: (172)
D=a;F? +ayF, (17b)
E=agF? +a;F, +ag (17c)

The lateral forces and aligning torques may be determined
by a slight manipulation of equation (15) to add the effects of
the camber angle y. A vertical offset, S, , must be added to

compensate for the ply steer, conicity, and rolling resistance of
the tire. Thus, equation (15) may be expressed as
Y = Dsin(C arctan(B¢ )+ S, (18)

where S, is dependent on the camber angle and normal load

SV ='y(a10F22 +£211FZ) (19)
The variable ¢ may be determined using the slip angle as
¢ = (1~ E)oc+(E/ B)arctan(Bc) (20)
The coefficient B is dependent on the camber angle
as sin\ay arctan{as F,

CD

The expressions for D and E for the lateral force are the same
as equations (17b) and (17c), respectively.

The aligning torques M, require the modification of the

B and E coefficients as

asF 2 +ayF
B="32 T2z gLy (22)
CDe"5%2
E=a6Fz2+a7Fz+a8 (23)
(1 —a |Y |)
The various tire model coefficients are summarized in Table 1.
Fx Fy Mg,

a; -0.0213 -0.03430 -0,02710
ax 1.1440 1,11500 -0.02820
a3 4,9600 1.20720 -0.08870
a4 22.6000 1.61530 0.07940
ag 0.,0690 0.20990 0.22530
a5 -0.0060 0.03115 -0.07530
ay 0.0560 -0.38400 0,75325
ag 0.4860 0.81600 ~1,70980
ag 0 -1.00000 0.01500

g 0 -0.34440 -0,00066
an 0 1.72500 0.00945
a3 0 0.08408 0.03000
a1 0 0 0.07000
C 1.65 1.30 2.40

Table 1. Bakker tire model coefficients (F, in kN)
Wheel Dynamics:

The rotational dynamics for each wheel

assembly depends on the applied engine drive torque, driver
commanded brake torque, tire/road interface force, and viscous
damping. To describe the motion, Newton's law may be written
about the rotation axis

Ty @; =T; + Fyopi(R, )= Ci0; (24)
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where I, is the moment of inertia of the wheel about the y-

axis (refer to Figure 6b), w is the wheel's angular velocity, T;
is the external applied torques, R, is the effective tire radius,
and C,, is the wheel damping coefficient.

The normal force, F,;, accounts for the vehicle weight
loading, as well as the dynamic affect of platform roll and pitch

Fa = ”;g af—b * 2(2?1;) o Kz? (252)
Fra=- ";g a i P 2(2?17) ¢ K2};¢ (25b)
e i 2(2?19) ¢ Kzrf (250)
FZ4=__mg a hF, +¢Kr¢ (25d)

2 a+b 2a+b) T 2
Brake Subsystem: The base brake system contains the brake
pedal with mechanical linkage to the master cylinder and
vacuum assisted boost, proportional valve, and brake calipers
(Gerdes et al., 1993). Antilock brake systems typically contain
five components: D.C. motor, hydraulic pump, fluid
accumulator, and isolation and apply/release solenoids. The
rear channel of an ABS system is shown in Figure 7 with master
cylinder and wheel calipers. There are three standard system
operating modes: standard brakes, pressure release, and
pressure re-apply (Becker et al., 1995).

Reservoir

To other

valve
channels =

Figure 7. ABS system single channel configuration

The first mode allows brake pressure buildup to apply the
brake calipers/drums. In this instance, the isolation solenoid is
open and the apply/release pulse width modulated (PWM)
solenoid is closed allowing fluid flow from the master cylinder
to the brake calipers. The second operating mode corresponds
to closure of the isolation solenoid and PWM solenoids. In this
case, the isolation solenoid prevents the master cylinder from
supplying fluid while the PWM solenoid prevents fluid travel
from the brake caliper to the accumulator and/or pump. Finally,
the third operating mode permits re-application of the brake
pressure using an open isolation, operational pump, and pulsed
PWM solenoid.




Figure 8. ABS system single channel bond graph

The ABS system displayed in Figure 7 was modeled vsing
bond graphs per Figure 8 (Rosenberg and Karnopp, 1983).
This analysis resulted in two differential equations for each
channel (i.e., brake caliper piston displacement and fluid
accumulator volume). In other words, a three channel (i.e., left
front, right front, and rear) system requires six differential
equations. The brake caliper piston displacement rate, gg, may

be expressed as

g6 = filfamo - fogs +5eMC +5¢F ) 26)
where gyg represents the fluid accumulator volume. The

parameters SeMC and Se” denote the master cylinder and
hydraulic pump pressures, respectively. The coefficient fi may
be stated as

1
f] = ARg (A2R2R9 + Ry (R2 + Rg ))— (27a)
where R, represents the isolation solenoid resistance, A is the
brake caliper area, R; denotes the caliper resistance, and Ry is
the PWM solenoid resistance. The coefficient f, becomes
— -1
f2 =Ry +Rg XRoC10)™ = Cig (27b)
where Cjo represents the accumulator capacitance. Similarly,
coefficient f; is calculated as
R
s =Bt Rs) 5) 27¢)
ARyCg
where Cg denotes the brake caliper spring compliance.
The next differential equation describes the accurmulator's

volumetric flow rate, gy
410=81Ls’2(56MC+SeP )'33‘110‘84‘16J (28)
Note that the volumetric flow rate is also a function of the brake

caliper displacement, as well as the master cylinder and
hydraulic pump pressures. In this instance, the coefficients g

through g4 may be expressed as

1
g1=AR; (A2R2R9 +Ry(Ry +Ry ))‘ (292)
Rg
= —L 29b)
82 [ AR, ] (
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Ry A
g3=|————— ¥l = (29¢)
(AR2C10 ) [CIO }

g4 =(Cie} (29d)

The ABS control system has been designed using a two-
dimensional table (i.e., vehicle deceleration and wheel slip).
Depending upon the value of these two input parameters, the
brakes will operate in either normal mode, pressure isolation or
pressure release. A model-based strategy will be implemented
in the future to replace the model free approach.

Cargo Model: An important issue for light to medium-duty
vehicles, carrying a payload as shown in Figure 9, is the
accommodation of possible cargo shifting during emergency
driving maneuvers. The base and ABS brake systems must be
properly designed for load shifting which impacts the vehicle
performance through the wheels' normal force, Fp, per

equation (25). Relative motion will occur between the payload
and platform when the frictional force is insufficient to prevent
movement., In other words, the paylead mass may
accelerate/decelerate differently than the platform mass causing
horizontal/lateral displacement on the vehicle's bed. If this
relative motion occurs during braking/launch, then the cargo's
weight will be shifted toward the front/rear resulting in
increased/decreased vehicle pitch, as well as potentially
impacting the vehicle roll if yaw is also present. In addition to
the weight shift, an impulsive force may arise due to the cargo
impacting the front of the bed and ceasing relative. motion. ‘To
properly accommodate this weight transfer, the ABS system
must be designed to adapt to transient loading,

& £

2 D)

Figure 9. Cargo shifting for light-duty vehicle

A mathematical model has been derived to describe the
dynamic motion of a payload resting on the vehicle's bed. The
cargo model imposes two assumptions. First, although the
payload motion may have longitudinal, lateral, vertical, and
rotational components, it will be, restricted to the longitudinal
direction without rotation. In other words, the effect of lateral
and yaw accelerations will not be considered. However, this
constraint will be relaxed in subsequent research to enhance the
weight transfer description. ~ Second, the payload must
continually remain in contact with the vehicle's bed and not
"tip" over. The equations of motion for the vehicle's payload




will be derived using Newton’s laws, and then integrated into
the vehicle simulation,
A freebody diagram for the cargo mass M, enables the
equations of motion to be written as
M % =—Fy N.=M_g (30)
Similarly, the equations of motion corresponding to the free
body diagram for the vehicle mass M, are based on the
assumption that the vertical, lateral, and yaw velocities are zero
(i.e., Z=v=r=0) such that equation (1) becomes

M, i=F¢~F, Ny=(M Mg (31D

Note that the force F, represents the external horizontal forces
This equation may be substituted in

. [ 1 .
xc{ TR }—FX—Mvu)
[

Suppose that relative motion between the cargo and vehicle
has not yet occurred; then the respective accelerations must be
equal (i.e., X, =1 ) such that the friction force becomes

2
crer e 4
[ [

However, the threshold for relative motion occurs when the
friction force exceeds the static friction force

Fp=pNo=p Mg 34
where u is the coefficient of friction between the cargo and
vehicle bed. To determine if relative motion occurs between
the cargo and the vehicle, equation (33) must first be calculated
using the vehicle's acceleration from the previous simulation
time-step. Then the following conditions are evaluated to
identify the friction force acting at the cargo/bed interface

If'F f 2uM.g  (Rel_motion =F, f=[.LSMCg

2
If: Ff</"sMcg (No_rel_motion) =$Ff=Fx(l%}{-;%—} (33)

acting on the vehicle.
equation (30) so that

(32)

(33)

L4 4

Next, equations (30-31) may be integrated and subtracted
to find any relative displacement Ax between the vehicle bed
and the cargo

Ax = [udt—x, (36)
If relative motion exists, then the effects of transient weight
transfer and cargo impact must be considered in the simulation,
For instance, what is the distance the cargo travels (i.e.,
maximum distance depends on the truck bed length and initial
payload placement) and the time to impact such that the event
may be treated as an impulsive force?

3. Single Wheel Testing Apparatus

ABS research methods span a spectrum from purely
mathematical models to full vehicle road tests. The proposed
single-wheel test apparatus fills an intermediate niche between
these two extremes by providing a low-cost indoor testing
apparatus requiring a relatively small amount of space.
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Though the apparatus is “indoor” it does not limit the
acceleration or stopping distances. This is significant because a
test track may not be needed for intermediate testing;
furthermore, the need of a test track may be a drawback to ABS
research because it limits the number of researchers capable of
administering climate specified physical tests. Thus, an ABS
test apparatus will increase testing feasibility and reduce
product development time,

The single wheel testing apparatus integrates both ABS and
wheel hardware to capture the effect of rotating wheel dynamics
on the overall system performance. On the one hand, this
feature allows model verification of mathematical models such
as the one-wheel model developed by Tan and Chin (1991), as
well as experimental validation of hardware simulators that
model wheel dynamics numerically (Wagner and Keane, 1997).
On the other hand, the apparatus is laboratory-based which
provides a low-cost alternative to vehicle road tests such as
those described in Hardy and Cebon (1995). For instance, the
apparatus can be used to study how ABS performance is
affected by either ABS design modifications or by variations in
wheel loading. Such studies are useful in product design
development prior to full scale in-vehicle road tests.

the gy
.cmmwgw
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Figure 10: Wheel and treadmill assembly

The apparatus under construction is shown in Figure 10,
The wheel/tire assembly stands on a steel treadmill belt which is
constructed of 1.625" square steel C-channel. Approximately 60
segments are strung together, much like close-spaced rungs on a
rope ladder, using 0.1875" diameter vinyl-jacketed steel cable
as the “rope”. One cable is used on each side. The cable
penetrates each segment of channel through a rubber grommet.
The grommets also serve to space the segments, making the belt
flexible enough to negotiate the 12.0" diameter curve at each
end of the support table. The ABS system is a Kelsey-Hayes
modulator which, along with the A-arms and wheel, are from a
full-size General Motors truck. The table behind the treadmill
assembly supports the drivetrain (i.e., 5 HP AC motor, electric
clutch, fixed-ratio speed reducer).

The single wheel test apparatus is operated in three steps
(note- entire cycle is expected to take less than 15 seconds):




e  With the drivetrain clutch disengaged, motor is turned on.
Clutch is engaged, bringing wheel and treadmill to speed.
Clutch is disengaged, the motor is turned off, data
acquisition is activated, and the braking system is actuated.

In operation, the drivetrain spins the tire and treadmill up to

approximately 13 MPH. When the braking system is activated,

the belt's inertia prevents it from coming to an immediate stop.

This simulates a skid and allows the antilock feature of the ABS

modulator to operate.

ABS Issues To Explore: Since the apparatus is an untested
prototype, it is prudent to operate at low speeds. However,
ABS operation requires speeds sufficiently high to permit an
impending skid to occur. The treadmill design speed, 13 MPH,
should satisfy these competing requirements. Treadmill
deceleration in a skid is expected to be 24 (ft/s®) with a
minimum stopping distance of 8 (ft). System instrumentation
includes a pressure transducer at the master cylinder, a force
and a displacement transducer at the brake pedal, an optical
tachometer for the treadmill, and a wheel speed sensor. Future
instrumentation may include a pressure transducer at the low
pressure accumulator, a voltage (or current) sensor for the valve
solenoids, a load cell on the treadmill support table, an angular
accelerometer (or torque) transducer on the axle, and a linear
treadmill accelerometer.

The apparatus can be used to study the effects on ABS
performance of changes in the ABS controller, hydraulic lines,
rotor or brake pads, and wheel orientation. In this paper, the
term “performance” means all physical quantities of interest
such as stopping distance, pressure transients, and noise.
Specific components that can be evaluated in terms of these
performance criteria are the electro-hydraulic control wunit,
brake pads and rotor, wheel orientation, hydraulic components,
and the brake actuator. Pending hardware enhancements
include the addition of a vertical force actuator to physically
simulate the normal forces imposed on the wheel assembly.

4. Numerical Results

A comparison of the analytically estimated and
experimental operational performance of an antilock brake
system will be conducted when possible to validate the
mathematical models and develop an ABS/TCS engineering
design tool to study the effect of load shifting. A
Matlab/Simulink™ simulation has been created to describe the
dynamic behavior of a light-duty vehicle, equipped with ABS,
during emergency braking maneuvers. For the purpose of this
simulation, the vehicle parameters correlate to those of a 1988
Ford Ranger (Allen ez al., 1992).

An integration time-step of At =0.001 seconds and
Runga-Kutta integration routine were selected. In this paper,
the primary focus will be the vehicle's longitudinal motion for
different vehicle speeds, road surfaces, and base brakes with
and without ABS intervention. Although a large number of

™ Registered trademarks of The MathWorks, Inc., Natick, MA

vehicle speeds, surfaces, loading, and brake combinations are
possible, eight cases were initially selected (refer to Table 2).

Vehicle Speed Road Loading Brakes
s0MPH | 25 MPH | Surface | Normal | Shift | Base | ABS

1 X Dry X X

2 X Dry X X X
3 X Dry X X X
4 X Wet X X

5 X Wet X X X
6 X Dry X X

7 X Wet X X X
8 X Dry/Wet X X X

Table 2. Simulation test matrix

Figures 11-13 provide graphical responses of the left front
and right rear wheel rotational velocities, vehicle longitudinal
velocity, as well as the stopping distance for Cases 2, 3, and 5.
An emergency stopping scenarios with ABS is shown in Figure
11. The road surface is dry with a nominal coefficient of
friction of 1.05. Effects due to pitch causes the rear wheels to
lock up before the front. The deceleration is 1.02 ¢'s
representing a 13% and 12% reduction in stopping distance and
stopping time in comparison to Case 1. Notice that both wheel
velocities show 5 departures as the ABS system regulates the
deceleration through apply/release of the brake pressure.
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Figure 11. Dry pavement ABS stopping maneuver
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Figure 12 demonstrates the result of cargo shifting during
an emergency stopping maneuver with ABS on dry asphalt
(Case 3). The weight shift causes an increase in stopping time
of 18.2%, and an increase in stopping distance of 26.6% as
compared with Case 2. At time t=0.4 seconds into the test, the
cargo strikes the front of the cargo bed and ceases its relative
motion. This results in an impact force modeled as an external
impulse acting on the vehicle. This impulse is a contributing
factor in the decrease of the vehicle deceleration to 0.92 g's.
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Figure 12. Dry pavement ABS stop with load shift




The change to a wet road surface with a friction coefficient
of 1 =0.53 results in a substantial decrease in the vehicle’s

stopping ability. In Figure 13 (Case 8), the ABS system must
accommodate the transient effects of cargo shifting on the wet
road surface at a lower speed. In comparison with Case 7 (i.e.,
wet asphalt ABS maneuver at low speed without load shift), the
stopping time and stopping distance increase by 27.2% and
53.3%, respectively. Notice that the deceleration is 0.51 g's for
Case 7 and 0.49 g's for Case 8, respectively.
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Figure 13. Wet pavement ABS stop with load shift

The vehicle deceleration results are summarized in Table 3.

5. Summary

The design of safety-critical automotive systems, such as
antilock brake and traction control, are relying more heavily on
simulation techniques to explore engineering issues before
vehicle testing. In this paper, simulation and laboratory tools
have been presented to investigate the effect of payload shifting
on ABS system performance during emergency braking
maneuvers. An eight degree-of-freedom chassis model, as well
as a cargo model, were derived to describe the platform,
tire/road interface, wheel dynamics, and payload. A six DOF
model was described for the three channel D.C. motor solenoid-
based ABS modulator. Eight representative simulation cases
will be presented and discussed to highlight the tool's
effectiveness.

A single wheel tester has been fabricated to support the
laboratory testing and analysis of ABS systems under various
operating conditions.

Case Speed Stopping Stopping Time | Wheel lockup
{mph) Distance (ft) (sec)
1 50 91.1 2.5 Yes
2 50 79.2 2.2 No
3 50 100.3 2.6 No
4 50 177.7 4.9 Yes
5 50 198.5 4.9 No
6 25 34.5 1.6 Yes
7 25 40.5 2.2 No
8 25 62.1 2.8 No

Table 3. Comparison of braking performance
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