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Foreword—This Pocument has not changed other than to put it into the new SAE TechnicalC$tandards Board

Format.

The application |of Antilock Brake Systems (ABS) to passenger cars and light trucks has grown|in recent years.

This has been fyeled by advances in automotive electronics, competitive trends, andconsumer sgfety awareness.

Although technical literature exists regarding specific systems, hardware, and/applications, [ittle exists that

addresses the tppic from the viewpoint of the industry as a whole. Recognizing this need, thg¢ Antilock Brake

Standards Cominittee was formed and began its work by compiling this docutment.
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1. Scope—This SAE Information Report provides information applicable to production Original Equipment

2.1

Manufacturdr antilock braking systems found on some past and current passenger cars and light trucks. It is

intended for|readers with a technical background.

It does not include information about aftermarket devices or future antilock brake systems.

Information in this document reflects that which was available to the committee at the time of gublication.
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Definitions

ABS (Acronym for Antilock Brake Systems)—A device which automatically controls the level of slip in the
direction of rotation of the wheel on one or more wheels during braking (see ISO 611).

Accumulator—Low Pressure (Sump)—A low pressure brake fluid storage device not intended as an energy

source.

Accumulator—High Pressure—An energy storage device using pressurized brake fluid as the storage

medium.

Actuation P

riaoinl D (] | t.

FAW=Y QL

pressure bra
The total ar
provided by

Actuation H
pressure flu
virtually an U

Add-On AB
functions ar
packaged to

FHReHpte—Rump-Back—AR—ABS—System—eonrfigtraton—where—durrg—rotutat
ke fluid is restored to high pressure by a pump and made available for a subseq
nount of fluid available for modulation control for a given stop is limited_{o the

the master cylinder for that particular stop.

rinciple—Replenishment—An ABS system configuration employing an externa
d in addition to displaced master cylinder fluid for modulation control. This typ
nlimited supply of high pressure fluid available during modulation control.

S System—An ABS configuration in which both the ABS power supply and m
b independent from the base brake actuation systenl. JThe components of this
gether or separately.

Control Channel—A portion of the hydraulic brake circuit,which can be operated independ
ne hydraulic brake circuit. In ABS brakingyittis a hydraulic brake circuit that controls a wheel or

portions of t
wheels inde

Controller—
transmits thq

pbendently of other wheels.

on control, low
uent build cycle.
amount of fluid

| source of high
e of system has

pdulation control
system may be

ently from other

LA component of the antilock braking system which interprets input signals from the sensor(s) and

e controlling output signals to the modulator(s) (see SAE J670e).

Diagonal Split Brake System—A brake'system in which separate hydraulic circuits acty

brakes for o

Directly Co
its own sens

G-Switch/A
change in aq

Indirectly C

ne front wheel and one, rear wheel on the opposite side.

htrolled Wheel—A'wheel whose braking force is modulated according to data prg
or (see ECE Regutation 13).

Ccelerometer G-Sensor/(Lateral and Longitudinal)—A device by which ac
celeration of the vehicle is detected or confirmed.

pntrolled Wheel—A wheel whose braking force is modulated according to datal

ate the service

vided at least by

Celeration or a

provided by the

sensor(s) of

) 1 L\t [P i =Y [ 3.2
UNCT WIHIETI(S) (SCT UL RTYUUIAllull 1o).

Integrated ABS System—An ABS configuration in which some ABS and base brake actuation functions are
shared. Most commonly, both systems may share a hydraulic power supply.

Lateral Force Coefficient—The ratio of the lateral force to the vertical load (see SAE J670e).

Longitudinal Force Coefficient—The ratio of the longitudinal force to the vertical load (see SAE J670e).

Modulation Control—The systematic regulation of braking force resulting from the build, decay, and/or hold of
pressure to a given control channel.
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Modulator—The component responsible for modulating the force developed by the brake actuators as a
function of the order received from the controller (see 1ISO 611).

Nonuniform/Nonhomogeneous Coefficient of Friction—A braking tractive surface in which variable surface
conditions exist.

Pedal Feedback—A tactile sensation felt by the driver's foot on the brake pedal during modulation control.

Pump Motor—A mechanical pump driven by an electric motor used to pressurize or move brake fluid.

Select High—Multi-wheel control where the signal of that wheel which is the last to tend to lock controls the

Libhaoavhoaola of tha avoa i (o [TalaWak K AY
T IC UV rIC TS OT o ic rTOOpP(SCCToT 0TI

system for a

Select LowH

system for all the wheels of the group (see ISO 611).

Slip—The d
braked wheé

Slip Angle—
SAE J670¢e)

Solenoid—
or close a hy

Split Coeffi
exist at the |

Transition ¢
coefficients

Uniform/Ho
coefficient o

Vertical Spljt Brake System—A brake system in which separate hydraulic circuits actuate thg

one for both

Wheel Spes
for transmitt

—Multi-wheel control where the signal of that wheel which is the first to tend to

fference between the angular velocity of a freely rolling wheel (w) and,the angul
| (wg) divided by the angular velocity of the freely rolling wheel (w)}expressed as

% SLIP =

-The angle between the wheel plane and the direction ef travel of the center of the
An electromagnetic device in which an electrigally energized magnet moves an 4
draulic flow path (see ISO 611).

Cient (Split p)—A braking tractive surface in which two significantly differing coeff
bft and right side of the vehicle.

Loefficient (Transition p)—A( braking tractive surface
bf friction exist in the direction-of travel of the vehicle.

mogeneous Coefficient of Friction—A braking tractive surface in which no sign
friction exist throughout the surface.

front wheels and one for both rear wheels.

ock controls the

br velocity of the
a percentage.

(Eqg. 1)

tire contact (see

rmature to open

icients of friction

in which two significantly differing

ificantly differing

b service brakes,

d Sensor—The component responsible for sensing the condition of rotation of the wheel(s) and

ng-this information to the controller.

Yaw Rate (r)—The angular velocity about the (vehicle's) vertical axis (see Figure 1).
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FIGURE 1—DIRECTIONAL CONTROL AXIS SYSTEM

Nomenclatyre

a, — Adceleration along the x (longittidinal) axis of the vehicle
e — Bage of Napierian logarithmic System, (2.7182....)

G — Brgke specific torque

g — Acdeleration due to gravity

J — Wheel inertia

M — Vehicle mass

P — Brgke pressure

Po — Injtial brakespressure

P, — R}te of‘¢hange of brake pressure

R — Raflius of tire

S — Stoppirg-distance
s — Slip

sg — Initial slip

T — Torque

t — Continuous time

u — Vehicle velocity along its x (longitudinal) axis
V — Peripheral velocity of free straight rolling tire
X — Longitudinal force

Z — Vertical force

p — Longitudinal force coefficient

a — Slip angle

o— Slope of longitudinal force coefficient curve
t— Lumped time constant
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4.1

6.1

w—~Angular velocity

Subscripts

B Brake
H High limit

i Initial
L Low li
p Peak
R Road
s Slide

mit

Introductio

—ABS may represent the single greatest advancement in automotive- b

hking since the

development of hydraulic brakes. Given the significance, this document has been written)to’provide the reader

with the foll

a. Hist
b. Bas
c. Pro

This inform

The Evoluti
brake syste
passenger G
for an antilog
wheel, an el

Several ABS
sedan was
"automatic”
prevent the
research on
antilock brak

The late 196
a rear whee

ing;

rical Review of ABS
c ABS Theory
le of Current Antilock Brake Systems

tion is intended to provide the reader with an understapding of the fundamental

n Of Passenger Car and Light Truck Antilock Brake Systems—The current K
s were conceived from systems developed for trains in the early 1900's. The
ar and light truck ABS appears to have started around 1936, when Bosch receiv
k brake system using electromagnetic wheel speed sensors. When the sensors d
ectric motor controlled orifice atieach brake line was activated, thus regulating the

development projects bedgan in the 1950's. The first project began in 1954 at For

fitted with an antilock \brake system from a French aircraft. In 1957 Kelsey-H
braking system exploratory development program. The program concluded that th
oss of vehicle control and reduce the vehicle's stopping distance. 1957 also sa
a "skid contrel brake system, however, it was not until 1966 that Chrysler b
e systems-that were intended for production.

0's saw, the first antilock brake system enter production. Kelsey-Hayes completeg
ABS"in 1968. The single channel vacuum powered system was first offered by

5 of ABS and its
resent, and may

ydraulic antilock
development of
bd its first patent
etected a locked
brake pressure.

 when a Lincoln
layes began an
e system should
v Chrysler begin
bgan developing

development of
FFord on its 1969

Thunderbird

and | incoln Continental Mark Il _under the trade name "Sure-Track"

Chrysler introduced four-wheel ABS on the 1971 Imperial.

channel, 4-wheel vacuum actuated system marketed under the trade name "Sure-Brake".

The system, developed with Bendix was a 3-

Jensen Motors became the first automobile manufacturer to offer ABS in conjunction with a viscous coupled 4-
wheel drive system. In 1972 the Jensen Interceptor was made available with the Dunlop "Maxaret" antilock
brake system. The system used a prop-shaft mounted speed sensor to operate a solenoid, which in turn

operated air

valves to reduce the brake vacuum servo output force.

Bosch began supplying a hydraulically actuated antilock brake system to Mercedes-Benz in October of 1978.
The 3-channel, 4-wheel, add-on system was the first to employ a digital electronic control system to replace the
analog electronics.
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The use of ABS increased dramatically during the 1980's. In 1984, Teves began volume production of the first
"integrated" ABS, in which the hydraulic brake booster, master cylinder, and antilock actuator were combined
into a single component. The system, designated MK II, was also the first microprocessor based ABS and was
first used on the 1985 Lincoln Mark VII.

Lucas Girling began supplying Ford of Europe with a mechanical ABS called Stop Control System (SCS) in
1986, a derivative of one developed in the early 1980's for motorcycles. The system used two mechanical
wheel speed sensors on the front wheels. The rear wheels were valved to prevent lock up.

In 1986 Kelsey-Hayes introduced a single channel rear-wheel ABS on light trucks.
widespread usage in the late 1980s, beginning with Ford in the 1987 model year.

The system saw

Delco Moraipe NDH began production of its ABS VI system in 1990. The system is uniquedn

used to control brake pressures are driven by electric motors via gear boxes and ball screws.

A summary pf the previous information is shown in Figure 2.

Ford Retrgfits
1954 Lincgln
sedan with French
aircraft ABS

Chrysler begins production
of Bendix “Sure-Brake"
four-wheel ABS

Ford begins
production of
Kelsey-Hayes!
“Sure-Track"
rear wheel ABS

Kelsey-Hayes begins

Bosch ABS on
Mercedes-Benz
uses digital
electronics to
replace analog

Lucas Girling

begins produ
of SCS
mechanical A

Kels
intr
rear
ABS

Jensen Motors

Teves truc

that the pistons

Etion

BS

by-Hayes
bduces
wheel
for light
kS

"automatic" braking begins produces
system exploratory production of integrated
development program 4-wheel drive ABS, uses elco-Moraine
vehicle with micro- ntroduces
ABS processors \BT VI
1950 1969 1L70 1L80 1L90

FIGURE 2—ANTILOCK BRAKE SYSTEM SIGNIFICANT EVENTS
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6.2 ABS Installation Rates For Passenger Car And Light Trucks—Figure 3 illustrates ABS installations for
passenger cars and light trucks as a percent of production. The information shown represents both rear wheel
and four wheel ABS.

80

B s
70 LIGHT TRUCKS - REAR WHEEL ABS yd

601 \ //

50 4 /

40 //

30

% OF PRODUCTION

s
20 + i LICHT TRUCKS - FOUR WHEEL ABS

10

1986 1987 1988 1989 1990 1991

MODEL YEAR

NOTE—ABS installation rates are based on passenger cars and light trucks assembled i the U.S.,

Cdnada, and Mexico, for the U.S. market. 1991 model year figures are estimates ddrived from
prpduction figures through March.31, 1991. Ward's Automotive Reports were Ysed as a
squrce for this data.

FIGURE_3:—NORTH AMERICAN ABS INSTALLATIONS

7. Basic ABS [Theory

7.1 Goals Of ABS Application—The application of ABS to a vehicle can provide improvements in the vehicle
performancg under braking compared to a conventional brake system. Improvement is typically sought in the
areas of stability,/steerability, and stopping distance. In the following sections, some basi¢ approaches to
achieving these'geals are examined.

7.2 Inherent Limitations And Compromises—It must be remembered that the addition of ABS to a vehicle does
not release it from compliance to the basic laws of physics. The interface between the road and tire still defines
the maximum braking force that can be applied, the vehicle chassis will still determine steer responses and
load transfer patterns, and the vehicle geometric and inertial properties will still be a major factor in these
responses. In addition, the vehicle brake system still must provide for brake application up to the time that ABS
begins to control the braking. Even then, the ABS must work through the foundation brakes.
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7.3

7.4

Overview Of ABS—When a driver applies the brake pedal on a vehicle moving initially at a uniform rate of
speed, the wheels tend to slow down relative to the ground, causing slip at the wheels. This slip between the
tire and the road results in the generation of horizontal tire-road forces, which then govern the longitudinal,
lateral, and yaw motion of the vehicle. As the brake apply is increased, the slip at each wheel increases, thus
increasing the braking forces on the vehicle, in response to driver commands. This continues until the
maximum braking capability of the particular tire and road surface is reached. Upon further application of the
brake input, wheel slip increases uncontrollably, and the ability to follow driver commands is reduced
considerably. In particular, the ability to steer the vehicle or counteract disturbing lateral forces is diminished.

ABS is a feedback control system that attempts to maintain controlled braking under all operating conditions.
This is accomplished by controlling the slip at each wheel so as to obtain optimum forces within the limits of the

Al ot o
T IOt

tire-road con

In the folloy
discussion,
vehicle. S
Subsequent
is used for
vehicle are
examined.

Braking Dy
are shown ir
developed 4
specific torq
the product
vehicle. Thg
torque) and

ving sections, the various aspects of braking dynamics are explained. (The
ivhich centers on the control of the slip at a given wheel, is based on asingle w
ome of the important characteristics including capabilities and limitations
discussion covers the coordination of slip at the four wheels in an attomobile. A f
his purpose. The effect of ABS control on the stability, steerability, and stopp

hamics—Single Wheel Model—The various forces and torques acting on a sing
Figure 4. The vehicle is modeled to have only longitudinal motion. In a hydraulig
t the wheel brake by means of brake pressure¢.The brake torque per unit presg
le. The normal load, Z, corresponds to the weight of the vehicle. The longitudinal
of the longitudinal force coefficient and the.normal load. This force retards tk
rotational motion of the wheel is governed by the torques resulting from the brake
he road force (road torque).

first part of the
heel model of a
are discussed.
pur wheel model
ng ability of the

outlined. The characteristics of some of the more common_wheel lock contrpl strategies are

le wheel vehicle
brake, torque is
ure is called the
road force, X, is
e motion of the
pressure (brake

7
Y4

FIGURE 4—SINGLE WHEEL VEHICLE MODEL

The equations of motion can then be written as:

Z = M*g
X =mz
Tg = R*X

(Eqg. 2)
(Eq. 3)

(Eq. 4)
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7.4.1

Tg = G*P (Eq. 5)
J*(dwedt)= (T—-Tg) (Eq. 6)
M* (du edt)= —(X) (Eq. 7)

TIRE-TO-ROAD INTERFACE DESCRIPTION—The horizontal force generated at the tire-road interface has two
components. The longitudinal force is along the length of the tire, while the lateral force is perpendicular to it.
The normalized longitudinal force for a rubber tire is primarily a function of the longitudinal slip between the
tire and the road. Wheel slip is defined as the difference of the angular velocity of a freely rolling wheel and
that of the braked wheel, divided by the former (Equation 8). The road forces result from deformation of the

telbh-at thao tira _roo i

tire and ar trancraittad ot ecantact o o ntorfaca
EtrarTStrte v e e o oo patcrat tretmreToat T tC T aces

s=4 _UWR (Eq. 8)

A typical r¢lationship between the longitudinal force coefficient and the wheel slip'is Shown ip Figure 5. Note
that the cgefficient increases with small slip values. At high slips, values de@rease as slip|increases. The
maximum coefficient, 1, is the peak traction capability of the tire-road interface. The coefficjent of friction for
a locked wheel (slip = 100%) is called the sliding coefficient of friction.

z 1.0
g\ A S I B
S 0.8

g \

8 ﬂs —0'6— R R </ N A T L h

o

2| o4

= Unstable

= 0.2

2

. % 20 40 60 80 100 (%

Slip (%), s

= HIGURE-5—ONGHUBINALRFORCE-COERHICIENTYERSUS SEHIR—

The lateral force coefficient for an unbraked wheel is primarily a function of the slip angle. A typical curve is
shown in Figure 6.

-10-
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FIGURE §—LATERAL FORCE COEFFICIENT VERSUS SLIP ANGLE FOR AN UNBRAKEP WHEEL

The force [coefficient is dependent on a number of parameters. These include road surfade condition (dry,
wet, ice),| tire construction, tire wear, surface roughness,-hormal force and tire prgssure. Typical
characteristics for different surfaces are shown in Figure 7.. The curves for deformable stirfaces, such as
unpacked |[snow and loose gravel are of particular interest.

1.0 I
r \
- —
E 9.8 — —~ 3
2 / >< 1. Dry Asph]lt
G
; Q.6 P}r 2. Wet Asphdlt
i
£ ] 3. Gravel
= d.4 /
;g ’ 4. Unpacked |Snow
2
50 / 5. Ice
g 4
— 02
— 5
o
o 20 40 60 80 100 %

Slip %), s

FIGURE 7—TYPICAL LONGITUDINAL FORCE COEFFICIENT VERSUS SLIP

On these surfaces, the longitudinal force increases continuously with increasing slip, until wheel lock occurs.
This is typical of a deformable surface, where the ploughing action affects the braking significantly.

-11-
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The friction characteristics are also a function of the operating conditions, including longitudinal and lateral
slip, as shown in Figure 8. Vehicle velocity can also be an important parameter, especially on wet surfaces
where hydroplaning can occur.

1,0
a=2°
e o o —— a=10°] -
0.8 ]
N\
«
; A
'8 cxa / ‘\\\
§ \ —— Longitudinal
_ —_ Lateral
N
g oa <
o
g / ~
— -~ \ \h \a = 10°
0.2 -~ — ~~
~ \a= AN B
T
0
(o] 20 40 60 80 100 %
Slip (%38

FIGURE B—FRICTION COEFFICIENT AS A FUNCTION OF LONGITUDINAL AND LATERAL SLIP

In order to|develop the equations for longitudinal motion for the single wheel vehicle, the curye of Figure 5 will
be idealiz¢d to that shown in Figure 9. Hereafter, unless otherwise mentioned, the term fiiction coefficient
will refer t@ the longitudinal value. Hencg,

m= (" (sss,) S£s, (Eq. 9)

(S_Sr)
m—(m-m) S—

r

=
)

—N

/ T

=
v

Losgitudinal Force Coefficicad

0% Sp 100
Slip (%), s

FIGURE 9—IDEALIZATION OF p-SLIP CURVE
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7.4.2

BRAKING WITHOUT ABS—Let us consider an application of brakes without ABS action, where the brake
pressure is ramped up continuously from an initial pressure, as in Equation 10.

P = P,+P,t (Eq. 10)
Fors £ sr;

Further, let the vehicle velocity be a constant. Then, Equations 2 through 10 can be solved to give the time
trajectory for the slip as:

_ —ta, St 1KPy —tor (KPy) —tar, U
s(t) = s.e +ﬁ%ﬁ[t+t(l—e )] - >R (1-e )X (Eg. 11)
where:
B JVs
YT 7Ry
Fors>sp
_ —tor li KPl —tor (KPO) —ta l;'
30 = (so=s)e ™+ G ZR -t (o) - ey (Eg. 12)
where:
_m—my
g= 1—_3—r'
and
f = 9V
ZRg

The previqus equations show all the parameters that govern the transient of slip. Of particular interest is the
time constant in the two cases. When theslip is lower than the peak slip, the time constant|is positive. This
implies that the exponential terms in Equation 11 decay to zero, implying a stable condition.| However, when
the slip exceeds the peak slip, the ‘time constant is negative and the exponential terms [ncrease without
bound, requlting in an unstable cendition.

The time responses for variousterminated ramp inputs of brake pressure are shown in Figule 10. For inputs
1, 2, and B, the wheel stabilizes at a constant slip on the stable side of the p-slip curve. With input 4, the
wheel paspes gradually-into the unstable side, and then proceeds to a locked state although the pressure is
held constant for thé latter part of the curve. With input 5, the wheel approaches lock very rgpidly because of
the excesgive brake pressure.
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7.4.3

7.4.3.1

Brake Pressure

Wheel Velocity

Slip

FIGURE 10—SYSTEM RESPONSE TO TERMINATED RAMP INPUTS

ROAD SURFACE FRICTION UTILIZATION

Longitug
coefficient of friction between the road and’'the wheel should be at its peak value, m,
when the longitudinal wheel slip is maintained constant at s, and results in the minimum st

Then,

; , ok
vehicle deceleration = a,= m™g

stopping distance = S= ui2 ®2mg

The relationship between the peak force coefficient of friction and the stopping dig
graphicdlly in Figure 11.

It must

inal Force Utilization—To obtain the~maximum deceleration possible during brgking, the force

This is obtained
opping distance.

(Eqg. 13)
(Eq. 14)

tance is shown

bpping distance.

be- noted that the physics of the tire-to-road interface dictates the minimum st

Further, > wheel slip s
be degraded somewhat.
included in Figure 12.

ping distance will

Theoretical values for an initial speed of 60 km/h for different surfaces are
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FIGURE 12-

7.4.3.2

7.4.3.2.1
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FIGURE 11—STOPPING DISTANCE VERSUS PEAK LGNGITUDINAL FORCE COEFF|CIENT

Peg
Fon

k Longitudinal
ce Coefficient

Representative
Surface

Stop Distance
(m)

Comment

1.00
0.82
0.30
0.10

0.65

Dry.-.Asphalt
Wet” Asphalt
Unpacked Snow
Ice

Gravel

14.2
17.3
47.2
141.6

21.8

Locked Wheel

Locked Wheel

—THEORETICAL MINIMUM ACHIEVABLE STOPPING DISTANCE FOR REPRERSENTATIVE

SURFACES AT 60 km/h

Lateral vs. Longitudinal Force Utilization

Nondeformable Surface—Let us first consider a typical nondeformable surface.

In reference to the

curves of Figures 5 through 8, maximum braking is obtained when the wheel slip is maintained to reach

the pe

ak coefficient.

However, in order to obtain the maximum lateral force, the wheel slip should be maintained at zero, or in
a free rolling condition. It is not possible to simultaneously obtain both maximum longitudinal force and
maximum lateral force.
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7.4.3.2.2

7.4.4

7.4.5

Deformable Surface—To obtain maximum longitudinal friction on a deformable surface, the slip will have

to be controlled to 100% (locked wheel). From Figure 9, the lateral force that is available in this situation
will be very small. Once again, if maximum lateral force is desired, the longitudinal force capability will
have to be severely compromised.

ABS OBJECTIVE—ABS attempts to regulate the tire-road forces during braking to follow the driver's steering
and braking commands within the constraints of the tire-road traction capability. This is accomplished by
controlling the wheel slips to obtain a suitable balance between the longitudinal and lateral tire-road forces.

SIMPLE ABS MODULATION LoGIC—A driver normally brakes a vehicle by modulating the wheel brake pressure
If the braking capability of the tire and road

through the brake pedal to obtain the desired deceleration.

surface is

dad _th L latond t

[l It ic

1 (V2N 1 +

takes over

An examp

the systenll:

by the co
"build" ang
been dete

Meoenadao asrhkhaalc B o at thic tioa that th antilas ralcacyuic
CACCCOC O thC Wt TS tCTIO O 1Ot KT T o at a oS-ttt e artmot oot —S y St

the pressure regulation at the wheel in order to obtain optimum braking.

e of a simple control logic to control the braking is shown in Figure 13a.cjto’illust

is greatly simplified. It is assumed that the brake pressure at the wheelcan be 1
trol logic. Further, this regulation can be through one of two modes; (1) pres
(2) pressure decrease or "decay" modes. The desired operating slip region, fr
mined by the various considerations discussed earlier.

IF *"APPLY" THEN
IFSUP = S,

MODE

ELSE
MODE
ENDIF

ELSE ("RELEASE")

THEN

"RELEASE"

"APPLY

[FSLIP < S, THEN

SWITCH TO RELEASE

REMAIN IN APPLY

m's control logic

ate the concept,
pgulated directly
sure increase or
bm S| to sy, has

MODE = ‘“APPLY" ; SWITCH TO APPLY
ELSE

MODE = “RELEASE" i REMAIN IN RELEASE
ENDIF

ENDIF

FIGURE 13A—SIMPLE ABS MODULATION LOGIC
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7.4.6

7.4.7

7.5
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FIGURE 13B—OPERATING MODES FOR ABS MODULATION CONTROL

The contr¢l logic shown in Figure 13b is implemented when optimum braking is desired.| As mentioned
previously] this occurs only after impending wheel lock is first sensed. “The control mode|is initially set to
"build". Il the "build" mode, when the slip exceeds the higher limit of’the desired operating slip band, the
control mgde is changed to "decay," so that the slip may returnto<he desired range. When the slip drops
below the| lower threshold, the control mode is changed to("build." This allows the brpke pressure to
increase, thereby building slip once again. The cycle is repeated continuously, until the vehjicle stops or the
driver takds his foot off the brake.

EXAMPLE RUN ON SIMULATION—The control logic described previously, results in frequent switching between
the "build"{and "decay" modes to regulate the braking. This results in continuous "cycling" ¢f the wheel slip,
the brake pressure, and the road force, all varyingin nominal bands around their operating Jalues.

Per the idpalized p-slip characteristics of ([Eigure 9, as the pressure changes the transient{response of the
wheel is gpverned by Equations 11 and:}2. Hence, the actual range of the wheel slip and th¢ brake pressure
will depenfl on the various terms in these equations, including wheel inertia, the pressure rgtes in the "build"
and "decay" modes, the specific torque, and so on.

The time rpsponses of a typical run, on a surface with a peak longitudinal force coefficient df 1.0, are shown
in Figure 14.

Braking Dyhamics—<Four Wheel Model—Several simplifications were made in the development of the single
wheel mode]. A more complete description will include the generation of tire-road forces at|each of the four
wheels. Fyrthér-both longitudinal and lateral forces and motions need to be considergd. In addition,
suspension gnd)drivetrain interactions and the longitudinal and lateral load transfer also affec{ the response of
the vehicle.

Without going into a rigorous development of the directional response of a vehicle undergoing braking, an
overview of the application of ABS to a vehicle is presented here. Three aspects of vehicle performance under
braking conditions are considered; stability, controllability, and stopping distance. Straight line braking is
considered first, the influence of ABS control on stopping distance and stability to external disturbances will be
the focus. Controllability and stability in response to steering commands will then be considered. Braking in a
turn and split coefficient braking issues are also examined.
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751

Brake Pressure

Wheel Velocity

Slip

The analysis

FIGURE 14—ABS TRANSIENT RESPONSES-FOR A SINGLE WHEEL SYSTEM

Time

presented here makes several simplifying assumptions to make the problem tracfable. The quasi

static respopse of the vehicle is considered to -adequately characterize the more complex [response of the

vehicle. The

vehicle is analyzed at trim conditiohs defined by lateral and longitudinal accelergtions with wheel

loads corresponding to the steady-state values dictated by load transfer. Additionally the influence of varying

speed is neg
influence of

lected and results are presented for a range of speeds to demonstrate changes With speed. The
the ABS cycling is neglected, variations in slip level are assumed to average¢ out to a value

determined py a slip setpoint or operating level. The potentially nonlinear behavior of the tirgs for conditions

near the lim

t of adhesion has peéen avoided by linearizing the tire properties about the trim| condition. This

linear repredentation is not intended to provide a complete description of the vehicle dynamic hehavior at these

conditions, 4

The focus o
level is cons

ut rather to illustrate the influence of ABS on vehicle directional response.

this discussion is on systems providing control over all four vehicle wheels. The control of slip
idered paramount and the transients involved in arriving at the selected slip wjll be neglected.

Features of >|ngle axle systems (rear axle only) are noted separately when significantly dlffer nt performance

is achieved.
dealt with in

ance, will not be

deta|l

STRAIGHT LINE BRAKING—A vehicle undergoing deceleration must develop retarding forces at the tire-road
interface through the development of relative longitudinal slip between the tire and road surface as discussed

previously.

This deceleration generates a longitudinal load transfer from the rear axle to the front axle. This

load transfer causes the maximum level of braking force available at each axle to vary as a function of
deceleration. Utilization of this available force is a fundamental aspect of brake system design.
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In a vehicle equipped with a conventional brake system, tailoring of the front and rear brake balance as a
function of deceleration is accomplished through the relative magnitudes of front and rear specific torques,
and the characteristics of proportioning valves. With ABS cycling, the balance of the front and rear braking
forces is accomplished through slip regulation. To achieve minimum stopping distance, maintaining both
front and rear slip at levels that correspond to the peak force production is desirable. With this strategy, the
load transfer effect on longitudinal force availability is compensated for and the vehicle braking efficiency
could theoretically approach 100%. In practice this is not accomplished due to the system transients, the
need to search for the peak longitudinal force and the uncertainties of peak force and slip values.

There exists a continuum of slip setpoints that will produce the force necessary for a deceleration of 0.8g.
Figure 15 illustrates the combinations of front and rear slip that will produce a certain deceleration. The
lowest valg pefd v gngitudinal force.
Sweepingthrough front slip results in decreasmg rear slip requirements up to the sI|p forpegk front force. As
the front fgrce coefficient curve passes over the peak, increased rear slip is demandedto-compensate for the
lost front fprce. This set of combinations represent the range of slip setpoints thatean be ¢onsidered when
tailoring the vehicle response at this given trim.

Using the [definition of brake efficiency applied to conventional brake systems' (see SAE Pgper 890804), an
efficiency for ABS operation can be defined. Defining efficiency as the.ratio of deceleratign to the highest
longitudinal force coefficient of the front or rear axle, the efficiency ascribed to the potential 4lip combinations

of Figure 14 is shown in Figure 16. As mentioned previously, thisimeasure of efficiency does not take into
account any effects other than slip setpoint.
13
12 | 0.8 g Deceleration
1+
10 +
a
» °f
8 7t
o
rC st
5 -
4 =
3 n 5t i i i
5 10 15 20 25 30 35
Eront Slip(%)

FIGURE 15—SLIP COMBINATIONS FOR 0.8 g DECELERATION
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The determination of true vehicle velocity is one of the major ‘ebstacles to controlling slip

wheels. T,

the ABS tp estimate the vehicle velocity from the available inputs. The exact algorithm us

reference
undriven a
is underwg
maximum
vehicle vsg
accurately
of the whe
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reference

In additiorn
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CURE 16—BRAKING EFFICIENCY AS A FUNCTION OF FRONT SLIP SETPOIN

his must be known accurately to establish the slip.Jevel. A reference velocity must

velocity is generally a closely guarded secret. Often the wheel speed data c
xle, or a diagonal pair of wheels are usedtas initial indications of the vehicle veloci
1y, the wheel speeds are monitored, typically to provide a lower limit on the refere
allowable levels of deceleration are imposed to arrive at reference velocities. M
locity calculations are used. . Several levels of maximum deceleration can b
estimate speed on different sdrfaces. Switching between levels is controlled by th
els in some algorithms. Auxiliary transducers are sometimes employed, such as
ne the actual vehicle deceleration and appropriately adjust the reference velocity.
velocity estimation isfundamental to achieving good control with the ABS.

to minimizingsstopping distance, vehicle stability is another aspect to straight
pbnsidered. JForthe case of straight line braking with the steering held fixed in th

position, t

such a disturbance-is a lateral force applied at the vehicle center of gravity. This is choser
representg the.disturbance caused by road crossgrade, and approximates the response to &
latter resultsin‘a force applied somewhere other than the vehicle center of gravity, but the g¢

e vehicle/Should brake in a straight line in the presence of external disturbances.

NT

at the individual
be generated by
bd to calculate a
bllected from an
y. Once braking
nce velocity, and

pny variations in

b used to more
e recovery rates
accelerometers,
The accuracy of

ine braking that
P straight ahead
One example of
as it accurately
crosswind. The
bneral trends are

the same.

To describe the vehicle response to this external disturbance the vehicle equations of motion are linearized
about a specific trim condition and classic linear disturbance responses (see Vehicle Dynamics, reference 4)
are used as an indication of the more complex vehicle response. The specific trim is defined by the vehicle
deceleration, lateral acceleration (zero for this case), vehicle speed, and the selected front and rear slips.
The yaw response to an external disturbance is shown for a range of vehicle speeds in Figure 17. Yaw
responses with a positive sign indicate that the vehicle is turning away from the disturbing force, always a
stable response. Negative responses indicate the existence of a speed above which the vehicle could have

an unstabl

e or increasing response to the input.
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7.5.2
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RE 17—DISTURBANCE RESPONSE AS A FUNCTION OFFRONT SLIP SETP
shows that the vehicle response becomes and remaing-positive with front slips ab

in front cornering stiffness and increases in rearcornering stiffness cause the \
e response to the disturbance. For high values of front slip, those in excess of
ration, the rear slip has to be increased to compensate for the loss in front longitu
n front and rear cornering stiffnesses are reduced and the change in response is
ower slip levels.

bhicle not equipped with ABS thére are three possible limiting behaviors for

response
biased at

would alsq describe the limiting condition for a vehicle equipped with a rear wheel only ABS

rear bias

unstable for any nonzero speedi~Neutral balance will result in a vehicle that develops a later
yaw velocity, a neutrally stable System.

STABILITY AND CONTROLEABILITY IN RESPONSE TO STEERING INPUTS—Preservation of steeri
stability dyrring braking are prime goals of the application of ABS to vehicles. The stabilit
running vehicle ihresponse to disturbance inputs has been discussed. This section will add
and responsetofthe vehicle to steering inputs. Again the linearization of the vehicle equ
about the ptraight running, braking condition is used to demonstrate the influence of ABS ¢

Hictated by three brake balance.conditions at the traction limit. In the case of a ve
he limit, the front wheels willlock and the response will be a positive, stable resp

at the limit, the response will be a large negative response and the vehicle

DINT

ove some value.

b to the reduction in cornering stiffness of the tire with’increasing slip as illustrated in Figure 8.

ehicle to have a
the slip at peak
linal force. As a
not as dramatic

this disturbance
hicle that is front
bnse. This case

If the vehicle is
esponse will be
bl velocity but no

ng control and

of the straight-
ress the stability
ations of motion

bntrol on vehicle

performan

ce.

The yaw velocity response to steering is used as a measure of both stability and steerability. The linearized
yaw response to steering inputs is shown in Figure 18 for a range of vehicle speeds as a function of front slip.
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FIGURE 18—RESPONSE TO STEERING AS A FUNCTION OF¢RONT SLIP SETPQINT

With low Ig¢vels of front slip, the yaw response to steering inputs_is\ery high, particularly at high speed. For
the two higher speed curves the response is unstable for the vepyNow front slip cases. Incrgases in front slip
reduce thg yaw response observed at higher speeds, and the response is stable for all spgeds. Figure 19
translates [the responses of Figure 18 into a path radius response. The range of path radiifachievable for a
given stedring input with changes in the front slip setpoint is large at high speeds. Varigations in control
sensitivity [can present the operator with a considerable*driving challenge.

0.8 g Decseleration
] /
/
a [ i ‘,
1)

: :
3 é
g g
:
2

5 10 16 2 26 3 35

Front Slip (%)

FIGURE 19—TURN RADIUS RESPONSE TO STEERING INPUT

Vehicles not equipped with a four wheel ABS are subject to the same limiting conditions as mentioned
previously: front lock, rear lock, and four wheel lock. In terms of steering response, these vehicles represent
the extremes. For the front lock case, the vehicle will not respond to steering input, the locked wheel always
generating its force in a direction opposing its motion. This response, or lack of it, is also attributable to the
four wheel lock and rear wheel ABS only cases. In the case of rear wheel lock the response to steering input
is unstable, the rear tires providing virtually zero resistance to the buildup of yaw velocity.
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7.5.3

BRAKING IN A TURN—This aspect of performance addresses the response of a vehicle negotiating a steady-
state turn subjected to a braking input. In this maneuver the vehicle has already established a constant turn
and the associated slip angles and loads have been developed at the tires. The presence of a lateral
acceleration causes load to be transferred from the inside wheels to the outside. The distribution of this load
transfer is controlled mainly by the suspension roll stiffness distribution.

The introduction of a deceleration to the vehicle will cause a longitudinal load transfer to be imposed upon
the lateral load transfer. This will cause the front axle to be loaded and the rear to be unloaded. This load
transfer is a destabilizing influence, increasing the front lateral force production and decreasing the rear.
This causes the vehicle to increase its yaw velocity and decrease its turn radius. This scenario is true for
maneuvers that do not challenge the traction available at any of the tires.

The latera) load transfer associated with the steady turn will cause the first wheel to lockto|be on the inside
of the turn| When this lockup occurs on a vehicle without ABS, the vehicle will tend to_increase its turn radius
with front wheel lock, and decrease its turn radius with rear wheel lock. With a dimit defiped by the point
(deceleratfon) that both wheels on a given axle lock, the front and rear lock scenarios diverge widely. In the
case of frgnt axle lock, the vehicle will leave its curved path and proceed in a Straight, tanggntial path. Rear
axle lock fauses the vehicle to increase its yaw velocity, decrease its tunn’radius and bgcome unstable.
These responses are illustrated in Figure 20.

>
‘ Front Lock

Ny
JERN
wg ]
© intended Path

Rear Lock

FIGURE 20—EXTREMES OF PATH DEVIATIONS WITH WHEEL LOCK

ABS control of the slip at the front and rear axles eliminates the lockup scenarios described previously.
Additionally, the control of slip level instead of torque, causes a moment to be generated opposing that
created by the load transfer effect. This occurs only at deceleration levels that challenge the traction of the
inside wheel of an axle. Once the ABS takes control of the applied brake pressure, it attempts to control the
slip operating point. With a heavily loaded outside wheel and a lightly loaded inside wheel operating at
similar slips, the imbalance in forces will create a rigid body moment that tends to increase the turn radius.
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Additional steps are often taken to preserve the rear cornering force available using a select low logic. With
this type of logic, the brake pressure command to the two rear wheel brakes is controlled by the wheel most
disposed to lock. In this manner, the cornering force of the inside tire is maintained at some level, and the
outside wheel is operated at a slip well below its peak capability, leaving it with substantial cornering force

available.

The slip setpoints of the front and rear axle can be used in a similar fashion to the previous discussion to

modify the response of the vehicle once it is under ABS control.

Increasing the slip leve

| at the front will

decrease the tendency for the vehicle to tighten its radius, while higher rear slip levels will increase this

tendency.

With rear

implies th
maintaine

SPLIT COEFFICIENT BRAKING—It is not uncommon to encounter a road surface with differing ¢

the left an

imbalancef, side-to-side, longitudinal forces. The resultant rigid body moment tends to ste

the higher

A vehicle pot equipped with ABS is prone to spin once the wheels an the low coefficient side
The rigid b
develop forces sympathetic to the spin, and the load transferwill reduce the load on the rear

its stabiliz

while its cénter of gravity travels in a straight line along the split.

Again, AB

some leve
Another fgrm of control, known colloquially as."yaw control”, is also helpful. The main sourg
in this maneuver is the imbalance of front\brake forces.

eliminate
distances
the low c(
coefficient
wheel. Th
reaches it
driver time
decreased

()

i right tires. Brake applications that exceed the friction available on(the fow coeffi

coefficient surface.

ody moment will tend to turn the vehicle in such a way.that the front tire on the hig

ng influence. It is not unheard of for a non-ABSvehicle to spin along the split co

S can assist in stabilizing the vehicle insthis situation. Select low logic at the r
| of cornering stiffness at the rear of<the vehicle, aiding in stabilization of thg

Using select low logic on the
this imbalance and the assaociated disturbance. However, this is not practi
Mmay become unacceptably’lang. As a compromise, the yaw control logic recogniz
efficient wheel, and as ‘it acts to recover that wheel, it also modifies the pres
wheel. This can bewaccomplished by holding or releasing the pressure to the
e system then allews the high coefficient wheel to increase its pressure at a red

to react. The'subsequent increase in brake force on this wheel allows the stoppi
over that'possible with a select low logic. This control in illustrated in Figure 21.
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FIGURE 21—EXAMPLE YAW CONTROL STRATEGY
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