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Electronic Control of Braking Force Distribution for Vehicles
Using a Direct Adaptive Fuzzy Controller
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In brake systems, a proportioning valve(P. V), which reduces the brake line pressure on each
wheel cylinder for the anti-locking of rear wheels, is closely related to the safety of vehicles.
However, it is impossible for current P. Y. s to completely control brake line pressure because,
mechanically, it is an open loop control system. In this paper we describe an electronic brake
force distribution system using a direct adaptive fuzzy controller in order to completely control
brake line pressure using a closed loop control system. The objective of the electronic brake
force distribution system is to change the cut-in-pressure and the valve slop of the P. Y in order
to obtain better performance of the brake system than with mechanical systems.
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Nomenclature ------------
X : Center of gravity height divided by

wheelbase
: Ratio of static rear axle load to total

weight
: Front traction coefficient
: Rear traction coefficient
: Static load on front axle, kgf
: Static load on 'rear axle, kgf
: Dynamic load on front axle, kgf
: Dynamic load on rear axle, kgf
: Ideal braking force of front, kgf
: Ideal braking rear of rear, kgf
: Yehicle weight, kgf
: Actual braking force of front, kgf
: Actual braking force of rear, kgf

BEFF

BEFR

PF

PR

PF,LOSS

PR•LOSS

AWF

AWR

TJ
RF

RR
rF
rR

: Friction coefficient of front
: Friction coefficient of rear
: Braking pressure of front, kgf/cm"
: Braking pressure of rear, kgf/cm-
: Braking pressure loss of front, kgf/cm"
: Braking pressure loss of rear, kgf/cm"
: Wheel cylinder area of front, mm
: Wheel cylinder area of rear, mm
: Effective coefficient
: Effective braking radius of front
: Effective braking radius of rear
: Radius of front tire
: Radius of rear tire

1. Introduction
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As the automobile industry develops, manufac
turers are able to supply products that are safer,
more convenient, and more powerful. In the case
of automobile systems, the body, chassis, and
powertrain systems are becoming electronic. As a
result, current systems can be controlled more
delicately(BOSCH, 1993; Jurgen, 1997; Mizutani,
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The relative static front axle load is given by

2. Braking Dynamics
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FXF=(1 - lJ!+xa) W,uTF (5)
FXR =( lJ! - xa) W,uTR (6)

We call the braking force which is required for
each brake the ideal braking force. The ideal
braking forces may be determined by setting the
traction coefficient equal to vehicle deceleration
in Eqs. (5) and (6), resulting in the ideal braking

Multiplication of the dynamic axle load by the
traction coefficients yields the dynamic braking
forces for the front axle and the rear axle, respec
tively:

Fig. 1 Dynamic forces acting on a decelerating
vehicle

Whenever the brakes are applied in a forward
moving vehicle, the weight of the vehicle is trans
ferred forward. The forces acting on a two-axle
vehicle which is decelerating are illustrated in
Fig. I. The dynamic normal forces on the front
axle and the rear axle respectively are defined as
follows:

2.1 Ideal braking force
For a non-decelerating vehicle, the static axle

load distribution is defined by the ratio of static
rear axle load to the total vehicle weight, as
follows:

ally, we propose a direct adaptive fuzzy algorithm
in which the fuzzy rule base is changed automati
cally depending on the deceleration conditions
and weight conditions.

1992). Located in the chassis, the brake system is
by far the most important mechanism in any
vehicle, because the safety and lives of those
riding in the vehicle depend on the proper opera
tion of the brake system. Designers should there
fore consider safety and efficiency when they
design brake systems. When the brake system
operates, there is an important occurrence,
defined by Newton's dynamics as load transfer,
which reduces the rear axle load. The load trans
fer results in rear wheel locking before front
wheel locking. Modern automobiles use a propor
troning valve (P. V) that prevents rear wheel
locking before front wheel locking so as to secure
the ability to steer the vehicle. The P. V. reduces
the rear brake line pressure at a fixed ratio above
its cut-in-pressure. The P. V. is controlled by its
inner spring force and by the difference between
cross sections. But this system cannot actively
adjust for the weight change of a vehicle. If the
weight change of a vehicle becomes greater, the
loss of braking force increasest Kim, 1997; Giuse
ppe, 1970; Rudolf, 1971; 1974). In the case of
commercial vehicles, where weight change is
great, a load sensing proportioning valve (L. S. P.
V) is used. Its pressure reducing ratio is equal to
the ratio of the P. V., but it can change the cut-in
-pressure using a linkage system. So, the L. S. P.
V. is more efficient than the P. V. in the case of
commercial vehicles.

However, this mechanical system has some
weaknesses which are described below (Hiroyuki,
1977; Frederic, 1969; Gunther, 1992):

1) The pressure cannot be controlled exactly.
2) The mechanical system cannot change its

pressure reducing ratio freely.
3) In other vehicles, the weight may vary. So,

we cannot use a common system, and it is difficult
to assemble vehicle-specific systems.

In this paper we propose a new electronic
system which can change the pressure reducing
ratio and the cut-in-pressure using a direct
adaptive fuzzy controller to overcome the wea
knesses of the mechanical system. We also pro
pose a hardware system including sensors, a
reducing valve, and a control unit to change the
system from mechanical to electronic. Addition-
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forces for the front axle and the rear axle, respec
tively:

FXF.ideal=(l- qr+xa) Wa (7)

FXR,ideal=( 1p" - xa) Wa (8)

These forces depend on the vehicle's weight
change. Inspection of Eqs. (7) and (8) indicates a
quadratic relationship relative to deceleration a.
In braking, the amount of load transfer off the
rear axle (and onto the front axle) is symbolized
by the term xs-

2.2 Actual braking force
The actual braking force is produced by the

hydraulic brake system installed in the vehicle.
This force, however, is not equal to the ideal
braking force because of mechanical limits
(Frederic, 1969; Gunther, 1992; Rudolf, 1992;
Thomas, 1992).

The brake line pressure which is obtained by
the master cylinder is transferred to the front and
rear wheel cylinders. The pressure generates the
actual braking force from the friction between
pads and discs in the front wheels and between
drums and shoes in the rear wheels. This mecha
nism is shown in Fig. 2.

The actual braking force may be obtained from
Eqs. (9) and (10):

2XBEFFx(PF - PF,wss) xA WF XqxRF (9)
BF ~

2XBEFRX(Pc PR.WSS) XAWlX qX RR (10)
BR ~

Inspection of Eqs. (9) and (10) indicates a

6 7

1. Brake pedal 2. Master vac. 3. Master cylinder
4. Brake oil reserve tank S. Disc brake
6. P. V OR L.S.P.V 7. Drum brake
Fig. 2 Configuration of normal hydraulic brake

system

linear relationship relative to the brake line pres
sure.

Additionally, the difference between the ideal
braking force and the actual braking force results
in poor braking efficiency and a longer overall
stopping distance.

2.3 Braking forces in mechanical systems
As mentioned above, the rear axle load

becomes lighter during braking, so relatively less
brake line pressure is required on the rear brakes
to keep them from locking before the front brakes.
Hence, vehicles need a system that reduces rear
brake line pressure. There are two basic types of
valves which reduce rear brake line pressure,
namely P. V. and L. S. P. V. The P. V. is used on
vehicles without weight change. A typical sche
matic of the P. V. is shown in Fig. 3. The rear
brake line pressure is equal to the front brake line
pressure until the rear brake line pressure reaches
the cut-in-pressure. After the cut-in-pressure is
reached, the P. V. reduces the rear brake line
pressure in proportion to the valve slop.

The spring which is in the P. V. controls the cut
-in-pressure, and the difference in area between
Cup l and Cup2 controls the valve slop. The
braking force of a P. V. is shown in Fig. 4.

We can see that the loss of braking forces
increases in proportion to weight. So, we can
reduce the loss of braking forces by using an L. S.
P. V. A typical schematic of the L. S. P. V is
shown in Fig. 5.

An L. S. P. V is commonly used in commercial
vehicles where weight change is great. In many
light trucks the L. S. P. V. is added to the normal

Cup1

Cup2

Spring

Fig. 3 Schematic of P.V.
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combination valve system such that it will further
reduce the rear brake line pressure and cut-in

-pressure when lightly loaded but be ineffective

when loaded. So, the L. S. P. V. can achieve a
greater reduction in the loss of brake forces than

can the P. V. A typical graph of braking force in
an L. S. P. V. is shown in Fig. 6.

3. System Configuration

CD Electronic reducing valve
@ Direct adaptive, fuzzy controller
® Load cell & deceleration sensor
® Braking pressure sensor

Fig.7 Configuration of an electronic L.S.P.Y. sys
tem

3.1 Hardware

The aims of our research are outlined below.

1) Converting the current L. S. P. V. into an
electronic system.

2) Increasing braking efficiency.

3) Making an electronic system that is suitable
for any vehicle.

A very important problem is how to sense the
load and the brake line pressure, and to operate

an electronic reducing valve. Also, the system
requires a sensor to sense the deceleration.

Our new system has four parts, as shown in

Fig. 7:

CD Electronic reducing valve : It controls the

cut-in-pressure and the reducing ratio by using a
solenoid piston. It is shown in Fig. 8.

® Direct adaptive fuzzy controller : It takes

l
Displacement
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L.S.P.V
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!iIII ll11l l!i111 lIlIIl
F_lIroIe Fon:. (Jq)

Fig.5 Schematic of L.S.P.Y.
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Fig.4 Braking force of a P.Y.

ProportIoning Valve
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o

Lever

Fig.6 Braking force of L.S.P.Y. Fig.8 Electronic reducing valve
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Fig. 9 Direct adaptive fuzzy controller
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Fig. 10 Load cell

Fig. 11 Deceleration sensor

signals from each sensor and controls the elec
tronic reducing valve to change the cut-in-pres
sure and the reducing ratio of the electronic
reducing valve. It is shown in Fig. 9.

@ Load cell & deceleration sensor : The for
mer measures the change in weight. It is shown in
Fig. 10. The latter measures the deceleration of
the vehicle when braking in order to calculate the
reference brake line pressure of the rear brakes. It
is shown in Fig. II.

® Brake line pressure sensor : It measures the
pressure in the brake Jines and calculates the
brake line pressure error when braking, It is

Fig. 12 Brake line pressure sensor

shown in Fig. 12.

The total system operates as follows. First,
signals come from each sensor. Then, the control
ler calculates the proper cut-in-pressure and the
valve slop to minimize the braking force loss. If
the rear brake line pressure is greater than the
proper cut-in-pressure, then the controller oper
ates the electronic valve which reduces the rear
brake line pressure. Also, the controller calculates
the pressure error with signals from the pressure
sensors.

3.2 Direct adaptive fuzzy control
Basically, it is difficult to model and simulate

complex real-world systems for control systems
development. Even if a relatively accurate model
of a dynamic system can be developed, it is often
too complex to use in controller development,
especially for many conventional control design
procedures that require restrictive assumptions for
the plant. It is for this reason that in practice
conventional controllers are often developed via
simple models of the plant behavior that satisfy
the necessary assumptions. So, in many cases,
control designers use a fuzzy controller in order
to control the plant exactly (Zadeh, 1973; 1985).
But, if any parameters influence the input signal
and the environment or if unpredictable cases
exist, then we cannot use a fuzzy controller.

It is for this reason that we need a way to
automatically tune the fuzzy controller so that it
can adapt to different plant conditions. This
adaptive mechanism observes the signals from the
control system and adapts the parameters of the
controller to maintain performance even if there
are changes in the plant. If a model of the plant
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Fig. 13 Direct adaptive fuzzy controller

exists, we refer to the controller as a direct
adaptive fuzzy controller (Lefteri and Robert,
1997; Kevin and Stephen, 1998; Layne and Kevin,
1993; 1996; Li, 1994). The schematic of the direct
adaptive fuzzy controller is shown in Fig. 13. We
used a direct adaptive fuzzy controller as a con
troller in our proposed system.

3.2.1 FMRLC
We used an FMRLC (fuzzy model reference

learning control) algorithm for direct adaptive
fuzzy controller in order to improve the perfor
mance of the closed-loop system by generating
command inputs to the plant and utilizing feed
back information from the plant. The FMRLC
has four parts: the plant, the fuzzy controller to be
tuned, the reference model, and the learning
mechanism. The error and the error change
between the reference model and the plant output
distinguish an FMRLC from a fuzzy control.

The learning mechanism can be discribed as
follows:

Q) The fuzzy inverse model performs the func
tion of mapping Ye(kT) (representing the devia
tion from the desired behavior) to change in the
process inputs p(kTl that are necessary to force

yikT) to zero.
@ The knowledge base modifier performs the

function of modifying the fuzzy controller's rule
base to affect the needed changes in the process
inputs.

The error and error change are shown below:

e(kT)= -oav-y(kT) (11)

c(kT) e(kT)-~kT-T) (12)

where T is the sampling time and k is the sam
pling number.

The fuzzy rule-base is defined as follows:

IF e is E i AND cis C1 THEN it is ir (13)

where e and c denote the linguistic variables
associated with controller inputs e(kT) and c
(kT), respectively, U denotes the linguistic vari
able associated with the controller output u, and

E' and C 1 denote the jth (tth) linguistic value
associated with e and c, respectively.

3.2.2 Learning mechanism
The learning mechanism consists of two parts:

a fuzzy inverse model and a rule-base modifier.
The variables of the fuzzy inverse model are Ye

(representing the error between the reference
model and the plant output) and Yc (representing
the error change). The Ye and Yc have 11 fuzzy
sets, respectively. The fuzzy number is of the
triangular type.

The output of the fuzzy inverse model is p. The
center of rules will be shifted by the p. The Ye

and Yc are defined below:

Ye(kT)=Ym(kT)-y(kT) (14)

Yc(kT) Ye(kT)-YlkT- T) (15)

where T is the sampling time and k is the
sampling number.

The fuzzy rule-base for calculating the output p
in the fuzzy inverse-model is shown below:

IF s, is yj AND Yc is yj THEN P is pm (16)

where Y/ and Y,! are linguistic values.
The output p adapts the fuzzy controller, using

the equation below and employing the fuzzy
modifier:

dkT)=dkT-dT)+p(kT) (17)

where Ci is the center of the fuzzy membership
function for the ith output variable at k'T:

The input values should be normalized so that
the fuzzy controller can recognize them. Fuz
zification is needed to change the normalized
input values into linguistic variables. In our
research, we conduct the fuzzification using mem
bership functions that are of the triangular type
because they are easier to calculate.
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The linguistic values for the input and output

are shown below:
1) Input variable
CD The error of the rear brake line pressure
The linguistic value for the error of the rear

brake line pressure is e (error). It is normalized
between -I and 1. The membership function for
the error is shown in Fig. 14.

@ The error change of rear brake line pressure
The linguistic value for the error change of the

rear brake line pressure is c (error change). It is
normalized between -I and 1. The membership
function for the error change is shown in Fig. 15.

2) Output variable
The linguistic value for the output variable

which is the input voltage of the electronic reduc
ing valve is u. It is normalized between -I and I.
The membership function for the output is shown

in Fig. 16.
3) Rule-base
The rule-base for the fuzzy controller that

controls the rear brake line pressure has rules of
the form "IF-THEN".

R: IF (Pressure Error) is Zero and (Pres
sure Error Change) is Zero

THEN (Change of Valve Voltage) is
Zero,

where zero is a linguistic value for the input and
output. The input variables have II membership
functions. So, the rule-base has 121 rules. The
rule-bases for the fuzzy controller are shown in
Table I and the rule-bases for the fuzzy inverse
model are shown in Table 2.

Table 1 Fuzzy rule-base

X -I -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
ye

-I -1 -I -I -I -I -I -0.8 -0.6 -0.4 -0.2 0

-0.8 -I -I -1 -1 -I -0.8 -0.6 -0.4 -0.2 0 0.2

-0.6 -I -I -I -I -0.8 -0.6 -0.4 -0.2 0 0.2 0.4

-0.4 -I -I -I -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

-0.2 -I -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

0 -I -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

0.2 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 I

0.4 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1 1

0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 I I I I

0.8 -0.2 0 0.2 0.4 0.6 0.8 I 1 1 1 I

1 0 0.2 0.4 0.6 0.8 1 I 1 1 I 1

Table 2 Fuzzy inverse model rule-base

~ -I -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

-I -I -I -1 -I -I -I -0.8 -0.6 -0.4 -0.2 0

-0.8 -I -I -1 -I -I -0.8 -0.6 -0.4 -0.2 0 0.2

-0.6 -1 -I -I -I -0.8 -0.6 -0.4 -0.2 0 0.2 0.4

-0.4 -1 -I -I -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

-0.2 -I -I -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

0 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

0.2 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1

0.4 -0.6 -0.4 -0.2 g 0.2 0.4 0.6 0.8 1 I 1

0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1 1 1

0.8 -0.2 0 0.2 0.4 0.6 0.8 I 1 1 1 1

1 0 0.2 0.4 0.6 0.8 1 1 1 I 1 I

U IU 0.& U f ~ll

l2 0.4 U U I Clkll

lZ 1,. 1.5 u I 10:11

-I -u -1.5 -u -1.2

-t -le -1.5 -I,. -1.2

-1 -u -1.5 -I,. -1.2

Fig. 16 Membership functions for output universe
of discourse

Fig. 14 Membership functions for error unvierse of
discourse

C-5 C-. C-3 C-2 C-I CD C1 C2 C3 C4 C5
I

Fig. 15 Membership functions for error change
universe of discourse
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Table 3 Vehicle specifications Table 4 Brake system specifications

Table 5 Mechanical L. S. P. V specifications

Front Rear

Effective Braking
100 110

Radius (mm)

Brake Factor 0.76 2.5

Wheel Cylinder
60.6 15.87

Diameter (mm)

Effective Tire Radius
321 274

(mm)

Braking Efficiency 0.95

Pressure Loss (kgf/cm") 0.5

Spec. Kerb G.V.W.

Total Weight (kg!) 1675 2805

Frt. Axle Load (kgf) 1075 1340

Rr. Axle Load (kgf) 600 1465

Wheelbase (mm) 2515

Gravity Center
630 796.7

Height (mm)

Fig. 17 The I-ton truck used for testing

Cut-in-pressure
(kgf/cm")

Valve Slop (%)

Kerb G.V.W

10 80

20

4. Results

The simulation progressed from an empty

weight condition, through a half weight condi

tion, to a gross weight condition. We assumed

that the test road had a constant friction coeffi

cient on a flat, dry asphalt, and that deceleration

was constant on the flat road. The weight condi

tions were selected as follows. The empty weight

condition was 1840kg including driver weight,

helper weight, all kinds of experimental devices,

and the half weight condition was 2351kg. The

gross weight condition was 2738kg. The loads

were located uniformly on the deck of the vehicle.

These assumptions were made in order to main

tain uniform conditions in the experiments. For

the simulation and the test, we selected a I-ron

truck. The test truck is shown in Fig. 17. Tables

3, 4 and 5 show the vehicle specifications, the

brake system specifications, and the mechanical

L. S. P. V. specifications, respectively. To com

pare the characteristics of reducing pressure

according to changes in weight conditions, we

demonstrated three cases: the empty weight condi-

~ ~ ~ ~ 1~ 1~ 1~ 1~ t~

Front Bralci"l,l Forc.~

Fig. 18 Mechanical system results of 1840kg

tion, the half weight condition, and the gross

weight condition.

4.1 Simulation results

4.1.1 Simulation results for the mechanical
system

Figures 18, 19 and 20 show the braking force

distribution simulation results for the empty

weight condition, the half weight condition, and

the gross weight condition, respectively. These

results show that the mechanical system can

improve braking force in accordance with

changes in weight condition by changing the cut



74 Seungdae Kim, Hunmo Kim and Yoon-Gyeoung Sung

25lIl

6lD

!ill ll1Xl 15lll 2lDl
Frart8rWIg Fotee (lcgIj

Fig. 19 Mechanical system results for 2351 kg
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Fig. 20 Mechanical system results for 2738kg

-in-pressure of the L. S. P. V. Because this system
causes a considerable gap between the ideal brak
ing force and the actual braking force, there is a
large loss of braking force in spite of changes in
the cut-in-pressure.

4.1.2 Simulation result for the electronic
system

The simulation conditions assumed that brak
ing occurred over a short time (0.3 second on a
flat, dry asphalt road), and that the deceleration
of the vehicle was kept at a constant rate, because
the braking force was transferred from the master
cylinder to the wheel cylinder in 0.15 second. We
considered two cases. The first involved changing
the deceleration of the vehicle while the weight of
the vehicle remained constant. The second
involved changing the weight of the vehicle while
the deceleration of the vehicle remained constant.
The deceleration of the vehicle was divided into
two cases: a low rate of deceleration of O.lg, and

f~F--~---1
a lI.C5 01 1115 0.2 1125 03 illS

rb'~~-- j

c IlIlS 0.1 nis 112 1125 0.3 1135
romt (OIC!

Fig. 21 Simulation results of the direct adaptive
fuzzy controller for 1840kg at O.lg

f~r=---~---I
a 0.1lS III 11.15 0.2 1125 0.3 illS

rb-~~~·--: I
a IlIlS 0.1 1115 02 1125 0.3 I1.lS

r""(_l

Fig. 22 Siinulation results of the direct adaptive
fuzzy controller for 1840kg at l.Og

a high rate deceleration of l.Og.
1) Different deceleration, constant weight
The simulation results are shown in Figs. 21

and 22. From these results, we found that the
output of the direct adaptive fuzzy controller
followed the reference pressure line very well. The
changes in the fuzzy rule-base for the low rate of
deceleration of O.1g and the high rate of decelera
tion of l.Og are shown in Tables 6 and 7, respec
tively. In these tables, we found that most output
variables of the rule-base were tuned from the
original values of between - I and I to zero. The
zero implies that the learning mechanism does not
need to tune the output variables of the controller.
So, the more the output variables of zero increase,
the less pressure error the system has. We also
found that pressure error occurred when the error
and the change in error were small in the center of
the rule-base.
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Table 6 Changes in the fuzzy rule-base for 1840kg at 0 lg Time 03sec

~ -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 I

-I 0 0 0 0 0 0 0 0 0 0 0

-0.8 0 0 0 0 0 0 0 0 0 0 0

-0.6 0 0 0 0 0 0 0 0 0 0 0

-0.4 0 0 0 0 0 0 0 0 0 0 0

-0.2 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 -0.0096 -0.0425 0.0000 0.0328 0 0 0 0

0.2 0 0 0 ~0.0244 0.0567 0.2356 0.0328 0 0 0 0.0269

0.4 0 0 0 -0.0148 0.0992 0.2356 0 0 0 0 0.0269

0.6 0 0 0 0 0 0 0 0 0 0 0

0.8 0 0 0 0 0 0 0 0 0 0 0

I 0 0 0 0 0 0 0 0 0 0 0

Table 7 Changes in the fuzzy rule-base for 1840kg at l.Og Time 0.3sec

~ -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 I

-1 0 0 0 0 0 0 0 0 0 0 0

-0.8 0 0 0 0 0 0 0 0 0 0 0

-0.6 0 0 0 0 0 0 0 0 0 0 0

-0.4 0 0 0 0 0 0 0 0 0 0 0

-0.2 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 -0.0096 -0.0425 0.0000 0.0328 0 0 0 0

0.2 0 0 0 -0.0244 0.0567 0.2356 0.0328 0 0 0 0.0269

0.4 0 0 0 -0.0148 0.0992 0.2356 0 0 0 0 0.0269

0.6 0 0 0 0 0 0 0 0 0 0 0

0.8 0 0 0 0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0 0 0 0

il2~-----'-- !
o 0.05 0.1 0.15 0.2 0.25 0.3 0.35

E[~~---: I
o 0.05 0.1 0.15 0.2 0.25 0.3 0.35

.TwnI (nc)

Fig. 23 Simulation results of the direct adaptive
fuzzy controller for 2351kg at O.lg

2) Constant deceleration, different weight
The simulation results are shown in Figs. 23

and 24. From these results, we also found that the
output of the direct adaptive fuzzy controller
followed the reference pressure line very well. The
changes in the fuzzy rule-base for the 235lkg
-weight condition and the 2738kg-weight condi
tion are shown in Tables 8 and 9, respectively. In
these tables, we found that most output variables
of the rule-base were tuned from the original
values of between -I and I to zero. We also found
that pressure error occurred when the error and
the change in error were small in the center of the
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Table 8 Changes in the fuzzy rule-base for 2351kg at 0 lg Time 03sec

~ -I -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

-I 0 0 0 0 0 0 0 0 0 0 0

-0.8 0 0 0 0 0 0 0 0 0 0 0

-0.6 0 0 0 0 0 0 0 0 0 0 0

-0.4 0 0 0 0 0 0 0 0 0 0 0

-0.2 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 -0.0096 -0.0425 0.0000 0.0328 0 0 0 0

0.2 0 0 0 -0.0244 0.0567 0.2356 0.0328 0 0 0 0.0269

0.4 0 0 0 -0.0148 0.0992 0.2356 0 0 0 0 0.0269

0.6 0 0 0 0 0 0 0 0 0 0 0

0.8 0 0 0 0 0 0 0 0 0 0 0

I 0 0 0 0 0 0 0 0 0 0 0

Table 9 Changes in the fuzzy rule-base for 2738kg at O.lg Time 0.3sec

~ -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

-1 0 0 0 0 0 0 0 0 0 0 0

-0.8 0 0 0 0 0 0 0 0 0 0 0

-0.6 0 0 0 0 0 0 0 0 0 0 0

-0.4 0 0 0 0 0 0 0 0 0 0 0

-0.2 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 -0.0096 -0.0425 0.0000 0.0328 0 0 0 0

0.2 0 0 0 -0.0244 0.0567 0.2356 0.0328 0 0 0 0.0269

0.4 0 0 0 -0.0148 0.0992 0.2356 0 0 0 0 0.0269

0.6 0 0 0 0 0 0 0 0 0 0 0

0.8 0 0 0 0 0 0 0 0 0 0 0

I 0 0 0 0 0 0 0 0 0 0 0

rule-base.

The brake line pressure distribution simulation

results are shown in Figs. 34, 35 and 36. These

simulation results show that a high rate of decel

eration and a heavy weight condition cause a gap

between the reference brake line pressure and the

actual brake line pressure. The direct adaptive

fuzzy algorithm method can reduce error quickly

under all kinds of conditions.

Fig. 24 Simulation results of the direct adaptive
fuzzy controller for 2738kg 0.1g
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i{)r-----~-----------,

tirTe (x1Om)

Fig. 26 Experimental brake line pressure result of
electronic system with 1840kg at medium
level deceleration

sure of the electronic system. So, the rear brake
line pressure is the same as the front brake line
pressure when the value is below the reference cut
-in-pressure. For decreasing rear brake line pres
sures, the valve slop of the electronic system-is O.
07. The simulation of the electronic system pro
gressed under the constant deceleration condition,
but this condition could not be maintained
because of trembling in the engine and chassis
system of the experimental vehicle. The maximum
low level deceleration is 0.19g, the maximum
medium level deceleration is 0.59g, and the maxi
mum high level deceleration is 0.74g.

Figures 28, 29 and 30 show the experimental
brake line pressure results of the electronic system
with a 235lkg-weight condition using the direct
adaptive fuzzy control method. At that weight
condition, the reference cut-in-pressure is
IOlkgf/cm" and the valve slop is 0.54. So, a

1=:=1
....' ~ ......,

10

ED

4.2 Experimental results

4.2.2 Experimental results for the elec
tronic system

Figures 25, 26 and 27 show the experimental
brake line pressure results of the electronic system
with an 1840kg-weight condition using the direct
adaptive fuzzy control method. These results
show that reductions in rear brake line pressure
start above 50kgf/cm2

, the reference cut-in-pres-

4.2.1 Experimental results for the mechani
cal system

Considering the safety of the experiment, the
vehicle was limited in its deceleration to 0.7g. So,
deceleration of the vehicle increased from 0.1g to
0.7g. Figures 18, 19 and 20 show the braking force
results for the empty weight condition, the half
weight condition, and the gross weight condition
during all rates of deceleration. At all three
weight conditions, the rear wheel was not locked.
However, this system has a large loss of braking
forces. The reason for this is that the cut-in
-pressure of the vehicle acts early, ahead of the
designed cut-in-pressure. The L. S. P. V. was
tested in order to prove its effectiveness in accor
dance with the service book. The results of the test
show that the valve does not have good sensitivity
for weight changes, and that it has assembly
errors and manufacturing errors. So, the accuracy
of assembling and manufacturing the valve affect
the effectiveness of the L. S. P. V. in the mechani
cal system.

3Jr-----------------,

Fig. 25 Experimental brake line pressure results for
the electronic system for 1840kg at low level
deceleration
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Fig. 27 Experimental brake line pressure result of
electronic system with 1840kg at High level
deceleration
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2ir--------------~

Experimental brake line pressure result of
electronic system with 2738kg at low level
deceleration
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Fig. 31

1i'nl(xOur)

Experimental brake line pressure result of
electronic system with 2351kg at low level
deceleration

Fig. 28
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Fig. 29 Experimental brake line pressure result of
electronic system with 2351kgat medium
level deceleration

!Dr--------------~
Bl

-;{)
N

EBl
o
1iBl
'"';«)
::;
::3>
i!!
<LID

ti"" 6c1Onll

Fig. 32 Experimental brake line pressure result of
electronic system with 2738kg at medium
level deceleration
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Fig. 30 Experimental brake line pressure result of
electronic system with 2351 kg at high level
deceleration

timl (x1OTa)

Fig. 33 Experimental brake line pressure result of
electronic system with 2738kg at high level
deceleration

reduction in rear brake line pressure did not

occur at the O.15g low level deceleration and

0.39g medium level deceleration rates. However, a

reduction in rear brake line pressure did not

occur at the O.89g high level deceleration rate.

Figures 31, 32 and 33 show the experimental

brake line pressure results of the electronic system

with a 2738kg-weight condition using the direct

adaptive fuzzy control method. At that weight

condition, the reference cut-in-pressure is
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The above results all show a little error
between the simulation of the electronic system
using the direct adaptive fuzzy algorithm method
and the experimental results of the same. The
trembling of the experimental vehicle and the
remaining air in the brake pipe seemed to affect
the sensor and the E. C. U. in the reference output
voltage of the reducing valve.

5. Conclusion

6lll

lID

Idol BtalcingFcweu
SinuI.tion 8taki~ FOtC••
EIpMimtnl:11 Brlking Fore••

In this study, we proposed an electronic control
of braking force distribution with a direct
adaptive fuzzy controller to overcome the wea
knesses of a mechanical system as follows:

(1) To overcome the a weaknesses of the
mechanical system, we proposed a reference
model for the direct adaptive fuzzy algorithm.

(2) To change the system from mechanical to
electronic, we proposed a hardware system in
cluding sensors, a reducing valve, and a control
unit.

(3) We proposed a direct adaptive fuzzy algor
ithm in which the fuzzy rule-base was changed
depending on the deceleration conditions and
weight conditions, and which had a closed loop
control system. To accurately control the voltage
of the electronic reducing valve, we studied the
characteristics of the electronic valve and the
mechanical system.

We anticipated that the electronic system, using
the direct adaptive fuzzy control algorithm, could
reduce the error between the reference pressure
and the actual and could better overcome the loss
of braking force than with the mechanical system
because the electronic valve changed the cut-in
pressure and the valve slop simultaneously. As
expected, the electronic system resulted in shorter
braking distances than the mechanical system.

From an industrial viewpoint, the electronic
system can be expected to have the following
effects: The mechanical system needs many cut-in
-pressures and valve slops to fit all kinds of
vehicles. But the electronic system can be used
universally to fit any kind of vehicle, sharing the
hardware and changing only the software. So,
automobile makers can reduce their effort and

!dill BrlUli FDrces
-to- Siml.illion Braking FDrCH

ElIperimlnlai Braking Fon:.

6lll ,~ 16lll :nJl 26lll
Front araq I'olQ (kgfJ
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o ~ m 6lll 6lll l~ll1Dlml6lll 16lll~

Front Bnliilg Forco (Iqj

Fig. 36 Electronic system results for 2738kg

Fig.35 Electronic system results for 2351kg

Fig. 34 Electronic system results for 1840kg

140kgfjcm2 and the valve slop is 1. So, reductions
in rear brake line pressure did not occur at any
deceleration level because the rear brake line
pressure did not exceed the reference cut-in-pres
sure at that weight condition. Figures 34, 35 and
36 show the experimental braking forces results of
the electronic system using the direct adaptive
fuzzy algorithm method.
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costs in the development of new valves.
In the future, if a new valve that can simultane

ously control front and rear brake line pressure
before reaching a reference cut-in-pressure is
designed, we can expect greater reductions in the
loss of brake line pressure than with the electronic
systems studied in this paper.
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