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Variable Parameter Sliding Controller Design
for Vehicle Brake with Wheel Slip

Hong Liang, Kil To Chong*
Faculty of Electronics and Information, Chonbuk National University,
Duckjin-Dong, Duckjin—-Gu, Chonju, 561-756, South Korea

In this paper, a 4-wheel vehicle model including the effects of tire slip was considered, along
with variable parameter sliding control, pushrod force as the end control parameter, and an
antilock sliding control, in order to improve the performance of the vehicle longitudinal
response. The variable sliding parameter is made to be proportional to the square root of the
pressure derivative at the wheel, in order to compensate for large pressure changes in the brake
cylinder. A typical tire force-relative slip curve for dry road conditions was used to generate an
analytical tire force-relative slip function, and an antilock sliding control process based on the
analytical tire force-relative slip function was used. A retrofitted brake system, with the pushrod
force as the end control parameter, was employed, and an average decay function was used to
suppress the simulation oscillations. Simulation results indicate that the velocity and spacing
errors were slightly larger than the results that without considering wheel slip effect, the spacing
errors of the lead and follower were insensitive to the adhesion coefficient up to the critical
wheel slip value, and the limit for the antilock control on non-constant adhesion road condition
was determined by the minimum of the equivalent adhesion coefficient.
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1. Introduction

With rising public concern about transport-
ation issues such as roadway capacity, traffic con-
gestion and highway safety, interest in Intelligent
Vehicle Highway Systems (IVHS) has never been
greater. Among the proposed systems, much at-
tention has been focused on the use of Advanced
Vehicle Control Systems (AVCS) to produce lanes
of automated vehicles traveling in closely spaced
platoons. The design of integrated control be-
tween throttle and brake is an important subject
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in the research of AVCS (Utkin, 1997; Lee
and Park, 1999 ; Haskara et al., 2000 ; Choi and
Hederick, 1996) . Swaroop (1994) used a second-
order model including throttle control and brak-
ing without delays to design a linear controller.
An improved technique was proposed by Chien
et al.(1994) to further consider safety problems.
Maciuca and Hedrick (1995) introduced an ad-
vanced nonlinear sliding brake control. Huang
and Ren (1999) introduced a learning switch al-
gorithm with a zero control delay time for the
switching between throttle and brake. Choi and
Hedrick (1996) proposed a control method using
an input delay between control and response, but
their results did not include the hydraulic dy-
namic processes and non-systematic input delay
throttle and brake control. Gerdes (1996) and
Gerdes and Hedrick (1995 1997) introduced a
sliding control to investigate brake delay based
on the hydraulic dynamics of the master/slave
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cylinder, and presented their experimental results
to verify the simulation of the integrated throttle
and brake control processes.

In a retrofitted brake system, where the input
force on the pushrod of the vacuum booster was
used as the end control parameter, large simula-
tion oscillation would occur because of the small
desired input force was determined from the large
diaphragm force and output force which have
some uncertainties. Maciuca (1997) had used Fast
Fourier Transform (FTT) smoothing to reduce
the simulation oscillation. Maciuca and Hedrick
(1995) also used an average estimated wheel pres-
sure as the reference to reduce the simulation os-
cillation. Liang et al.(2003) used variable para-
meter sliding control with the pushrod force as
the end control parameter, and introduced an aver-
age decay function to suppress both high and low
frequency simulation oscillations.

Antilock brake systems (ABS) are closed-lop
devices designed to prevent locking and skid-
ding during braking (Austin and Morrey, 2000 ;
Wellstead and Pettit, 1997 ; Unsal and Kachroo,
1999 ; Suh et al, 2002; Wu and Shih, 2003).
Haskara et al. (2000) investigated wheel slip con-
trol for antispin acceleration via dynamic spark
advance based on a typical tire force-relative slip
curve, longitudinal motion dynamics of the vehi-
cle and the dynamics of the wheel. Li et al. (2002)
developed a vehicle electronic control system and
its application to an ABS based o hardware-in-
the-loop simulation, and the vehicle field test show-
ed that the antilock brake deceleration reached
about 9 m/s® on a high adhesion road condition.
Since the typical ABS control the flow of high-
pressure fluid between the master cylinder and the
wheel caliper cylinder with high frequency pres-
sure fluctuation features, an antilock brake con-
trol using the pushrod force as the end control
parameter and the features are still the interesting
topics.

In this paper, a 4-wheel vehicle model with tire
slip effect was considered along with the variable
parameter sliding control to investigate the vehi-
cle longitudinal control performance. The vari-
able sliding parameter is proportional to the square
root of the pressure derivative at the wheel in

order to compensate for large pressure change
(Liang et al., 2003). A typical tire force-relative
slip curve on dry road condition was used to fit
out an analytical tire force-relative slip function,
and an antilock sliding control process based the
analytical tire force-relative slip function was used.
A retrofitted brake system with the pushrod force
as the end control parameter was employed, and
an average decay function was used to suppress
the simulation oscillations (Liang et al., 2003).
Section 2 presents the tire-force model and 4
wheels longitudinal state equations. The follow-
ing section presents the sliding controllers for the
brake process. Section 4 provides details on the
upper sliding surface development for both speed
and spacing control, adopting a switching logic
proposed by Gerdes and Hedrick (1997). Section
5 describes the antilock control process. The sim-
ulation results to demonstrate the performance of
the controller are presented in the Section 6, with
conclusions finally being drawn in Section 7.

2. Longitudinal Vehicle Model

In this work a 4 wheels brake longitudinal ve-
hicle model was used as shown in Figure 1. The
4 wheels of the vehicle were assumed to have iden-
tical parameters (wheel initial, tire force, brake
pressure, etc) for the vehicle brake control pro-
cesses. The wheel viscous friction force developed
on the tire-road contact surface depends on the
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Fig. 1 Brake system diagram. The pushrod force Fy,
controls the out put force Foyu: from the vacu-

um booster, then F,, controls master cylin-
der pressure Ppc and slave cylinder pressure
Py
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wheel slip ¢, which was defined as the difference
between the vehicle speed v, and the tire speed
wwh, normalized by the maximum of these veloc-
ity values (Unsal and Kachroo, 1999):

. G)wh_v
= ax (wwh, V) W

where the wheel speed ww= Rz, ; #, Rg and w.
are the tire radius, gear ratio and engine speed,
respectively (Gerdes and Hedrick, 1995). The tire-
road friction force on each wheel was determined
by wheel slip, normal force, and tire-toad adhe-
sion coefficient z. A typical tire force-relative slip
curve Fire on dry road condition was shown in
Figure 2 (Haskara et al., 2000), which can be
fitted using a simple function Fy: as shown in
Fig. 2 (Yoshioka et al., 1999):

Fa=all—e®*—co) (2)

where @=5300N, b=20 and ¢=0.264 are the
fitting parameters for dry road condition. The
tire-road adhesion coefficient and tire force de-
pend on road and tire conditions (Austin and
Morrey, 2000). For the demonstration (simplici-
ty) in the following simulation, a tire force-rela-
tive slip curve on snow road condition can be
approximately selected for 0.25F; as shown in
Fig. 2 (Haskara et al., 2000).

The longitudinal state equations can then be
written by reflecting all of the forces and torques
on the vehicle velocity v and the angular speed of
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Fig. 2 A typical tire-relative slip curve on dry road

Fure (Haskara et al., 2000), the fitted tire-
relative slip curve Fuea=>5300 (1-¢72*—
0.264x), and the selected tire-relative slip
curve on snow road 0.25Ffuseq
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each wheel w, (Gerdes and Hedrick, 1997 ; Unsal
and Kachroo, 1999):

u=%<4th—Mﬂ—hFa—Fg) (3)
1w o My

where £ is a lumped value combining the vehi-
cle, engine, driveline and wheel inertia ; 7. and 7
denote the engine torque and brake torque on
each wheel; M,r is the rolling resistance ; Fg=
Cav? (Cq is an aerodynamic constant) and Fg=
mghsin 8 (0 is the road grade) are the aero-
dynamic drag and road grade forces, respectively
(Gerdes and Hedrick, 1997) ; I, is the wheel
inertia ; Fy, is the tire force of each wheel, which
can be calculated from Eq. (2) for the simulation
(Unsal & Kachroo, 1999).

3. Brake Control

3.1 Brake model

When the master cylinder pressure P is used
as the input to the brake system as shown in Fig.
1, the total brake torque of each wheel could be
determined from the single-state model, in which
the brake torque is proportional to the pressure at
the wheel P, through the gain K, after a small
“push-out” pressure Pp, (Maciuca et al., 1994):

TbZSign(Pw_Ppo>Kb(Pw"'PPa> (5)

Because of the compressive nature of the fluid
and “push-out” pressure, the system exhibits time
delays between the time the brake pressure is com-
manded at the master cylinder and the time this
pressure is felt at the wheel.

The wheel pressure P, is considered to be a
function of the brake fluid volume V as shown in
Figure 3. The fluid dynamics between the master
(Fig. 1) and slave cylinders (close to the wheel
not detailed in Fig. 1) is described by the follow-
ing equation (Gerdes and Hedrick, 1997):

stlgn(Pmc_Pw) qu [Pmc_PwI (6)

where Cg is a flow coefficient.

3.2 Variable parameter sliding control
Because measurement of wheel torque is pro-
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Fig. 3 The pressure at the wheel Py, and the ratio

of variable to constant sliding parameters
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hibitively expensive at the present time, the con-
trol system using the signal, which comes from the
wheel pressure. By translating the desired torque
Tsa into a desired wheel pressure Pyq, and assum-
ing the hydraulic dynamics can be described by a
first order nonlinear system, the sliding surface
for brake control can be defined as Sp=Pua— Pu
and Sp=—ASs. Substituting the actual dynam-
ics into the sliding surface equations yields the
sliding control equation (Gerdes and Hedrick,
1997):

szpwd—/u (Pwd_Pw) (7>
where

Pw:Sl.gn(Pmc‘Pw)%EVEqu|Pmc_‘Pw| (8)

The desired master cylinder pressure Ppey for
brake control can be deduced from Egs. (7) and
(8) as follows :

Pmcdzpw'}'ﬁlgﬂ(}jmd_%(Pw_Pwd»

2

Pwd-/{g(Pw_Pwd) (9)

0P,
v G

where A, is the variable sliding parameter (Liang
et al.,, 2003):
oP,

IV_ (10)

(57,

where A, is the constant sliding parameter, the

/1; '—_/117

subscript “6” indicates a low limit reference point,
at which (0P,/0V) »=23 and V,=0.22¢cc; np is

the power index for the variable parameter of
the sliding control. When #,=0, A, =4,, Eq. (10)
reduces to constant sliding parameter. When
#n=1, A will compensate the factor of P,/dV
in Eq. (10) and lead to relatively uniform feed-
back in the entire braking range. By selecting
1n=0.5, /A will increase from 1 to 5.5, as V
increases from 0.22 to 8 cc (see Fig. 3). The vari-
able sliding parameter A, (with #,=0.5) will re-
sult in large brake control feedback and small
tracking errors in the large V range, in compari-
son with #,=0. Eq. (10) is expected to produce a
faster response time in small Vregion in compar-
ison with #,=0. Thus #,=0.5 allows A} to par-
tially compensate for the factor dP,/dV in Eq.
(10), which in turn should result in relatively
small brake control feedback and tracking errors,
as well as better passenger comfort during the
brake control process (Liang et al., 2003).

3.3 Pushrod force control

In the above sections, the control using master
cylinder pressure as the end control parameter has
been discussed, but this requires extensive re-
design of the brake system (Gerdes, 1996). A
retrofitted brake system with an actuator pulling
on the brake pedal is by far the most straightfor-
ward design for applying the brake (Maciuca,
Gerdes and Hedrick, 1994). When the pushrod
force Fin is used as the end control parameter, the
diaphragm force Fg will be controlled by Fy,. The
desired output force of the vacuum booster Fousa
is determined from Ppncqe. The desired input force
Fng can be calculated by (Gerdes, 1996):

Foi=Fouta— Faat+ Frs (11)

where Fs is the return spring force, and Fyy is
the desired diaphragm force. The sliding surface
for brake control can be defined as Syp=Fyn—
Fipa and Si»n=—AnSx. Substituting the actual dy-
namics yields the sliding control equation (Gerdes
and Hedrick, 1997 ; Maciuca et al., 1994):

Fin:Fm‘/Iin(Find—Fm) (12>

Since Fiue is much smaller than Fag and Foua, the
small uncertainty of Fys and Foutd can result in
significant oscillations of Fis and Fi, generating
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significant feedback oscillations in the simulation
{Gerdes, 1996).

34 Average decay function for smoothing

In order to smooth the simulation results and
estimate the control parameters, Fast Fourier Trans-
form (FFT), Least-Squares Estimation, Least-
Squares Estimation with Exponential Forgetting
methods are used in the literature (Haskara et al.,
2000; Huang and Ren, 1999 ; Maciuca, 1997).
These standard integration-smoothing techniques
are very powerful method of handling random
data. However, the large oscillation of the para-
meter values in the simulation just switching be-
tween the maximum and minimum envelope curves
with the envelope curves slowly changed. This
feature indicates that the distribution of the data
in the sliding control processes were not random.
Therefore, none of these techniques produces the
results desired for the switching oscillation data
in the simulation. In this study, we found that
averaging the two neighboring data values pro-
duces insignificant oscillations and the introduc-
tion of the exponential decay factor further smoothes
the result. Therefore, an average decay function is
used for the smoothing of parameters Foyta, Fua,
and F, as follows (Liang et al., 2003):

Aus(t) =Aualt—dt) +{ AL+ AU =dD

—Aad(t—dt)>(l—em<—%>)

8§

(13)

where d; is the update interval for simulation, z
is the decay or response time constant of smooth-
ing, and A (¢) and Agq(f) are the parameters be-
fore and after smoothing, respectively. Eq. (13)
combines the average of the two neighboring data
values with exponential decay smoothing to sup-
press the simulation oscillation. The selection of
7s has little influence on the smoothing of fast
oscillations, so it is set to the desired or actual
system response time.

4. Speed and Spacing Control

4.1 Speed control
The objective of sliding control for speed track-
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ing is to track the given desired velocity vq(#),
defined by the sliding surface Sy=v—wv+ The
system state is “driven” to this surface by Sy=
—AuS». The desired synthetic acceleration input
for the lead car is obtained as follows (Gerdes
and Hedrick, 1997):

(lsymhz'l'/d_/iu<v_1/d) (14)

4.2 Spacing control

For the spacing controller denoting the posi-
tion, velocity and acceleration of the lead car by
X1,%1, %1, respectively, and the corresponding quan-
tities of the follower by x,,%s X, respectively,
the spacing error & is defined by (Gerdes and
Hedrick, 1997)

e=A—(x:—25) (15)

where A is the desired spacing between the lead
car and the following car. Defining the sliding
surface by Sy=¢&+ A€, the system state is “driv-
en” to this surface by S,=—1,S,, which yields
the synthetic acceleration for the following car.

asynth=xz-Aké_Au(é+Ake) (16)

4.3 Switching between the throttle and
brake

When the throttle is completely closed, the
throttle characteristic is zero, but air continues to
flow into the manifold through the throttle by-
pass, creating a minimum manifold pressure P
and closed throttle torque z.;. These parameters
vary according to the engine speed and serve to
define the lowest edge of the engine map (Gerdes,
1996) . Therefore, engine torque 7. can be divided
into two parts : the closed-throttle-torque z;, and
the portion of the torque which is subject to
control 7... In the absence of control inputs, i.e.
Te=1x and 7,=0 in Eq. (4), let 42 ReFu=1c in
Eq. (3) and then, the residual acceleration, @res,
can be defined as (Gerdes and Hedrick, 1997):

a,es,-dzé[zct—leg(M,,+hFa+Fg)] (17)

When the desired acceleration is greater than
Qresid, @ higher engine torque is required to accel-
erate the vehicle; otherwise, a brake torque is
needed. By introducing a small hysteresis @ =0.05
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m/s? to eliminate chatter, the switching criterion
between throttle and brake is as follows :

Asynt > Aresiat+ @ = Throttle
Asynt < Aresid— @ = Brake (18)
resiat D 2 Asynt = Aresia— @ = Hold

Once the control action has been chosen, the de-
sired engine torque for throttle or brake torque
for the control will be:

My )

Tod= "7 4R <Iwa)w+thd+ (20)

where the desired tire force Fyq was calculated
form the synthetic acceleration :

1 ﬂdsynth
Fwd—4h< o +Mn+hFa+Fg> 1)

5. Antilock Control
From the tire force-relative slip Eq. (2), the cri-

tical slip value o, for the tire force reaches maxi-
mum F,. can be solved as:

_ 1. b_
Oc= b In . =(.216 (22)
¢ ¢, b
ch——a<1 b ln*c >—4927N (23)

The desired wheel acceleration @uwer that corre-
sponding to Fyc can be obtained from Eq. (4) :

M, )

hFwe— (24)

d)wcdzL< Le — T
I, \ 4R,
When the wheel slip o is larger than the critical
slip o¢, the tire force will decreases with increas-
ing wheel slip, which would lead to the wheel to
be locked. In order to draw the wheel slip to-
wards to the critical slip o to prevent the wheel
to be locked, an antilock sliding control is in-
troduced. The sliding surface for the antilock
throttle or brake control can be defined as Ss=
Wwe— Owea and Se=—2As(6— 0c) @wc. Substitut-
ing the actual dynamics yields the antilock sliding
control equation :

(Z)wc:a‘)wcd_;{c(d—dc) WDwce (25)

The desired engine torque or brake torque for the
antilock sliding control will be :

Z'edzRg (4de)wc+4th+Mrr) (26)

o= ~(Lodvuct hFu+ ) 2)

where the tire force Fy, can be calculated from
Eq. (2) with the wheel slip.

6. Simulation

The parameters used for simulation are similar
to those used in Gerdes (1996) dissertation, along
with a simulation step size of a 1 ms {update time},
and with the transmission in third gear. The para-
meter values are shown in Table 1. The pushrod

Table 1 Parameter values used in the simulation

dt=1ms m=2148 kg
Au=1.5 p£=234 kgm
Ar=1 h=0.33m
A=10 Myy=72.6 Nm
A=10 C.=0.5334 kg/m
An=20 Re=0.326
@ =0.05m/s* C,=1.49 cm®/s
MAX=0.1834 kg/m K,=0.81
Vn=0.0027 m* Pro=115 kPa
P,=10.67 kPa Va=125¢cc
Ane=49X10"*m? P,=85kPa
A4=0.0533 m? V=022 cc
T,
i Leader aft) AState Eq. n_ X( t) Followcri
,(t) ‘%,){ o(t) o, (t)%‘ s(t)l
1 Speed a5 Anulock—l @y Spacmg

Tq | Switching | T

P, P R Throttle
Hydraulic

F,.P

out. * mc F,-,,

= l ]

F,

outd

Booster Pushrod

()utd Fdd Smoothing

Fig. 4 Schematic diagram of brake and throttle
simulation process
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force, Fm, was used as the end control parameter.
A block diagram of the simulation processes was
shown in Figure 4.

The state Eqgs. (3) and (4) were used to calcu-
late the acceleration and speed of the cars and
wheels, respectively. The wheel slip ratios and tire
forces were calculated using Egs. (1) and (2).
The desired acceleration and speed of the lead car
were obtained from Figure 5, combined with the
speed controller defined in Eq. (14), in order to
give the desired synthetic acceleration for the lead
car. On the other hand, the spacing controller
defined in Eq. (16), was used to calculate desired
synthetic acceleration for the following car. The
desired torque for throttle or brake and tire force
can be calculated using Eqgs.(19), (20) and (21),
respectively. When the wheel slip ratio is larger

2 30| ]
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% small brake
> e large brake i
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g P
g -6 Pl 1
-] I
£ 87 i 2 ]
g =4 9 m/s
o _10 L i i L
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(b)

Fig. 5 The desired lead car velocity (a) and acceler-
ation profiles (b) used in the simulation. The
small and large brakes correspond to maxi-
mum 2.25 and 9.0 m/s? trapezoidal brake de-
celeration limits, respectively
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than the critical slip gc, the desired antilock con-
trol torque for throttle or brake can be calculat-
ed using Egs. (26) and (27). The desired master
cylinder pressure Ppcq, was calculated from the
sliding control, Eq. (9), and the force Foua. The
real-time diaphragm force Fy was calculated from
the dynamics of the vacuum booster, and from the
calculated value of the output force Foy and Prc.
However, the average decay function, which is
defined in Eq. (13), was applied to Fouza and Fg,
in order to evaluate Fiq using Eq. (11), and then
Fi» was determined by means of the sliding con-
trol Eq. (12). The torque parameters 7, and e,
are fed back into the state Egs. (3) and (4), for
the simulation of the next update point. The simu-
lation results, both for the small brake on a snow
road, and large brake on a dry road, are shown in
the Figs.(6)-(9) for comparison.

It can be seen in Figure 6(a) that both of the
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g 20 | ... Vo j

P L 17 Pdry

% : large brake Haqy

S 18 . . . 1
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@
£
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'g """"" a,, Fenow {‘Lsnow_ogﬁru‘dry
_:é -5 al 4 pdry -1
§ [ S8y,
g | large brake p,
0 .10 i i 1 i
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Time (s)

(b)
Fig. 6 Lead car velocity and wheel speed (a), lead
car and following car accelerations (b) for
small and large brake accelerations
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wheel speed (hwy) and car velocity (v;) of the
lead car are quite smooth in comparison with the
simulation results (which show significant simu-
lation fluctuations) in the case of ABS control
(Li et al., 2002), because in the typical ABS con-
trol, a pulse-release pressure profile was used be-
tween master cylinder and wheel cylinder, which
results in large pressure and wheel speed fluctua-
tion. However, the push-rod force was used in
this study, which results in certain system delay
and relative smooth brake pressure (Liang et al.,
2003). The wheel speed still shows some fluctua-
tion when switching between throttle and brake,
due to the small hysteresis, @=0.05 m/s? and sys-
tem delay. Fig. 6(b) shows that the accelerations
of the lead car (aq;) and following car (ay) are

05 | ' ' ' ’ ]
Vl-vd' usnow
; ....... V'-V‘, Hgnow
- YV, Hy,
e ool ViV Byy
g X
o ‘
=
E large brake % " small brake
T’ K L‘lsnnwzo“?s’)u .
2 0.5 dry ry
0 5 10 15 20 25
Time(s)
(a)
0.2 v T T T
— :"
E o0 '
o wh
5 small brake 3% .
E [ large brake 11 7
o -0.2 L ——small, no-slip i i
£ b large, no-slip §} i
g g P tH small brake
a large brake *
D 04 B Heron=0-25H,,
=u.4 - dry -
[4] 5 10 15 20 25
Time (s)
(b)

Fig. 7 The simulation tracking errors for small and
large brake : (a) speed errors of the lead car
and the follower, and (b) spacing errors be-
tween the lead car and the follower cars, the
results that without wheel slip effect also shown

for comparison
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fairly smooth, except for some fluctuations that
occur when the switching between throttle and
brake.

Figure 7(a) shows that the maximum speed
tracking errors between the speeds of the lead car
and the desired velocity (v;—vq) are 0.4 and 0.5
m/s for the large and small brake, respectively.
The maximum spacing errors between the lead
and the following cars are 0.35 and 0.4 m for the
large and small brakes, respectively, as shown in
Fig. 7(b) . The spacing errors without considering
slip effect are shown in Fig. 7(b) for comparison.
It can be seen that the spacing errors that includ-
ing slip effect are significantly larger than those
of without considering slip effect at large brake
(slip) . The speed and spacing errors in the brak-
ing regions are much bigger than those in the throt-
tle regions, for both the small and large brakes.

In order to show the wheel slip and tire force
during the control process. The wheels slip (o;

0.0 =

o

2 small brake

_‘? -0.1 ‘usnwzo‘25pdw -1
[

]

£ 2

¥ large brake
-0.2 s . : ;
0 5 10 15 20 25
Time(s)
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2000 T v T ———
1
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P-4 4
e L Bpow : small brake
® <2000 F T F' * Honow “snowzoesudry 7
2 FI ’ pdry
T Frotty
ry
£ -4000 | A 1
- - large brake u,
6000 N R A .
0 5 10 15 20 25
Time(s)
(b)

Fig. 8 The simulation wheel slip (a) and tire force
of lead and follow cars (b)
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and ds), and tire force (F; and Fy) of the lead
and following cars for both the small and large
brakes are shown in Figure 8(a) and (b), respec-
tively. The desired (Pya) and actual (P,) wheel
brake pressures, and engine/brake torques (zes
and 7p;) for both small and large brakes are shown
in Figure 9(a) and (b).

Figure 10(a) and (b) show the maximum values
(in the simulation time region from 0 to 255s) of
wheel slip and spacing errors of the lead and
following cars depend on adhesion ratios for the
small brake acceleration profile (as shown in
Fig. 5). When the adhesion ratio (of the cars re-
lative to the value on dry road condition), s/ tlary,
is reduced from 1 to 0.25, the maximum wheel
slip changed slowly, while the maximum spac-
ing errors remains almost unchanged, because the
maximum wheel slip is smaller than the critical
value, 0.%0.2. However, when g/ gty further de-
creases from 0.25 to 0.19 (as shown in the insert),
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Fig. 9 The simulation brake pressure (a) and en-
gine/brake torque of the lead car (b)
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the maximum wheel slip rapidly increased to ~0.6
(larger than the critical value, 6.%0.2). The anti-
lock control take action to prevent the wheel to
be locked, while larger spacing error would be
generated as the desired brake deceleration was
larger than the brake deceleration provided by the
antilock control process. The maximum spacing
error for the lead car (relative to the desired posi-
tion of the car) increased to ~3.5 m. The maxi-
mum spacing error for the following car first in-
creased from 0.5 to 1.1 m, and then decreases to
0.5 m, due to the lead car experienced large wheel
slip and spacing error. This is based on the sup-
position that adhesion ratio and wheel slip would
not significantly increase the maximum spacing
error for the control process used in this study,
as long as the wheel slip is less than the critical
value.

In order to demonstrate the effect on non-con-
stant adhesion road condition (Pauwelussen et
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Fig. 10 The simulation wheel slip (a) and spacing
errors (b) depend on adhesion ratio
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al., 2003 ; Suh et al,, 2002), an equivalent adhe-
sion coefficient, ££,=027 (0.94+0.1sin(5¢)) ttary,
was used in the simulation (Ray, 1997 ; Ono et
al.,, 2003). The simulation results of wheel slip
and car/wheel velocity were shown in Fig. 11(a)
and (b), respectively. It can be seen that the wheel
slip and car/wheel velocity also oscillation corre-
sponding to oscillation period of the effective
adhesion coefficient. In some regions the wheel
slip is larger than the critical value (0.~0.2)
since the effective adhesion coefficient is smaller
than the critical value on a dry road condition
(1e=0.27 X 0.8 ttary=0.21 ptar) , and the large wheel
slip was controlled by the antilock slide control
and the oscillation of adhesion. Therefore, to ob-
tain the desired speed or spacing contro} profile,
the acceleration limit for the wheel likely to be-
come locked (or antilock control) was determin-
ed by the minimum adhesion of the oscillation.

0.2 T T T T

Wheel slip o

1=0.27[0.9+0.1sin(50)], i}
0.6 [ »=027[0.9+0.1sin{3)y,,
0 5 10 15 20 25
Time(s)

dry

35 y . T —

10 b ,ui=0.27[0.9+0(1Sin(St)}ydw i 3
4,=0.27[0.9+0.1sin(3t)]u,,, ¥
5 . , . .
0 5 10 15 20 25

Time (s)
(b)
Fig. 11 The simulation wheel slip (a) and car/wheel

Car/wheel velocity ( m/s )

velocity (b) depend on periodic oscillation
slip coefficient on snow road
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In other word, the wheel would easily become
locked in either unstable adhesion or bumping
road condition (oscillation of the tire force).

7. Conclusions

In this study, we investigated vehicle longitudi-
nal brake control with wheel slip using the brake
hydraulic dynamics of master/slave cylinders with

variable sliding parameter 4,= (_381311/4) < %11)}” >,,>0.5'

the pushrod force as the end control parameter,

and an antilock sliding control processes. The simu-
lation results for both small and large brake pro-
file show that the velocity and spacing errors in
the brake region were slightly larger than those
obtained in the case where wheel slip effect is not
considered. The maximum spacing errors of the
lead car and follower were insensitive to the ad-
hesion ratios, provides that the wheel slip is less
than the critical value. The acceleration limit for
the antilock sliding control under non-constant
adhesion road conditions was determined from
the minimum of the equivalent adhesion coeffi-
cient. The antilock sliding control with pushrod
force as the end control parameter, provides rela-
tive smooth wheel slip and car/wheel velocity, in
comparison with the results of the typical ABS.
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