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Abstract—Hardware-In-the-Loop (HIL) of simulation
policy is used as a rapid and economical tool for
developing automotive systems effectively and for
dangerous situations tests such as extreme road
conditions or high travelling speeds. A method for
building a HIL of simulation a hydraulic Antilock
Braking System (ABS) based on MATLAB/Simulink is
presented in this paper. The systemis implemented for
research purposes as well as for the application in
educational process. It can help the user heightening the
efficiency when developing the electronic device. Also,
the system can be used as teaching demo software.
Experiment tests of HIL scheme were carried to ensure
the feasibility and effectiveness of the system.

Index Terms— Hardware-in-the-loop, Simulink, ABS,
Hydraulic

I. Introduction

The reason for the development of antilock brake
systems (ABS) is in essence very simple. Under brake,
if one or more of a vehicle’s wheels lock (begins to skid)
then this has a number of consequences such as:

a) Braking distance increases.
b) Steering control is lost.
c) Tire wear will be abnormal.

The obvious consequence is that an accident is far
more likely to occur. ABS is recognized as an
important contribution to road safety as it is designed to
keep a vehicle steerable and stable during heavy
braking moments by preventing wheel lock. It is well
known that wheels will slip and lockup during severe
braking or when braking on a slippery (wet, icy, etc.)
road surface. This usually causes a long stopping
distance and sometimes the vehicle will lose steering
stability [1-5]. The objective of ABS is to manipulate
the wheel slip so that a maximum friction is obtained
and the steering stability (also known as the lateral
stability) is maintained. That is, to make the vehicle
stop in the shortest distance possible while maintaining
the directional control. The ideal goal for the control

Copyright © 2013 MECS

design is to regulate the wheel velocity. The
technologies of ABS are also applied in traction control
system (TCS) and vehicle dynamic stability control
(VDSC) [6].

To meet the need of the researches, we built the HIL
Simulator system for ABS. Though it is cheap, the
simulating result lies on the quality of the model.
Furthermore, in real world, because of the complexity
of the physical system, it is difficult to build the model.
Moreover, vehicle test is affected by many factors, such
as hardware and environment condition, and difficult to
simulate some limit conditions, also, test is expensive.
So it can’t be used in all fields. Hard ware-in the-loop
Simu lator can get over the shortage [7-10]. With the
help of this system, you can heighten the efficiency
when you develop electronic devices. It can cut down
the tests on vehicles. Also, it can be used as teaching
demo software.

In section 2, the HIL simulation is illustrated. While
in section3, the experimental results are shown. Finally
the conclusions are given.

Il. Hardware-in-the-loop of Simulation

This section presents the hardware-in-the-loop
experimental method. Fig. 1 shows the hardware and
software parts used in HIL experiments. The hardware
comprises of a brake handle, brake pump, hydraulic
servovalves and force sensor. The software comprises
the vehicle dynamics, wheel dynamics, and tire model.
The vehicle dynamics, wheel dynamics and the tire
model are presented in [11].

In this section the mathematical model of the
simu lation parts (vehicle model) is presented. For the
design and testing of braking system, a simple but
effective quarter-car model is typically used.

2.1 Vehicle and Road Model

According to Newton’s second law, the dynamics of
the quarter-car braking model can be represented by the
following equations:
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Jo=1E =T,
mv = —F, &)

In (1), ® is the angular speed of the wheel; v is the
longitudinal speed of the vehicle; T, is the braking
torque; Fy is the longitudinal road-tire contact force; J,
m and r are the momentum of inertia of the wheel, the
quarter-car mass, and the wheel radius, respectively.

Throughout this paper, the normalized linear wheel
deceleration n = —wr /g willbe used. Observe that n is
the linear deceleration (expressed in [m/s?]) of the
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contact point of the tire, normalized with respect to the
gravitational acceleration g. It is particularly useful
since it can be easily compared with the vehicle
deceleration. The dynamic behavior of the system is
hidden in the expression of F,, which depends on the
state variables v and ®. The most general expression of
Fy is quite complicated, since F, depends on a large
number of features of the road, tire, and suspension;
however, it can be well approximated as follows:

E =E@& B, 6,) )

Electrohydraulic
servovalves

V.2 (Dynamic model
of vehicle)

=

j Speed meter

Fig. 1: Main parts of HIL simulation for the ABS

In Fig.2, F; is the normal force at the tire-road contact
point; 4 is the longitudinal slip; g is the side-slip angle
of the wheel; 6, is a set of parameters which
characterize the shape of | Expression (2) can be
further elaborated. The vertical load can be simply
described as F,= mg, while the longitudinal slip is given

by
V—wr w
A= - = 1- T 3)
In the rest of the paper it is assumed that the braking

maneuver is performed along a straight line.
Accordingly, the dependence of F, on S will be omitted:

E. = mgu(;6,) = mgu (v_wr- GT) @

’
v
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Normal Force

Fig. 2: Quarter-car model
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Several tire friction models describing the nonlinear
behavior are reported in the literature. There are static
models as well as dynamic models. The magic formula
which was derived heuristically from experimental data
is the most simple and widely-used model for |t

uQ,v) = [¢;(1 — exp (=AC,) — AC;lexp(—C,Av) (5)

Table 1: Friction parameters

Surface conditions | C1 C2 C3
Asphalt, dry 1.029 17.16 05,23
Asphalt, wet 0,857 33,822 0,347
Concrete, dry 1,1973 25,168 0,5373
Cobblestones, dry 1,3713 6,4565 0,6691
Cobblestones, wet 0,4004 33,708 0,1204
Snow 0,1946 94,129 0,0646
Ice 0,05 306,39 0

where the parameters are specified for different road
surfaces (see Tabel 1), [12]. The parameters in (5)
denote the following:

C; maximum value of friction curve

C friction curve shape

C;  friction curve difference between the
maximum value and the value at A=1

C,  wetness characteristic value and is in the range
0.02-0.04 s/m

By plugging (4) into (1), we finally obtain the
following expression of the quarter-car model:

Jw =rmgu (v;i) —T,

mv = mgu (v_wr)

v

(6.2)

As already remarked, in (6.2) the state variables are ®
and v. Since o, v and A are linked by the algebraic
relationship (3), it is possible to replace the state
variable ® with L. This can be obtained by plugging the
following two relationships

i r rw v 12
:——’-{——" = — —
vw vzv @ r( )

into the first equation of (6a), so obtaining:

) 1 (-  r? r
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6.b
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Finally, there is the relationship between the pressure
at the slave cylinder and the brake torque generated.
Under steady state conditions a quasi-linear relationship
can be assumed as follow:

T, = CugAyRph,

Where ¢ is mechanical efficiency, g is brake lining
coefficients of friction, A, is the effective wheel-
cylinder piston area, Rg is mean effective radius of
brake lining contact, and P,, is brake pressure. However,
that relationship changes with temperature, vehicle
speed, friction material and several other parameters.
Unfortunately many of these states are immeasurable in
real time and therefore inadequate for control.

I11. Results

As the model is used in the context of HIL system, it
has to run in real-time on the target. The model is
embedded as an S-function into a Simulink model by
using Simulink interface block [13]. By this way, the
new set of parameters can be passed into the model in
the form of an array of double values.

The HIL system presented in this paper is a very
cost-efficient system, which is based on a normal PC
platform. The communication between the simulation
PC and the ABS test bench is realized. The
performance of the ABS HIL system signals such as;
ABS input, the displacements of the spools, pressures of
the master cylinder sides, and its displacement are
recorded and illustrated in Fig. 3. While Fig.4 shows the
response of ABS and its master cylinder to foot brake
push.

5
4 ! == ABS input
3 - Spool displacement (1)
[x0.1mm]
Z ——Spool displacement(2)
[x0.1mm]
1 A A A A A 1
= Pressure(1) [MPa]
0
0 0 65 3] 1 1.2 ——Pressure(2) [MPa]
o = B B B Vv
—=Cylinder displacement
-2 [x10mm]
Time [s]

Fig. 3: The performance of the ABSHIL system
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10 Foot brake
(Max 30deg.) .
" Foot brake input
= Cylinder displacement
6 ABS input
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B / 20mm
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Fig. 4: the response of ABSand its master cylinder to foot brake push

IV. Conclusion

Real-time HIL simulation technology is increasingly
becoming an important tool for the development of
much higher quality vehicle electronic controllers of
ever control system with greater complexity and
sophistication. This hardware-in-the-loop simulator
systemof ABS can show how the electron devices work
in a rapid and economical method. The Matlab language
is used to modeling and simulation of the virtual vehicle
dynamic model. As in the modeling and simulation
process, these enable it to settle the problem of different
domain coupling, such as control algorithm, electronics
and mechanical, etc. The nice interface makes the
systemeasier to use as teaching demo software. Finally,
the experiments results indicate that modeling and HIL
scheme for evaluating ABS is effective and feasible.
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