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Development of an Antilock Brake System for
Electric Vehicles Without Wheel Slip and

Road Friction Information
Kyoungseok Han , Byunghwan Lee, and Seibum B. Choi , Member, IEEE

Abstract—This paper presents a control method of an antilock
brake system (ABS) for electric vehicles. For decades, serious ef-
forts have been dedicated to designing a wheel slip-based ABS
controller, but there are some inherent flaws. To realize a robust
control system, the wheel slip and road friction information are
generally required. Unfortunately, however, these parameters can-
not be accurately measured in production vehicles. The method
suggested in this paper is aimed at solving these problems by ex-
ploiting the nonlinear characteristics of tire force. The optimal
wheel slip can thereby be found without wheel slip and road fric-
tion information. We employ the motor as an actuator instead of a
conventional hydraulic brake system at the front wheels. However,
the rear wheels are still hydraulically controlled. That is, the front
and rear wheels have different roles in the proposed method. This
hardware configuration can be changed for control purposes, so
the proposed approach is not designed for a specific hardware con-
figuration. The performance of the proposed method is confirmed
by simulations and real vehicle-based experiments.

Index Terms—Antilock brake system (ABS), wheel slip control,
sliding mode control, electric vehicles, in-wheel motors.

I. INTRODUCTION

THE antilock brake system (ABS) is a representative tech-
nology for longitudinal vehicle dynamics control systems.

The primary function of the ABS is to prevent excessive or insuf-
ficient wheel slip, meaning that the vehicle can decelerate with
maximum braking while maintaining the vehicle’s steerabil-
ity [1]. To achieve this objective, appropriate wheel slip control
should be established, taking into account the given road friction
information that determines the physically available maximum
deceleration of the vehicle.

Manuscript received June 30, 2018; revised December 11, 2018 and March
14, 2019; accepted April 8, 2019. Date of publication April 17, 2019; date of
current version June 18, 2019. This work was supported in part by Hyundai
Motor Company, in part by the National Research Foundation of Korea (NRF)
funded by the Korean government (MSIP) under Grant 2017R1A2B4004116,
and in part by the BK21+ program through the NRF funded by the Ministry of
Education of Korea. The review of this paper was coordinated by Prof. T. Shim.
(Corresponding author: Seibum B. Choi.)

K. Han is with the University of Michigan, Ann Arbor, MI 48109 USA
(e-mail:,kyoungsh@umich.edu).

B. Lee is with the Hyundai Motors Group, Uiwang-si 437-815, South Korea
(e-mail:,bhlee1060@hyundai.com).

S. B. Choi is with the Korea Advanced Institute of Science and Technology,
Daejeon 305-806, South Korea (e-mail:,sbchoi@kaist.ac.kr).

Digital Object Identifier 10.1109/TVT.2019.2911687

A. Literature Review

The numerous attempts to obtain road friction information in
real-time have been made by many researchers [2]–[8], but their
performance has not reached a satisfactory level.

In addition, the wheel slip determined from vehicle and wheel
speed information is very inaccurate in production vehicles,
but implementing a wheel slip-based ABS algorithm requires
accurate wheel slip information. Although there have been many
literature which attempted to estimate the wheel slip based on
measured longitudinal acceleration, the drift and offset of the
estimated values were inevitable [2], [3].

To summarize, these two inaccurate vehicle and/or tire param-
eters, i.e., road friction and wheel slip, are the main obstacles
for preventing wheel slip-based control.

In order to overcome these technical shortcomings, the ABS
controllers developed for production vehicles are usually de-
signed based on a rule-based algorithm, which requires heavy
computational burden and limits the control performance for
safety reasons [1]. Therefore, the widely adopted ABS algo-
rithms in production vehicles are not designed to track the
optimum wheel slip point where maximum braking force is
generated. Instead, most of the mass production systems em-
pirically determine the reference wheel slip. This is done by
considering the wheel acceleration in a control loop and a set
of corresponding rules. It is normally activated when one of
the four wheels decreases rapidly. The reduced wheel speed is
recovered at the appropriate speed by controlling the hydraulic
valves in the brake systems. Since the appropriate speed does
not imply an optimal speed, robust wheel slip-based control that
tracks the optimal wheel speed, not a rule-based method, has
a potential to significantly improve the control performance in
production ABS.

However, as mentioned earlier, there are two main difficulties
in implementing a wheel slip-based control. First, the desired
wheel slip, which varies significantly depending on road fric-
tion, is not explicitly given in actual driving [9], [10]. Because
the road friction information cannot be estimated accurately, the
desired wheel slip is also not easily defined. That is, the desired
value that the state variable of the control system should track
is not clearly defined. Further exacerbating the situation, the
current state variable (real-time wheel slip) is also very inaccu-
rate in production vehicles, which is a second challenging issue.
In summary, unlike the conventional control situations, when
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designing ABS, neither the desired value nor current value is
given. This is why the rule-based algorithms are widely accepted
in automotive manufacturing.

Many previous studies have attempted to improve the wheel
slip-based ABS control performance. However, the following
drawbacks need to be further researched to increase the feasi-
bility.

Most of the previous methods assumed that the desired wheel
slip has been given in advance [11]–[14], which can also be
interpreted to mean that road friction information is available in
real-time. However, as mentioned, this is not always possible.
In [15], a practical ABS control algorithm is presented under
the assumptions that wheel slip is not being measurable, and
optimal slip is not also given. However, the algorithm should
be verified with more accurate models to consider the real driv-
ing. In addition, some studies using the quarter car model [16],
[17] do not consider the dynamic weight shifting effect, which
significantly influences the control performance. That is, ac-
tual vehicle-based experimental validation has often been re-
placed by simulation or simplified hardware-in-the-loop (HIL)
testing. However, in general, the simulation results are very dif-
ferent from actual experimental results of production vehicles.
Therefore, the algorithm development process should be com-
bined with numerous experiments to consider practical issues
that cannot be explained by general mathematical principles.
In this way, the robustness of the developed algorithms can be
improved. Although the developed wheel slip algorithm is ver-
ified using experimental vehicle, the used actuators are over
specification for mass production considering cost competitive
[18], [19].

B. Research Contribution

This paper focuses on practical aspects. The developed al-
gorithm does not require road friction information and current
wheel slip. We use the nonlinear characteristics of the tire force
to overcome the insufficient amount of information mentioned
above. The wheel slips were controlled based on the monitored
signs of the time derivative of two major state variables. This
was possible due to the special structure of the sliding mode
controller that is used.

In addition, the front and rear wheels play different roles. Us-
ing the fast dynamics of the motors, the front wheels continue
to find the optimal wheel slip point and real time front wheel
speed is defined as the desired wheel speed. At the same time,
the rear wheels are controlled to track the desired wheel speed
defined from the control results of the front wheels. This is a
central part of the proposed method. To verify the robustness
of the developed method, simulations and real vehicle-based
experiments were conducted and the results demonstrated its
feasibility. Also, the test vehicle is identical to the commer-
cially available vehicle, and the specification of the actuator is
appropriate for mass production.

C. Paper Organization

The remainder of this paper is organized as follows. In
Section II, we discuss the well-known problems of the conven-

Fig. 1. Tire friction-slip curves based on Pacejka Tire Model.

tional ABS and present an overview of the proposed method.
The detailed design process of the controller is shown in
Section III. We present simulation and experimental results in
Sections IV and V, and conclude the paper in Section VI.

II. CONVENTIONAL ABS AND OVERVIEW OF

PROPOSED METHOD

Before introducing the developed control method, technical
shortcomings of the conventional ABS are reviewed in this
section. In addition, the main considerations of this paper are
overviewed.

A. Technical Shortcomings of Conventional ABS

The wheel slip during braking is defined as follows:

λ =
reω − Vcar

Vcar
. (1)

where re is the effective wheel radius, ω is the wheel angular
speed, and Vcar is the absolute vehicle speed.

As mentioned earlier, Vcar is not provided in real-time on a
production vehicle and re is also not always constant. There-
fore, the current wheel slip λ cannot be measured accurately. In
addition, the friction curve of Fig. 1 which is formulated based
on Pacejka tire model [20] depicts that the optimal slip point
λd that gives the maximum friction force varies significantly
depending on the road surfaces. Unfortunately, this maximum
friction force, i.e., road friction, is not provided in the real world,
which means that the vehicle should be controlled without road
friction and wheel slip information.

If λd and λ are provided in actual driving, a cost function J to
be minimized is defined as follows:

arg min
u

J = f (‖λ − λd‖n ) . (2)

Here, u is the control input such as motor and/or brake torque.
The control performance will not be substantially different

regardless of the controller type if the cost function of (2) is
well defined. However, this is a challenging task, as described
above, and thus adopting an ABS controller that relies solely on
wheel slip information should be avoided for safety reasons.

In addition, even if a cost function J is well defined, there
is still a major problem to be solved. The dynamic response of
the actuator is an important factor that determines the control
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Fig. 2. Electric powertrain architecture of the target vehicle.

performance. In general, a low control actuation time delay
and high actuator bandwidth are desired to ensure satisfactory
performance. Therefore, in this paper, a motor that generally
has a fast-dynamic response is employed as an actuator at the
front wheels. In addition, hydraulic brake system is also used to
control the system in a wide range of areas at the rear wheels.
The electric powertrain architecture of the target vehicle will be
discussed in the next section.

B. Overview of Proposed Method

We aim to design a robust ABS controller without wheel
slip and road friction information. The main difference between
the conventional and proposed approach is that the hydraulic
brake and the regenerative brake are integrated to take advantage
of each actuator. Using the fast-dynamic characteristics of the
motor, the front wheels are used to find the reference value.
Correspondingly, the rear wheel tracks the defined reference by
controlling the hydraulic brake system.

To increase the feasibility, the proposed method is developed
with consideration of the following factors:

(i) Only measurable sensor signals in the production vehi-
cles are used when designing the controller.

(ii) The motors used as the actuators are assumed to have a
dynamic response that is fast enough to find the optimal
wheel slip point.

(iii) The estimation processes required at intermediate steps
such as vehicle and tire model parameters are mini-
mized.

With the above-mentioned points in mind, we present a ro-
bust wheel-slip based ABS controller and conduct numerous
simulations and experiments to verify the developed algorithm.

III. CONTROLLER DESIGN

A. Description of Powertrain Architecture

Fig. 2 describes the electric powertrain architecture of the
target vehicle. This is a type of parallel hybrid systems, but the
main distinction is that additional in-wheel motors (IWMs) are
employed at the front wheels. Basically, the target vehicle is

Fig. 3. Nonlinear tire force curve, and the behaviors of tire force and slip near
the optimal slip point.

rear wheel drive, but a part-time four wheel drive system can be
realized by operating IWMs. Due to this particular powertrain
configuration, we can propose a new control method.

Because the IWM’s response is much faster than that of a
conventional hydraulic system [21], [22], the front wheels are
suitable for finding the optimal wheel speed for maximum vehi-
cle deceleration. We denote this process the cycling control, and
details of the process are discussed in the next sub-section. The
rear wheels are controlled by the conventional hydraulic brake,
and they track the defined speed from control results of the front
wheels. By adopting this cycling control, the need for defining
cost function in (2) can be eliminated in the entire algorithm.

B. Dynamic Model of the Wheel

The rotational dynamics for the wheel during braking is ex-
pressed as follows:

Jw ω̇f /r = reFx,f /r − Tb,f /r + α, (3)

where Jw is the wheel inertia, Fx,f /r is the front/rear tire force,
Tb,f /r is the brake torque, and α � 1 is the negligible uncer-
tainties, such as aero effect and rolling resistance.

Since the front and rear wheels are controlled using the dif-
ferent actuators, Tb,f /r is defined as follows:

Tbf = Ktim = ηrTb,t , (4)

Tbr = κrPmc = (1 − ηr )Tb,t . (5)

where Kt is the motor constant, im is the current passing through
the motor, κr is the brake gain for the rear wheels, Pmc is the
pressure of the master cylinder, Tb,t is the total brake torque and
ηr is the brake torque distribution ratio where 0 < ηr < 1.

C. Nonlinearity of Tire

As shown in Fig. 3, the longitudinal tire force varies depend-
ing on the wheel slip, and maintaining the current wheel slip
λ at the optimal slip point λd is the ultimate goal of ABS. As
mentioned, if both λ and λd are given in real-time, the goal of
ABS can be easily achieved, but this practical issue is challenge,
which prevents the introduction of slip-based ABS.
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TABLE I
THE SIGNS OF THE TIME DERIVATIVE OF TIRE FORCE AND WHEEL SLIP

The time derivative of (1) is as follows:

λ̇ =
re

Vcar
ẇ

︸ ︷︷ ︸

(a)

− rew

V 2
car

ax

︸ ︷︷ ︸

(b)

, (6)

where ax is the acceleration of the vehicle.
Since the rotational motion of the wheel oscillates signifi-

cantly when the ABS operates, the magnitude of λ̇ is mainly
determined by (a) in (6). Therefore, the sign of λ̇ near the opti-
mal slip λd is approximated as follows:

sgn(λ̇) ≈ sgn(ẇ), (7)

This is because Vcar and re are always positive. As seen
from Fig. 3, Fx begins to decrease when the current wheel slip
λ passes through λd . Therefore, the sgn(Ḟx) changes at this
point.

Based on these relationships, the following is derived:

sgn(λ − λd) ≈ sgn(Ḟx · ẇ), (8)

Although the magnitude of (λ − λd), which is generally used
as a cost function in conventional wheel slip-based ABS (2), is
difficult to determine, at least its sign can be determined based
on (8) near the optimum wheel slip point.

Table I depicts the signs of λ̇, Ḟx , and their products. Our
approach relies on the fact that sgn(Ḟx , ·ẇ) has a different sign
based on the optimal wheel slip point, λd . We present a cycling
control method using this relationship.

D. Tire Force and Wheel Speed Observers

As described in the previous sub-section, the sgn(λ − λd)
can be derived from (8). In production vehicles, w can be mea-
sured quite accurately when the wheel speed is above 10 km/h.
However, the time derivative of w is easily contaminated by
noise, which can provide an incorrect sign of ẇ. In addition, the
tire force Fx is not given in production vehicles. Therefore, tire
force and wheel speed observers are designed.

This paper adopts the wheel speed and tire force estimation
strategy in [10], [23], [24] as follows:

˙̂ωf =
re

Jw
F̂xf − 1

Jw
Tbf + l1 (ωf − ω̂f ) , (9)

˙̂
Fxf = l2 (ωf − ω̂f ) , (10)

where l1 and l2 are the non-negative gains and their magnitudes
are determined by considering the physical estimation error
bounds, as in our previous work [10]. Also, the stability of
the designed observers is analyzed as in [10].

Since the constructed observers in (9) and (10) are strongly
related to each other, sgn(Ḟx , ·ẇ) is consistent. In addition,
contaminated measurement in w by noise is filtered out by the
feedback term. Based on this, sgn(λ − λd) can be assumed as
sgn(Ḟx , ·ẇ) near the optimal slip point.

E. Front Wheel Cycling Control

As mentioned earlier, the IWMs at the front wheels are used
to find the optimum slip point. When the magnitude of the front
tire slip exceeds the desired slip point (|λ| ≥ |λd |), the IWM is
controlled to reduce the exerted torque.

The switching surface is generally defined as follows:

s1 = λf − λf d , (11)

The control objective is to make s converge to zero. This can
be achieved by defining a control law including feed-forward
and feedback term.

In order to demonstrate the overall stability of the observer
and controller, the following Lyapunov function candidate is
defined:

V =
1
2
s2

1 +
1
2
e2, (12)

where e = ωf − ω̂f .
The time derivative of (12) is calculated as follows:

V̇ = s1
(

λ̇f − λ̇f d

)

+ e
(

ω̇f − ˙̂ωf

)

, (13)

Substituting (3), (6), and (9) into (13) results in,

V̇ = s1

(

re

Vcar
ẇf

)

+ e

(

re

Jw
F̃xf − l1e

)

, (14)

In (14), λ̇f d is assumed to be zero because a homogeneous
road surface is considered in this paper, and F̃xf = Fxf − F̂xf .
In addition, only (a) of (6) is considered since the region near
the optimal slip point is the area of interest.

Subsequently, (14) can be manipulated by considering wheel
dynamics model as follows:

V̇ = s1

{

re

Vcar

(

re

Jw
Fxf − 1

Jw
Tbf

)}

+ e

(

re

Jw
F̃xf − l1e

)

,

(15)
The control law is defined as follows:

u = Tbf = reF̂xf + η
Jw Vcar

re
sgn(s1), (16)

where η is the positive control gain and F̂xf is determined from
the constructed observer.

To ensure the asymptotic stability of (15), the following con-
dition is satisfied:

V̇ < 0 for s1 �= 0. (17)

Substituting (16) into (15) leads to:

V̇ = −η · s1 · sgn(s1) − l1e
2 − reF̃xf

Jw e

(

ree

Vcar
s1 − e2

)

,

(18)
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Fig. 4. The relationship between tire force and wheel slip on different road
surfaces.

Equation (18) satisfies the stability condition of (17) by Bar-
balat’s lemma [25] if the control gain (η) and observer gain (l1)
are defined as follows:

l1 > Ce1 ≥
∥

∥

∥

∥

∥

reF̃xf

Jw e

∥

∥

∥

∥

∥

1

, (19)

η > Ce2 ≥
∥

∥

∥

∥

∥

F̃xf r2
e

Jw Vcar

∥

∥

∥

∥

∥

1

. (20)

where Ce1 and Ce2 are the positive constants, and they can be
determined by considering physical bounds of magnitudes of
the estimation errors [26], i.e., F̃xf and e.

Thus far, the conventional sliding model controller has been
designed. However, as mentioned earlier, s1 of (16) is very
difficult to estimate or measure. Therefore, the following control
law that exploits the derived relationship in (8) is presented
instead of (16):

u = Tbf = reF̂xf + η
Jw Vcar

re
sgn( ˙̂

Fxf · ˙̂wf ). (21)

Usually, the sgn(·) term of the sliding controller is replaced
by the sat(·) term to reduce control chattering, which is a widely
known disadvantage of sliding mode control [27]. However, the
suggested control law (21) instead exploits this disadvantage to
find the optimal slip point. Through motor control using (21),
the front wheels are controlled to cycle around the optimal point
regardless of the road surface. On the basis of this method, the
technical issue of the conventional ABS, i.e., unknown λ and
λd , can be resolved theoretically.

However, due to the high sensitivities of ˙̂
Fxf and ˙̂wf , the

robustness of (21) for various types of road surfaces should be
further ensured sufficiently. For example, several road surfaces,
especially those with low friction, do not explicitly display the
peak point at the tire force versus slip curve. Consequently, the
magnitude of the absolute value of tire force increases mono-
tonically without reduction, and (21) results in locking up of the
wheels.

As illustrated in Fig. 4, the instantaneous slip-slopes, i.e.,
∂Fxf /∂λ, converge to around zero regardless of the surface
types, as the absolute value of wheel slip increases. If the target
slip-slope ξd is specified with a safety margin other than zero,

Fig. 5. Saturation function with asymmetrical smoothing factors.

at least the controlled wheel will not be unstable on surfaces
where the peak slip point is not explicitly expressed.

The instantaneous slip-slope near the optimal slip point can
be defined as follows:

ξ =
∂Fxf

∂λ
=

∂Fxf

∂t
· ∂t

∂λ
=

Vcar
˙̂

Fxf

re
˙̂wf

. (22)

We assume that the estimated state variables from the con-
structed observers in (9) and (10) are free from measurement
noise by applying the filtering technologies. A certain level of
rule-based filtering is inevitable to ensure the robustness. There-
fore, (22) can be assumed to provide a fairly accurate slip-slope
near the optimum point.

We present the following control law instead of (21):

u = Tbf = reF̂xf + η
Jw Vcar

re
sat [(ξ − ξd)/Φ1,2] . (23a)

For convenience, we define the sliding surface as follows:

s2 = ξ − ξd . (23b)

where ξd is the predefined desired slip-slope with a safety margin
and can be determined by numerous experiments considering
the vehicles type, size of the wheel, and other uncertainties.

In addition, Φ is a smoothing factor that reduces the ampli-
tude of control chattering. As shown in Fig. 5, the smoothing
factors are specified with asymmetrical values, i.e., |Φ2| > |Φ1|,
because rapid brake torque reduction must be performed to pre-
vent locking up of the wheels. In contrast, it is desirable to apply
the brake torque slowly when approaching the optimal slip point.
Also, since Vcar cannot be measured accurately in real-time in
production vehicles, Vcar is derived from the maximum value
of rear wheel speeds, i.e., V̂car = f(Pmc) · max(rewrl , rewrr ).
Here, rl and rr indicate the rear left and rear right tires, and
f(Pmc) ∈ [0.9, 1] is a correction factor to compensate for this
speed approximation error that needs to be tuned empirically
and is given as a look-up table indexed by measurable master
cylinder pressure. The f(Pmc) decreases nonlinearly as Pmc

increases. This speed approximation is effective until the rear
wheel’s speeds are controlled independently of the master cylin-
der pressure, which is a common method of the production ABS
control system. However, in this paper, unlike the front wheels,
the rear wheels are controlled by master cylinder pressure, so
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this approximation holds always. The control method for the
rear wheels is introduced in the next sub-section.

Moreover, compared to the slip-based controller, the proposed
approach is less sensitive to the speed approximation error de-
fined above. Let λ̂ = rω−V̂ c a r

V̂c a r
be the slip calculated with the

approximated speed V̂car , then the difference compared to the
actual slip λ is defined as follows:

eλ =
λ − λ̂

λ
=

reω(V̂car − Vcar )
V̂car (reω − Vcar )

. (24)

Similarly, we can define the instantaneous slip-slope ξ̂ calcu-
lated with V̂car as,

ξ̂ =
V̂car

˙̂
Fxf

re
˙̂wf

. (25)

The difference caused by the speed approximation error can
be defined as similar to (24):

eξ =
ξ − ξ̂

ξ
=

Vcar − V̂car

Vcar
. (26)

Now we analyze the relative size of (24) and (26):

eλ

eξ
=

Vcar

V̂car
︸︷︷︸

l

· reω

(Vcar − reω)
︸ ︷︷ ︸

m

. (27)

Without proof, we can conjecture the magnitude of l is close
to one, i.e., l ∼= 1, and m ∈ R	1 is much larger than l. Therefore,
the ratio between eλ and eξ can be assumed as,

eλ

eξ
	 1 → eλ 	 eξ . (28)

Based on (28), we can conclude that the proposed approach
is much less influenced by the speed approximation error than
with conventional slip-based controller.

As seen from (23a), the performance of designed control law
is determined by the estimated tire force F̂xf and wheel speed
ŵf . Therefore, the observer gain selection is a crucial task, and
we follow the strategy of previous our work in [10] where the
robustness of designed observer is sufficiently verified by the
simulations.

F. Continuous Slip Control for Rear Wheel

By monitoring the cycling patterns of the front wheels, the
desired wheel speed could be defined in previous section. The
monitored front wheel speed was smoothed using a low-pass
filter and a rate limiter considering the physical constraints of the
vehicle and the actuator. This is why we intentionally oscillated
the front IWMs, and now the controller for the rear wheels is
conventionally established as follows.

The switching surface is defined as the wheel speed error as
follows:

s3 = ωr − ωrd, (29)

where ωrd is the desired rear wheel speed defined by monitoring
the cycling patterns of the IWMs.

Fig. 6. Overall architecture of the proposed ABS approach.

For the asymptotic stability, the following condition should
be satisfied:

ṡ3 = −γs3, (30)

where γ is the non-negative control gain.
Therefore, the control law for rear wheels is calculated as

follows:

ω̇r − ω̇rd = −γ (ωr − ωrd) , (31a)

re

Jw
Fxr − 1

Jw
Tbr = ω̇rd − γ (ωr − ωrd) , (31b)

Based on this, the desired rear wheel brake torque is as
follows:

u = Tbr = reF̂xr − Jw ω̇rd + Jw · γ (ωr − ωrd) . (31c)

Here, F̂xr is assumed to be an unknown parameter that varies
slowly, and hence an adaptive scheme [28] is considered.

A Lyapunov candidate function is defined as follows:

V =
1
2
s2

3 +
1

2ka

(

Fxr − F̂xr

)2
. (32)

The time derivative of the above function leads to:

V̇ = s3

(

re

Jw

(

Fxr − F̂xr

)

− γs3

)

− 1
ka

(

Fxr − F̂xr

) ˙̂
Fxr

= −γs2
3 +

(

Fxr − F̂xr

)
(

re

Jw
s3 − 1

ka

˙̂
Fxr

)

, (33)

where ka is the adaptation gain.
In order to satisfy (17), the adaptation law is established as

follows:
˙̂

Fxr = ka
re

Jw
s3. (34)

Now, the feed-forward term of (31c) is constructed by the
adaptation law of (34). Therefore, the established control law
of (31c) can control the rear wheels to track the desired wheel
speed.

G. Algorithm Overview

Fig. 6 illustrates the overall architecture of the proposed ap-
proach. Unlike conventional wheel slip-based ABS, the desired
wheel slip is not given. Moreover, the current wheel slip is not
measured or estimated in real-time. Instead, the estimated state

variables, i.e., ˙̂wf and ˙̂
Fxf , are used to control the front wheels.

As a result, the desired wheel speed for the rear wheels can
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be defined by monitoring the front wheel speed profile. This
is the major distinction between the conventional and proposed
method. Correspondingly, the rear wheels are controlled by a
hydraulic brake system using an adaptive scheme. In addition,
it can be confirmed that only the sensor signals available in the
production vehicle are used, which can improve the feasibil-
ity. Also, the designed controllers for the front and rear wheels
work independently at the same time. In fact, from a practi-
cal standpoint, it is suggested to change the role of the front
and rear wheels. Because the performance of vehicle deceler-
ation is mainly determined by the front wheel during braking,
the frequent oscillation of the front wheel may deteriorates the
whole control performance. Unfortunately, since the hardware
configuration was fixed and could not be changed easily.

This paper aims to propose a novel control concept for ad-
vanced ABS regardless of the hardware configuration, so the
proposed method is applicable to other hardware configuration,
i.e., front: hydraulic brake, rear: IWMs, both are hydraulic (con-
ventional) or IWMs (pure electric vehicle).

IV. SIMULATION RESULTS

To verify the effectiveness of the proposed method, simula-
tions are performed using CarSim, a high-fidelity vehicle dy-
namics solver package.

We specified the simulation environment as follows. An E-
class sedan vehicle model, provided by CarSim, is utilized,
and the simulations are performed in two scenarios on the low
friction surfaces. The model parameters of the vehicle are set to
be the same as a luxury sedan vehicle on the market. However,
to confirm the maximum achievable control performance, the
shorter update time is exploited, and the controller is operated
with a 5 ms sampling time that is fast enough.

The first simulation results are shown in Fig. 7, which does not
consider the actuation delay. As depicted in Fig. 7(a), the front
wheels are controlled by the IWMs and continuously find the
optimal wheel slip. Therefore, a certain amount of oscillation on
the control input (Tbf ) is inevitable. Accordingly, the hydraulic
brake control input (Tbr ) is imposed on the rear wheels to track
the front wheel speed, as shown in Fig. 7(a). Note that control
inputs to the rear wheels are applied at a relatively slower speed
compared with those of the front wheels. This is because the
dynamic responses of the actuators employed in this study are
different relative to each other, and we take advantage of these
characteristics.

Fig. 7(b) shows the speed trajectories of the vehicle and
wheels. As expected, the vehicle decelerates while maintaining
optimal wheel slip and the control performance can be assessed
from the vehicle deceleration results in Fig. 7(c). Theoretically,
the vehicle can decelerate up to 0.20 g because the surface
friction coefficient is set to 0.20. As depicted in Fig. 7(c), the
proposed method shows excellent performance until the vehicle
stops. Fig. 7(d) shows the wheel slip profiles for the front and
rear wheels. Since the rapid dynamic response of the IWMs is
exploited, the front wheels can be controlled to cycle around
the optimum slip point without under or over slip. It should be
noted that the results-above are not realistic since the actuator

Fig. 7. Simulation results on a low friction road surface (μ = 0.20) without
actuation delay.

dynamics are not modeled. Therefore, very high frequency of
wheel slip is observed, which can maximize the control perfor-
mance.

We next present the results in Fig. 8 when the practical aspects
of the actuators such as the bandwidth, pure time delay, and
slew rate were considered to describe the actual experimental
environment. These actuator dynamics may decrease the control
performance, but the results are more realistic. Fig. 8 illustrates
the results when the road surface transition occurs. This test is
performed to verify robustness of the proposed method against
surface environmental changes. The vehicle begins to decelerate
at the surface of μ = 0.4, and road friction is reduced to μ = 0.2
around t = 2 sec. As shown in Fig. 8(a), the relatively large
brake torques are applied when the vehicle is at the surface of
μ = 0.4 compared with that of Fig. 7(a), but the magnitude of
the absolute value of brake torques decrease from t = 2 sec,
which means that the algorithm can adapt to the new driving
conditions. The controlled wheels are unstable shortly when
surface transition occurs, but the designed controller stabilizes
the vehicle immediately, as described in Fig. 8(b) and (d). The
control performance can also be confirmed from the vehicle
deceleration profile in Fig. 8(c).

In addition to the verified scenarios, the proposed method is
effective even if the vehicle decelerates on the surface of split-
mu where the left and right wheels have the different optimal
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Fig. 8. Simulation results when the road surface transition occurs (μ =
0.40 → 0.20) with actuation delay.

slip points. The designed controller can detect the split-mu by
monitoring the estimated individual tire force in (10), and both
IWMs at the front wheels follow the wheel motion where a
smaller road friction is detected. For example, if the road friction
of the left wheel is 0.4 and the road friction of the right wheel is
0.2, the surface is considered as the homogeneous surface with
μ = 0.2.

Although the effectiveness of the algorithm in this simula-
tion environment is demonstrated, the practical issues of actual
driving that are not explicitly included in the simulation should
be further investigated. Therefore, in the next section, we verify
the robustness of the algorithm for these aspects through real
vehicle-based experiments.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

The experiments were performed using a test vehicle on a
proving ground. Photo of a vehicle is given in the Appendix,
and the specifications of the vehicle model are summarized
in Table III, see Appendix. To monitor the actual vehicle state

Fig. 9. Experimental results on wet tile surface using rule-based ABS.

variables, an RT-3100 device that is an accurate GNSS-aided in-
ertial navigation system was installed inside the vehicle. Also,
the sensor signals required for the proposed algorithm were ob-
tained through a CAN bus monitoring system. The experiments
were conducted on two types of road surface: a wet tile surface
with μ ∈ [0.2, 0.3] and a Basalt surface with μ ∈ [0.3, 0.4].

B. Results

As shown in Figs. 9 and 10, the performance of the rule-based
ABS controller that is implemented on the production vehicles
was first verified for comparison purposes. Although the detailed
control algorithm of this benchmarked could not be revealed due
to the security reason, the mixed deceleration and slip control
method, i.e., rule-based control, might be implemented on the
test vehicle.

Fig. 9(a) describes the speed profile of the vehicle and wheels
on the wet tile surface. The individual wheels were controlled
by a conventional hydraulic brake system. It should be noted
that all four wheels oscillated significantly to prevent locking
up of the wheels, based on certain rules. As a result, Fig. 9(b)
exhibits a wide range of changes in vehicle deceleration, which
causes poor ride quality.

In addition, the large variations in individual wheel slip are
observed in Fig. 9(c). Although the vehicle did not lose stability
due to the rule-based ABS controller, individual tire stayed at
optimum slip point for only a few seconds, which increases
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Fig. 10. Experimental results on Basalt surface using rule-based ABS.

the braking distance. It should be noted that braking distance
is inversely proportional to average vehicle deceleration. In all
experimental scenarios, it is not possible to repeat exactly the
same experiment to compare the braking distances according to
different controls, so we utilize the average vehicle deceleration
as a performance index for a fair comparison.

Fig. 10 shows the performance of the conventional ABS us-
ing the same test vehicle on a Basalt road surface. Since the
road friction increased a little, the test vehicle could decelerate
slightly more than that in Fig. 9(b), as illustrated in Fig. 10(b).
However, as shown in Fig. 10(a), a large deviation of the wheel
speed from the vehicle speed similar to the previous test is still
observed, which means that there is plenty of room for improve-
ment in the control performance of the conventional ABS. The
possibility of improved control performance can also be seen
from the wheel slip profile, as illustrated in Fig. 10(c).

The performance of the proposed method is shown in Figs. 11
and 12. The tests are performed using the same vehicle on the
same road surfaces. Fig. 11 shows the performance of the pro-
posed algorithm on the wet tile surface. As expected, the IWMs
at the front wheels are controlled to be cycled near the optimal
wheel slip, as depicted in Fig. 11(a). Correspondingly, the hy-
draulic brake torque in Fig. 11(b) is applied to the rear wheels
without large oscillations, and this brake torque is estimated
from (5). Therefore, as illustrated in Fig. 11(c) and (e), only the
front wheels are cycled to find the desired wheel speed, and the

Fig. 11. Experimental results on wet tile surface using proposed method.

rear wheels maintain an almost constant wheel slip by tracking
the desired wheel speed. This is quite distinguished compared to
the results for the conventional ABS tested on the same surface
in Fig. 9. As a result, a better ride quality is ensured, as shown
in Fig. 11(d).

It should be noted that the IWMs employed in the test ve-
hicle were not made for ABS control. Therefore, the hardware
specifications such as time delay and sampling frequency are
less than satisfactory level for wheel slip control. Although
the deceleration performance is slightly improved compared to
the results for the conventional ABS, more significant improve-
ments of control performance are anticipated if the IWMs with
faster dynamic characteristics is employed. In this verification,
unfortunately, the IWMs significantly oscillated due to limited
actuator performance, so the IWMs stayed on the desired wheel
slip in a very short time. In addition, the controller is designed
to give more control effort to the front wheels than to the rear
wheels since the front wheels play an important role during
braking because of the weight distribution of the vehicles. This
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Fig. 12. Experimental results on Basalt surface using proposed method.

adjustment has been achieved by tuning the parameters ξ and
ωrd , and we have found that the active control of the front wheels
and the under-actuation of the rear wheels provide the optimum
solution for our target vehicle models. That is, the maximum
average deceleration with the reduced the average jerk is ob-
served with the current sets of ξ and ωrd . However, the optimal
solution depends on the vehicle and tire models, so the above-
adjustment can be tuned empirically according to the model
parameters. Also, from the results of the test we could verify
that the actuators at each wheel faithfully fulfill their roles.

Lastly, the performance of the proposed method is validated
on a Basalt surface, as depicted in Fig. 12, and results are very
similar to those of the previous test. As the road friction in-
creases, the motor torques in Fig. 12(a) also increase compared
to that of Fig. 11(a). Accordingly, the applied rear brake torque
of Fig. 12(b) is larger than that of Fig. 11(b). As a result, a small
departure of the rear wheel speed in Fig. 12(c) results in small

TABLE II
COMPARISON OF AVERAGE DECELERATION AND JERK

changes in vehicle deceleration in Fig. 12(d). In addition, the
wheel slip profile of Fig. 12(e) is similar to that of Fig. 11(e).

In common with the above case, an IWM with a faster dy-
namic response can be employed to significantly reduce the
large departure of the front wheel speeds. However, the hard-
ware specifications could not be changed, and hence this could
not be verified by experiments. However, by improving the hard-
ware specifications in the simulation environment, reduced de-
parture of the front wheel speed was confirmed, as presented in
Section IV.

The CAN bus system runs with a sampling time of 10ms,
but shorter update time is typically available for ABS control
system. Usually, a sampling time of 7∼8 ms is utilized for
conventional ABS controller. This shorter update time is pos-
sible because the hydraulic valves of conventional ABS are
controlled by independent microprocessor rather than CAN bus
system. Therefore, if the IWMs operate with independent mo-
tor controller rather than CAN bus system, more rapid dynamic
response is expected.

Based on the several simulations, we can quantitatively deter-
mine the required dynamic response of IWM for the test vehicle
to achieve the satisfactory control performance. For example, in
the simulation verifications, we set a sampling time to 5 ms to
increase the performance. In addition, a pure time delay for the
IWM is recommended to be less than 10 ms.

Table II compares the control performance between the con-
ventional method and the proposed method in terms of average
vehicle deceleration and jerk. The higher magnitude of the aver-
age deceleration, the better the control performance. Moreover,
a low average jerk is desirable for the ride quality. Based on
these results, we can conclude that the proposed method can
increase the control performance with the better ride quality.
However, if the dynamic characteristics of IWM is improved
in the future, the vehicle average deceleration can be further
increased without any modification of the proposed approach.

VI. CONCLUSION

In this paper, a wheel slip-based ABS control algorithm is pre-
sented. Unlike the conventional method, the proposed method
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Fig. 13. (a) Test Vehicle (commercially available luxury sedan). (b) RT -3100
installed inside the vehicle.

can be realized without wheel slip and road friction information.
This was possible by exploiting the nonlinear characteristics of
tire force. In this way, we could find the optimal wheel slip at the
front wheels using the fast-dynamics of the IWMs. Accordingly,
the rear wheels are controlled to track the desired wheel speed
by monitoring the cycling patterns of the front wheels. The pro-
posed method is cost-competitive in that it only uses sensors
that are measurable in production vehicles. The simulation and
experiment confirm the feasibility of the proposed method and
the proposed approach is expected to be applicable to any pow-
ertrain configuration (hybrid/electric vehicles and conventional
hydraulic brake system). In addition, if actuators with better
dynamic performance are employed in the future, a significant
improvement in control performance is anticipated. Also, the

TABLE III
SPECIFICATION OF THE TEST VEHICLE MODEL

vehicle lateral motion and split-mu surface should be further
investigated to increase the possibility of mass production.

APPENDIX

Fig. 13(a) exhibits the test vehicle that is a commercially
available. The IWMs are installed at the front wheels, and the
torque for those can be controlled by the CAN protocol. Also, RT
3100 device is installed at the center of gravity for the purpose
of measuring actual vehicle state variables, but unknown to the
proposed algorithm, as depicted in Fig. 13(b).
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[17] E. Dinçmen and T. Altınel, “An emergency braking controller based on ex-
tremum seeking with experimental implementation,” Int. J. Dyn. Control,
New York, NY, USA: Springer, vol. 6, no. 1, pp. 270–283, 2018.

[18] S.-I. Sakai, H. Sado, and Y. Hori, “Motion control in an electric vehi-
cle with four independently driven in-wheel motors,” IEEE/ASME Trans.
Mechatronics, vol. 4, no. 1, pp. 9–16, Feb. 1999.

[19] K. Nam, Y. Hori, and C. Lee, “Wheel slip control for improving traction-
ability and energy efficiency of a personal electric vehicle,” Energies,
vol. 8, no. 7, pp. 6820–6840, 2015.

[20] H. Pacejka, Tire and Vehicle Dynamics. New York, NY, USA: Elsevier,
2005.

[21] V. Ivanov, D. Savitski, and B. Shyrokau, “A survey of traction control
and antilock braking systems of full electric vehicles with individually
controlled electric motors,” IEEE Trans. Veh. Technol., vol. 64, no. 9,
pp. 3878–3896, Nov. 2015.

[22] S. Murata, “Innovation by in-wheel-motor drive unit,” Veh. Syst. Dyn.,
vol. 50, no. 6, pp. 807–830, 2012.

[23] R. Rajamani, G. Phanomchoeng, D. Piyabongkarn, and J. Y. Lew, “Al-
gorithms for real-time estimation of individual wheel tire-road fric-
tion coefficients,” IEEE/ASME Trans. Mechatronics, vol. 17, no. 6,
pp. 1183–1195, Nov. 2012.

[24] K. Han, Y. Hwang, E. Lee, and S. Choi, “Robust estimation of maximum
tire-road friction coefficient considering road surface irregularity,” Int. J.
Autom. Technol., vol. 17, no. 3, pp. 415–425, 2016.

[25] H. K. Khalil and J. Grizzle, Nonlinear Systems. Englewood Cliffs, NJ,
USA: Prentice-Hall, 1996.

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on March 06,2020 at 10:15:37 UTC from IEEE Xplore.  Restrictions apply. 

https://en.wikipedia.org/wiki/SAE_International


HAN et al.: DEVELOPMENT OF AN ABS FOR ELECTRIC VEHICLES WITHOUT WHEEL SLIP AND ROAD FRICTION INFORMATION 5517

[26] J. J. Oh, J. S. Eo, and S. B. Choi, “Torque observer-based control of
self-energizing clutch actuator for dual clutch transmission,” IEEE Trans.
Control Syst. Technol., vol. 25, no. 5, pp. 1856–1864, Sep. 2016.

[27] Y. Shtessel, C. Edwards, L. Fridman, and A. Levant, Sliding Mode Control
and Observation. New York, NY, USA: Springer, 2014.

[28] P. A. Ioannou and J. Sun, Adaptive Control. North Chelmsford, MA, USA:
Courier Corporation, 2012.

Kyoungseok Han received the B.S. degree in civil
engineering with a minor in mechanical engineer-
ing from Hanyang University, Seoul, South Korea,
in 2013, and the M.S. and Ph.D. degrees in mechan-
ical engineering from the Korea Advanced Institute
of Science and Technology (KAIST), Daejeon, South
Korea, in 2015 and 2018, respectively. He is currently
a Postdoctoral Research Fellow at the University of
Michigan, Ann Arbor, MI, USA. He mainly wrote
this paper while working toward the Ph.D. degree
with KAIST. His current research interests include

vehicle dynamics and control, connected and automated vehicles technology,
hybrid and electric vehicles, and optimization.

Byunghwan Lee received the B.S. and M.S. degrees
in electronic, electrical, and computer engineering
from Hanyang University, Seoul, South Korea, in
2011 and 2013, respectively. He is currently with
the Hyundai-Kia R&D Center. His research interests
include vehicle dynamics and hybrid electric vehicle
control.

Seibum B. Choi (M’09) received the B.S. degree
in mechanical engineering from Seoul National Uni-
versity, Seoul, South Korea, in 1985, the M.S. de-
gree in mechanical engineering from the Korea
Advanced Institute of Science and Technology
(KAIST), Daejeon, South Korea, in 1987, and the
Ph.D. degree in control from the University of Cal-
ifornia, Berkeley, CA, USA, in 1993. From 1993 to
1997, he was involved in the development of au-
tomated vehicle control systems at the Institute of
Transportation Studies, University of California. Dur-

ing 2006, he was with TRW, Warren, MI, USA, where he was involved in the
development of advanced vehicle control systems. Since 2006, he has been with
the faculty of the Mechanical Engineering Department, KAIST. His current re-
search interests include fuel-saving technology, vehicle dynamics and control,
and active safety systems.

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on March 06,2020 at 10:15:37 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


