
Received April 9, 2018, accepted May 4, 2018, date of publication June 5, 2018, date of current version July 6, 2018.

Digital Object Identifier 10.1109/ACCESS.2018.2834565

Automotive ABS/DYC Coordinated Control
Under Complex Driving Conditions
ZHENPO WANG, JUNJUN ZHU, LEI ZHANG , (Member, IEEE), AND YACHAO WANG
Collaborative Innovation Center for Electric Vehicles in Beijing, National Engineering Laboratory for Electric Vehicles, Beijing Institute of Technology,
Beijing 100081, China

Corresponding author: Lei Zhang (lei_zhang@bit.edu.cn)

This work was supported by the Ministry of Science and Technology of the People’s Republic of China under Grant 2017YFB0103600.

ABSTRACT This paper presents an antilock braking system/direct yaw-moment control (ABS/DYC)
coordinated control scheme in order to shorten the braking distance while ensuring the vehicle stability
during emergency braking under complex driving conditions. Particularly, the braking actuator failure and
driving on low-µ and µ-split roads are considered. The proposed control scheme is composed of three
cascaded controllers. The first-level controller is used to derive and trace the desired yaw rate for DYC
control based on the driver’s intent, exert conventional ABS control to maximize the braking force without
considering braking actuator fault occurrence, and synthesize constraint conditions such as braking actuator
failure and so forth. The second-level controller is used to determine on which side to fully capitalize for
the maximum tire/road adhesion utilization. The third-level controller is leveraged to realize optimal torque
allocation to each actuation motor with the purpose of minimizing the tire load. The effectiveness of the
proposed ABS/DYC coordinated control scheme is verified through both simulation and hardware-in-loop
experimentation.

INDEX TERMS ABS/DYC coordinated control, anti-lock braking system (ABS), braking force allocation,
direct yaw-moment control (DYC).

I. INTRODUCTION
With the ever-increasing number of ground vehicles being
used in modern society, transportation electrification and
automotive safety have attracted enormous attention. Vehi-
cle stability control (VSC) has been the focus of intensive
research in order to enhance vehicle stability and prevent
fatal car accidents [1]. Substantial progress has been made
in VSC over past decades, and the vehicle anti-lock braking
system (ABS) and electronic stability control (ESC) are two
representative achievements in this regard [4]. Generally,
ABS can adjust the braking force according to the tire/road
adhesion conditions, prevent the tire locking and decrease the
braking distance [5]. ESC is able to help vehicle stabiliza-
tion by executing differential braking/driving, i.e., applying
different braking/driving torques to each wheel, to generate
an additional yaw-moment [6]. In this sense, ESC is equal to
the direct yaw-moment control (DYC). Additionally, active
front steering (AFS) is also an effective tool for ESC, and its
integration with DYC can possibly yield better effects than
the independent execution of either [7].

Since the widespread adoption of ABS in mass production
cars in 1978, a plethora of methods for elevating ABS control

performance have been presented in the literature, which
can be roughly grouped into two categories, i.e., rule- and
model-based methods. The rule-based methods are dominant
in modern commercial vehicles due to its ease of implementa-
tion and high reliability. Hereinto, the logic threshold method
exemplifies a rule-based ABS control technique, where the
braking pressure at each wheel can be controlled within a
certain range through tire slip ratio regulation. For instance,
Lu et al. [8] devised a fuzzy-logic controller for ABS con-
trol and verified its performance through the Adams/Car
virtual experimentation. Similarly, based on fuzzy control,
Yang et al. [9] proposed a fuzzy-PID ABS control strategy,
in which the tire slip ratio is controlled by a PID controller
with its controller parameters tuned by the fuzzy controller.
Fargione et al. [10] further optimized the membership func-
tion of the conventional ABS fuzzy controller with the genetic
algorithms (GAs) to improve its control performance under
various driving conditions. Köppena et al. [11] proposed a
threshold adaptive method based on the perturbation theory
for ABS control, which was verified to be superior to the
traditional thresholdmethod. In spite of the widespread use of
rule-based methods, their control effect relies heavily on the
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experience of engineers and is lack of optimality; this may
notably curtail the ABS performance. In order to improve
the ABS performance, model-based control approaches have
emerged in recent years. For instance, Zhang et al. [12]
put forward a novel method by estimating the tire/road
friction coefficient and then designed a sliding-mode con-
troller (SMC) to trace the optimal slip ratio. Du et al. [13]
developed an ABS control strategy based on model predict
control (MPC) for hybrid electric vehicles.

The aim of ESC is to realize the driver’s intent while
ensuring vehicle lateral stability. Conventionally, there are
two means to realize ESC of the vehicle, i.e., by the active
front steering (AFS) system and/or direct yaw-moment con-
trol. The coordination of ABS control and ESC with either
AFS or DYC has enormous potential for promoting vehicle
stability under emergency braking scenarios, and thus solicits
attention from both academia and industry practitioners [14].
For instance, Tjønnås and Johansen [15] synthesized a PI con-
troller to derive the required yaw moment, and decomposed
it to the required braking force at each wheel and the steering
angle with an optimal allocation strategy. Choi et al. [16]
proposed a method to coordinate the AFS and DYC based
on model predictive control (MPC). Wu et al. [17] propose
a human-machine-cooperative-driving controller with a hier-
archical structure for vehicle dynamic stabilization by intro-
ducing a coordination factor to regulate AFS and DYC. Other
research results also prove that the AFS yields good perfor-
mance in ESC control but at the expense of high cost [7], [18],
[19]. Moreover, it has some limitations when a large steering
angle is anticipated. In contrast, the DYC can compensate the
aforementioned drawbacks, and exhibits potential to coordi-
nate with ABS to improve the vehicle stability during emer-
gency braking maneuvers, especially under urgent steering
and complex driving conditions.

Both ABS and DYC can be realized by independently con-
trolling the braking force at each wheel. Nevertheless, their
control targets are conflicting, and this becomes more trou-
blesome under some complex driving conditions. For exam-
ple, when braking on a µ-split road with dissimilar tire/road
friction coefficients on both wheel tracks, there would be sig-
nificant braking force imbalance if ABS tries to fully capital-
ize on the road friction on the left and right tracks at the same
time. In such case, low selection control (LSC) is usually used
to solve this dilemma, where the braking pressures at wheels
with the same axle is kept the same and the lower braking
force is selected as the communal control target for all braking
actuators. Inevitably, this sacrifices some braking force so as
to enhance the vehicle lateral stability. To overcome the limi-
tation of LSC, modified independent control (MIC) was pro-
posed with an obvious advantage of independently-controlled
braking force at each wheel. It increases the ABS control
flexibility and has the potential to maximize the total braking
force. However, this necessitates a coordination with DYC
to ensure the vehicle lateral stability. At this frontier, sev-
eral preliminary studies have been conducted. For example,
Cao [20] proposed a high-level controller to coordinate the

ABS and DYC control strategies. That is, if the vehicle lateral
stability has been discerned worse than a preset threshold,
DYC would be executed; otherwise, the braking force is
controlled with the ABS control strategy. However, the ABS
and DYC cannot work at the same time. Liu and Chen [21]
studied the relationship between the tire slip ratio and the
vehicle yaw-moment, and devised a strategy to track the
reference yaw rate through adjusting the reference tire slip
ratios of each wheel. Nevertheless, a high precision tire
model is strongly needed, and the adhesion forces between
road and tires cannot be precisely estimated in real-time.
Mirzaeinejad and Mirzaei [22] introduced a nonlinear multi-
objective optimization algorithm to coordinate the braking
distance and vehicle stability. But it cannot ensure both
ABS and DYC work at their optimal states in the meantime.
Aksjonov et al. [23] presented a fuzzy controller to con-
cert ABS control and DYC. However, the proposed fuzzy
controller compromises the performance of ABS control
and DYC, and even brings adverse effects on the driver’s
feeling.

To solve above mentioned issues, a novel ABS/DYC
coordinated control strategy is proposed in this study to
maximize the braking force while maintaining the vehicle
lateral stability, considering the complex driving conditions
such as braking actuator fault occurrence and/or driving
on a µ-split road. It adopts a hierarchical structure that
consists of cascaded three-level controllers. The first level
controller is responsible for deriving and tracing the desired
yaw rate for DYC control based on the driver’s intent, exerting
conventional ABS control to maximize the braking force
without considering braking actuator fault occurrence, and
synthesizing constraint conditions such as actuator fault
occurrence. The second level controller is in charging of
deciding on which side to fully capitalize for the maximum
tire/road adhesion utilization for DYC control. The third level
controller is used to realize optimal torque allocation with the
purpose of minimizing the tire load and avoiding wheel brake
lock. The proposed control strategy is exclusively capable
of dealing with the complex driving conditions including
driving on a µ-split road and/or braking actuator fault occur-
rence. Finally, the proposed scheme is verified through the
co-simulation of the Carmaker andMatlab/Simulink software
and the Hardware-In-the-Loop (HIL) tests.

The remainder of this paper is organized as follows:
Section 2 introduces the 7-DOF vehicle model. Section 3
presents the ABS control, DYC, braking force distribution
and braking force control selection method. In Section 4,
various simulation results are provided to validate the devel-
oped control scheme, with the key conclusions summarized
in Section 5.

II. VEHICLE MODEL
A nonlinear vehicle dynamics model including a tire model
and a hydraulic braking system model is introduced as the
basis of ABS/DYC coordinated control synthesis in the fol-
lowing sections. In the vehicle model, a rigid suspension is
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assumed with its effects on vehicle dynamics neglected. The
lateral acceleration is limited within 0.4g.

A. VEHICLE PLANAR MOTION MODEL
As shown in Figure 1(a), the vehicle components involving
with the ABS/DYC control during emergency braking mainly
include a vehicle control unit (VCU), an electronic hydraulic
braking device (EHB), braking pressure sensors (BPSs),
wheel speed sensors (WSSs) and a steering angle sensor.
The braking pressure at each wheel can be measured through
BPSs, and controlled by the VCU through the Controller
Area Network (CAN) bus. The seven-degrees-of-freedom
(7-DOF) vehicle model is adopted in this study, with its main
parameters illustrated in Figure 1(b). The equations of motion
during emergency braking can be formulated as:

Fx = −
(
Fxfl+Fxfr

)
cos δ−(Fxrl+Fxrr )−

(
Fyfl+Fyfr

)
sin δ

(1)
Fy = −

(
Fxfl+Fxfr

)
sin δ+

(
Fyfl+Fyfr

)
cos δ+

(
Fyrl+Fyrr

)
(2)

Mz = −
(
Fxrr + Fxfr cos δ + Fxfl cos δ − Fxrl

) Lw
2

−
(
Fxfl + Fxfr

)
a sin δ +

(
Fyfl + Fyfr

)
a cos δ

−
(
Fyrl + Fyrr

)
b+

(
Fyfl sin δ − Fyfr sin δ

) Lw
2

(3)
Izω̇ = Mz (4)

where Fx and Fy denote the result forces of the vehicle in
the X- and Y-direction, respectively; Fxi (i = [fl, fr , rl, rr])
is the braking force at each wheel in the X-direction,
Fyi (i = [fl, fr , rl, rr]) is the lateral force at each wheel in
the Y-direction, with ‘‘fl’’-front left tire, ‘‘fr’’-front right tire,
‘‘rl’’–rear left tire, and ‘‘rr’’-rear right tire; δ is the steering
angle of the front wheels; Mz, Iz and ω represent the yaw
moment, rotational inertia and yaw rate of the vehicle, respec-
tively; a is the horizontal distance between the front axle and
the center of gravity (CG), b is the horizontal distance from
the rear axle to the CG, and Lw is the track.

The tire slip angle can be calculated as:

αf = β +
aω
Vx
− δ (5)

αr = β −
bω
Vx

(6)
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FIGURE 1. The configuration of the 7-DOF vehicle model. (a) The vehicle
structure. (b) Main model parameters.

where αf , αr , β and Vx are the front-wheel slip angle,
rear-wheel slip angle, vehicle sideslip angle and longitudinal
vehicle speed, respectively.

The lateral force of each tire can be deduced as:

Fyi = kjαj (7)

where kj and αj (j = [f , r]) denote the concerning stiffness
and wheel slip angle of the front or rear tires.

In order to reveal the relationship between the resultant
braking force and its influencing factors, a single-wheel
model is adopted as shown in Figure 2, and the equations of
motion can be formulated as:

Jwω̇w = FbR− Tb (8)

Tb = cpP (9)

The braking force Fb can be calculated by:

Fb =
Jwω̇w − cpP

R
(10)

Fzfl =
mgb
2Lw
−
maxhg
2Lw

−
mayhg
Lw

b
Lw

Fzfr =
mgb
2Lw
−
maxhg
2Lw

+
mayhg
Lw

b
Lw

Fzrl =
mga
2Lw
+
maxhg
2Lw

−
mayhg
Lw

a
Lw

Fzrr =
mga
2Lw
+
maxhg
2Lw

+
mayhg
Lw

a
Lw

(11)

µ =
Fb
Fz

(12)

where Jw, ωw and Tb are the moment inertia, angular speed
and braking torque of the wheel, respectively; R is the effec-
tive tire radius, P is the braking pressure, and cp is the equiv-
alent braking coefficient, Fzi (i = [fl, fr, rl, rr]) is the normal
force of each wheel, ax is the acceleration of the vehicle in
the X-direction, ay is the acceleration of the vehicle in the
Y-direction, and µ is the adhesion coefficient of the road.

Fz

Fb

P

R

Vx

Tb 

FIGURE 2. The single-wheel model.

B. TIRE MODEL
Tire-road adhesion conditions are of vital importance in vehi-
cle dynamics control, and the nonlinear characteristics of
tires have significant influence. The ‘‘Magic Formula’’ model
developed by Pacejka is adopted here to describe the tire
dynamics due to its high accuracy, which can be expressed
as [24]:

y = D sin
{
C tan−1

[
Bx − E

(
Bx − tan−1Bx

)]}
(13)
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where x is the tire slip ratio or side slip angle, and D, C , B
and E denote the peak factor, shape factor, stiffness factor
and curvature factor, respectively. These model parameters
are selected from the software of Carmaker, which is widely
used for vehicle dynamics simulation.

C. MODELING OF THE HYDRAULIC BRAKING SYSTEM
The hydraulic braking system in the vehicle is controlled
by the EBD, where the communication delays and response
characteristics of the braking pressure are considered. Here,
the response characteristics can be approximated as a first-
order system with delays according to [25] by:

Pc
P∗

(s) =
1

τ s+ 1
e−κs (14)

where P∗ is the braking pressure of the master cylinder, Pc is
the braking pressure of the wheel cylinder, τ is the dominant
time constant, and κ is the pure delay.
The step response characteristic of the hydraulic braking

system under different target pressures is shown in Figure 3.

FIGURE 3. The step response characteristic of the hydraulic braking
system under different target pressures.

III. ABS/DYC COORDINATED CONTROL STRATEGY
UNDER COMPLEX DRIVING CONDITIONS
To effectively shorten the braking distance and precisely
trace the reference yaw rate, a multi-level control scheme
including three level controllers is proposed, whose flowchart
is sketched as shown in Figure 4. In the first level controller,
the DYC and ABS control strategies and the braking force
constraints model are employed to generate the required yaw
moment for the vehicle and derive the possibly maximum
braking force at each wheel. In the second level controller, a
braking force control selection method is proposed to deter-
mine on which side the braking force should be controlled

FIGURE 4. Flowchart of the proposed ABS/DYC coordinated strategy.

to its maximum, while leaving the wheels on the opposite
side to produce the required yaw moment. In the third level
controller, a braking force optimization allocation strategy
is presented to produce the required yaw moment with the
lowest workload at all wheels.

A. DYC STRATEGY
The vehicle yaw rate and sideslip angle are critical parame-
ters for vehicle stability control, where the yaw rate largely
reflects the driver’s intent and the sideslip angle somehow
reflects the vehicle stability condition. Thus, tracing the yaw
rate and minimizing the side slip angle are the two pri-
mary goals to ensure the vehicle stability during emergency
braking.

1) DYC REFERENCE MODEL
The vehicle side slip angle is defined as:

β = arctan
(
Vy
Vx

)
(15)

Substantial efforts have been made in the estimation of vehi-
cle speed and side slip angle [26], [27]. The reference side
slip angle can be set to be zero in order to improve vehicle
stability.

The 2-DOF vehicle model can be used to derive the desired
yaw rate when the lateral acceleration is under 0.4g. Accord-
ingly, the ideal yaw rate can be calculated as:

ωi =
Vx/L

1+ m
L2

(
a
kr
−

b
kf

)
V 2
x

δ (16)

where ωi is the reference yaw rate without considering the
tire/road friction coefficient, m is the vehicle mass, and L is
the distance between shafts.

Since the realistic desired yaw rate is limited by the
tire/road adhesion conditions, the desired yaw rate can be
deduced by:

ωmax = µg/Vx (17)

ωd = min {|ωi| , |ωmax |} sgn (δ) (18)

where ωmax is the maximum yaw rate limit determined by
road adhesion conditions, and ωd is the desired yaw rate.

2) DYC CONTROLLER
A sliding-mode controller (SMC) is proposed to trace the
desired yaw rate since the SMC has strong robustness to
system disturbances. The sliding surface is defined as:sdyc = edyc + cdyc

∫ t

t0
edycdt

edyc = ω − ωd + wββ
(19)

where cdyc and wβ are the weighting factor of the integration
element and side slip angle, and it is positive when η > 0.
Then, the reaching law can be synthesized as:

ṡdyc = −ηsgn
(
sdyc

)
(20)
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Combining Equations (8)-(10) with Equations (19)-(20),
the yaw rate control law can be calculated as:

Mreq = [ω̇d + cω (ω − ωd )− ηsgn (sω)] Iz (21)

B. ABS STRATEGY
The slip ratio is a vital parameter for ABS control, which is
defined as:

λ =
Vx − ωR

Vx
(22)

To obtain the maximum braking force of each wheel, an opti-
mal slip ratio control scheme is presented in this section.
Owing to that the tire model is convex, the optimal slip ratio
can be derived as:

λ∗k+1 = λ
∗
k + ξ

∗sgn
(
dµ
dλ

)
(23)

where λ∗k is the optimal tire slip ratio in the k th sampling time,
and ξ∗ is the step length for slip ratio tracking.

A sliding-mode controller [28] is adopted to control the tire
slip ratio with the sliding surface designed with

sλ = λ− λ∗ (24)

where λ∗ is the target slip ratio.
The reaching law of the sliding-mode controller is:

ṡλ = −k1s− k2 sgn (sλ) (25)

where k1 and k2 are parameters for the reaching law, with
k1 > 0 and k2 > 0.

Combining Equations (8)-(10) and Equations (22)-(25),
the braking pressure can be deduced as:

Pabs,k+1=
ω̇wR−V̇x (1−λ)−Vx [k1sλ+k2sgn (sλ)]

cp
Jw−Pk

(26)

The braking force in the sequent sampling time can be
approximated as:

Fx,abs,k+1 = cpPabs,k+1 (27)

where Fx,abs,k and Pabs,k are the braking force and braking
pressure of the wheel in the k th sampling time, respectively.

C. THE BRAKING FORCE CONTROL TARGET
SELECTION STRATEGY
1) BRAKING FORCE CONSTRAINTS MODEL
To prevent the tire locking during emergency braking,
the braking pressure derived by the ABS control strategy in
the previous section is set as the upper limit during real-
time execution. If fault occurs to the braking actuator at
some wheel, the maximum braking pressure is set to be zero.
Thereby, the maximum limit of the braking force at each
wheel can be expressed as:

Fxmax,k,i =

{
Fx,abs,k,i no fault
0 fault

(28)

where Fxmax,k,i represents the maximum braking force that
can be imposed at the i-th (i = [fl, fr, rl, rr]) wheel in the k th

sampling time.

2) THE METHOD FOR BRAKING FORCE CONTROL
TARGET SELECTION
Assuming that all wheel braking forces are controlled to their
upper limits, the derived yaw moment of the vehicle is taken
as the reference yaw moment for the braking force control,
which can be expressed as:

Mref =
(
Fxmax,k+1,fl − Fxmax,k+1,fr

) Lw
2
cos δ

+
(
Fxmax,k+1,rl − Fxmax,k+1,rr

) Lw
2

−
(
Fxmax,k+1,fl + Fxmax,k+1,fr

)
a sin δ (29)

The reference yawmoment (Mref ) is generated from the brak-
ing force difference of the left- and right-side braking forces,
with its sign and value indicating detailed information about
such difference. If the required yaw moment Mreq calculated
from the first level controller is larger than Mref , the right-
side braking force should be decreased while the left-side
braking force is permissibly controlled to its upper limit in
order to traceMreq. In this case, the braking forces distribution
for the right-side wheels arise, which can be formulated as
an optimization problem. If Mreq larger than Mref , the left-
side braking force should be decreased while the right-side
braking force is permissibly controlled to its upper limit.

D. THE BRAKING FORCE OPTIMAL ALLOCATION
STRATEGY
As discussed in Section 3.3, the right-side braking force is
selected to be controlled with an optimal allocation strategy.

Fxfl = Fxmax,k+1,fl (30)

Fxfr = Fxmax,k+1,fr (31)

To produce the required yaw moment, Equation (3) should
equate to Equation (21), and the matrix can be defined as:

Fv = Bvur (32)

ur =
[
Fxfr Fxrr

]
(33)

Fv = [ω̇d + cω (ω − ωd )− η sgn (sω)] Iz
−
(
Fyfl + Fyfr

)
a cos δ +

(
Fyrl + Fyrr

)
b

−
(
Fyfl sin δ − Fyfr sin δ

) Lw
2
− Fxfla sin δ

+
(
Fxfl cos δ + Fxrl

) Lw
2

(34)

Bv =
[
a sin (δ)+

lw
2
cos (δ)

]
(35)

J1 = arg min ‖cv (Bvuv − Fv)‖2 (36)

where Fv is the control target, Bv is the effectiveness matrix,
ur is the control input, and J1 is the objective function of the
optimal allocation strategy.

To improve the lateral stability, the workload of all wheels
should be controlled to be as low as possible. Then, the
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objective function can be formulated as:

Bv =
[
a sin (δ)+

lw
2
cos (δ)

]
(37)

Wu = diag
(

Cfr
µfrFzfrR

,
Crr

µrrFzrrR

)
(38)

where J2 is the second objective function of the optimal
allocation strategy, Wu is the weighting coefficient vector
of the braking force, and Ci (i = fr , rr) are the weighting
coefficients.

IV. SIMULATION AND EXPERIMENTAL RESULTS
In order to verify the effectiveness of the proposed ABS/DYC
coordinated strategy under complex driving conditions,
the emergency braking is conducted under the single lane
change maneuver and µ-split road conditions through simu-
lation and hardware-in-loop (HIL) tests. The braking system
fault occurrence and road surface adhesion conditions are
taken into consideration.

The vehicle prototype used in the HIL experiment was
developed by our laboratory, where the original VCU was
replaced by the rapid prototype model. The vehicle proto-
type is shown in Figure 5 with its main parameters listed
in Table 1.

FIGURE 5. The experimental prototype.

TABLE 1. The main parameters of the vehicle prototype.

A. BRAKING ACTUATOR FAILURE OCCURRENCE UNDER
THE SINGLE LANE CHANGE CONDITION WITH HIGH
TIRE/ROAD FRICTION COEFFICIENT
Emergency braking maneuvers are necessary and even
inevitable at occasions, and often coupled with hard steering
maneuvers. In this study, the single lane change scenario is
used to simulate the cornering during emergency braking
on high friction road. In order to verify the effectiveness
of the proposed scheme under the braking actuator failure
occurrence, it was assumed that fault occurred to the braking

FIGURE 6. Simulation results for emergency brake on single lane change
road with high friction and front left wheel on fault model. (a) Trajectory
tracking. (b) Yaw rate. (c) Sideslip angle change rate. (d) Vehicle speed
under the ABS/DYC coordinated strategy. (e) Vehicle speed under the
LSC strategy. (f) Vehicle speed under the ABS control. (g)Braking pressure
based on the optimal allocation control. (h)Tire workload based on the
optimal allocation control. (i) Braking pressure under the LSC strategy.
(j) Tire workload under the LSC strategy.

actuator at the front-left wheel, with its braking pressure
set 0Mpa in simulation. Besides, the initial speed and
tire/road friction coefficient were set to be 100km/h and 1,
respectively. For comparison, the LSC strategy and the con-
ventional ABS control were applied with the comparison
results shown in Figure 6.

As shown in Figure 6(a), it can be seen that the braking
distance under the proposed ABS/DYC coordinated strategy
is shorter than that under the LSC strategy while it is a
little longer than that under the conventional ABS control.
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FIGURE 7. Simulation results for emergency brake on single lane change
road with low friction and front left wheel on fault model. (a) Trajectory
tracking. (b) Yaw rate. (c) Sideslip angle change rate. (d) Vehicle speed
under the ABS/DYC coordinated strategy. (e) Vehicle speed under the
LSC strategy. (f) Vehicle speed under the ABS control. (g)Braking pressure
based on the optimal allocation control. (h)Tire workload based on the
optimal allocation control. (i) Braking pressure under the LSC strategy.
(j) Tire workload under the LSC strategy.

Regarding the lateral stability, the proposed scheme yields
the best performance as indicated by the yaw rate and slip
angle of the vehicle shown in Figure 6(b) and Figure 6(c).
The evolutions of the vehicle and wheel speeds under three
schemes are depicted in Figure 6(d-f), respectively. As shown
in Figure 6(g-j), the braking pressure and workload of the
right-side tires are both far below their limitations, which also
implies a better lateral stability.

FIGURE 8. Simulation results for emergency brake on µ-split road and
front left wheel on fault model. (a) Trajectory tracking. (b) Yaw rate.
(c) Sideslip angle change rate. (d) Vehicle speed under the ABS/DYC
coordinated strategy. (e) Vehicle speed under the LSC strategy. (f) Vehicle
speed under the ABS control. (g) Braking pressure based on the optimal
allocation control. (h) Tire workload based on the optimal allocation
control. (i) Braking pressure under the LSC strategy. (j) Tire workload
under the LSC strategy.

B. BRAKING ACTUATOR FAILURE OCCURRENCE UNDER
THE SINGLE LANE CHANGE CONDITION WITH LOW
TIRE/ROAD FRICTION COEFFICIENT
To further examine the validity of the proposed scheme
on low friction road, the initial vehicle speed and tire/road
friction coefficient were set to be 50 km/h and 0.3, respec-
tively. The results depicted in Figure 7 shows the proposed
ABS/DYC coordinated strategy is also effective in such
case.
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FIGURE 9. Simulation results for emergency brake on µ-split road and
front right wheel on fault model. (a) Trajectory tracking. (b) Yaw rate.
(c) Sideslip angle change rate. (d) Vehicle speed under the ABS/DYC
coordinated strategy. (e) Vehicle speed under the LSC strategy. (f) Vehicle
speed under the ABS control. (g) Braking pressure based on the optimal
allocation control. (h) Tire workload based on the optimal allocation
control. (i) Braking pressure under the LSC strategy. (j) Tire workload
under the LSC strategy.

C. BRAKING ACTUATOR FAILURE OCCURRENCE AND
DRIVING ON A µ-SPLIT ROAD
Emergency braking on a µ-split road is quite dangerous due
to the possibly disparate braking forces generated by the two-
sides if the ABS control unit tries to maximize the braking
force at each wheel. Thus, it is quite reasonable to explore
the maximum braking force while maintaining the vehicle
stability. To simulate this scenario, the left-side tire/road
friction coefficient is set 0.3 while the right-side is set 0.7.

FIGURE 10. The schematic of the HIL platform.

FIGURE 11. HIL results for emergency brake on single lane change road
with high friction and front left wheel on fault model. (a) Trajectory
variation. (b) Yaw rate. (c) Sideslip angle change rate. (d) Speed.
(e) Braking pressure. (f) Tire workload.

Meanwhile, the front-left braking actuator is assumed to be
at fault, and the initial vehicle speed is set 50km/h.

As illustrated in Figure 8(a-f), the controlled vehicle run
out of the reference road under the LSC strategy and the
conventional ABS control. In contrast, the ABS/DYC coor-
dinated strategy can safely stop the vehicle on the road. The
tire workload of the left-side wheels is larger as depicted
in Figure 8(g-j).

As shown Figure 8 (h), the tire workload on the high-µ
half-road is much lower than that on the low-µ half-road.
If the fault occurred to the braking system of the wheels on
the high-µ half-road, the tire workload of the wheels on the
low-µ road may stay at a high level, resulting in a shortened
braking distance. To verity this idea, the braking system of
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FIGURE 12. HIL results for emergency brake on single lane change road
with low friction and front left wheel on fault model. (a) Trajectory
variation. (b) Yaw rate. (c) Sideslip angle change rate. (d) Speed.
(e) Braking pressure. (f) Tire workload.

the front-right wheel was assumed to be at fault, and other
conditions were assumed the same with that in the previous
simulation with the simulation results illustrated in Figure 9.

Seen fromFigure 9 (a-f), the vehicle also run out of the road
under the LSC strategy and conventional ABS control. The
braking distance under the ABS/DYC coordinated strategy is
evidently shorter than that under the LSC strategy, and the
lateral stability of the vehicle is also superior to that under the
other strategies. As shown as Figure 9(h), the tire workloads
of all wheels in this situation stay at a higher level than that
shown in Figure 8(h), while the LSC strategy fails to make
any difference.

D. EXPERIMENTAL RESULTS
A HIL platform as shown in Figure 10 was set up to
further verify the proposed ABS/DYC coordinated control
strategy. The established HIL platform consist of a host com-
puter, an open ECU and the ETAS hardware. The proposed
ABS/DYC coordinated strategy and the braking force optimal
allocation control algorithm are composed and downloaded
to the open ECU. The Carmaker runs on the host computer,
and the ETAS hardware is used to interface practical signals
to software. The communications in between are realized
through the CAN bus.

The experiments in previous sections were conducted in
the HIL Platform. As shown in Figure 11-14, the designed
controller meets the demand of real-time implementa-
tion despite of the existence of deviations between the

FIGURE 13. HIL results for emergency brake on µ-split road and front left
wheel on fault model. (a) Trajectory variation. (b) Yaw rate. (c) Sideslip
angle change rate. (d) Speed. (e) Braking pressure. (f) Tire workload.

FIGURE 14. HIL results for emergency brake on µ-split road and front
right wheel on fault model. (a) Trajectory variation. (b) Yaw rate.
(c) Sideslip angle change rate. (d) Speed. (e) Braking pressure.
(f) Tire workload.

experimental results and the control targets. This can be
ascribed to several reasons. Firstly, under the single lane
change scenario, the preview time of the driver model has
great impact on the vehicle trajectory. Secondly, there exists a
little delay caused by the CAN bus communication. Thirdly,
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some nonlinear vehicle dynamics has been simplified or even
neglected, such as the cornering stiffness variation and rolling
resistance of the tire.

V. CONCLUSIONS
In this paper, an ABS/DYC coordinated control strategy with
braking force optimal allocation has been proposed to coordi-
nate the ABS and DYC control in order to maximize the total
braking force while maintaining the vehicle lateral stability.
Especially, the braking actuator failure at a specific wheel and
driving on a µ-split road are considered. The effectiveness of
the proposed scheme has been validated through simulation
and HIL tests. The proposed ABS/DYC coordinated control
strategy has the following merits:

(1) The ABS and DYC control can be realized indepen-
dently at the same time. The tire slip ratio-based ABS con-
trol can possibly explore the maximum braking force of the
vehicle, and the DYC control and the braking force optimal
allocation is able to keep the vehicle lateral stability.

(2) The braking force potential at each wheel can be better
utilized.

(3) The wheel locking during emergency braking is pre-
vented with the braking force optimal allocation.

Overall, the proposed strategy has the potential to be used
in emergency braking when driving on a µ-split road and/or
braking actuator fault occurrence, with the aim to maximize
the braking force while ensuring vehicle lateral stability.
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