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Abstract— This paper extends the analysis of Yakub et. al [1],
by suggesting an integrated control which includes an active
aerodynamic control and differential braking control to
enhance high speed vehicle dynamics stability. Two
aerodynamic surfaces are attached to the roof of the vehicle
and servo controlled separately in real time. A hierarchical
control structure which is composed of an upper and a lower
controller. In the upper controller, the additional yaw moment
required for stability control is determined by sliding mode
control with the consideration of driver inputs, vehicle
dynamic and the limitation of road adhesion. In the lower
controller, a control strategy is designed to coordinate
differential brake and active aerodynamic control, and an
optimal control allocation algorithm is adopted to distribute
the brake pressure of each wheel. Two double lane change
tests on dry and wet road performed to study the effectiveness
of the control algorithm in Simulink simulation. The results
show, the proposed control strategy can effectively improve
the vehicle dynamics stability and tire workload usage.
Keywords—vehicle dynamics stability, active aerodynamic
control, differential braking control, control allocation, tire
workload

I. INTRODUCTION

As an active safety technology, vehicle dynamics stability
control plays a vital role in improving driving performance. It
has always been the focus of automotive safety research,
resulting in a rich literature. To improve vehicle stability
performance, three types of stability control systems have
been proposed and developed [2]. Differential braking
systems, which utilize the hydraulic brake system on the
vehicle to generate an additional yaw moment by imposing
uneven brake forces on right-side and left-side wheels, have
received the most attention from researchers and automobile
manufacturers through different control schemes [3-5].

On the other hand, active front steering systems, which
overlay a steering torque or a steering angle by a DC motor,
have gradually received attention from academic researchers
in the past decades with different scenario analysis 1i.e.
collision avoidance and double lane change [6-8]. Beside,
active torque distribution systems, which utilize active
driving/braking torque control technology to independently
control the torque distributed to each in-wheel motor, has been
extensively studied in the recent past with the improvements
on electric motor and motor controller [9-11].

To realize the optimal control of the vehicle, a number of
integrated vehicle dynamics control system have been

978-1-5386-6327-1/18/$31.00 ©2018 IEEE

72

developed such as integrated active front steering and direct
yaw moment control, nonlinear model predictive controller,
coordinated control of electronic stability control [12-14].

However, these control systems are adjust vehicle’s
dynamics or trajectory by changing the tire forces. One major
problem arise from this: tire forces are at the risk of saturation,
especially under critical conditions. In the last decade,
advances in electromechanical technology and decreases in
the cost of actuators have make it possible to provide a new
path to improve vehicle dynamics under high speed condition.
The active aerodynamic surfaces control is a new and effective
method to solve the problem of tire saturation [15].

In the past, the use of active aerodynamic surfaces (AAS)
for improving vehicles’ performance i.e. road holding,
braking, and handling have investigated by scholars and
automotive manufacturers [16-17]. The capability of AAS to
compensate the overall downward force to improve the road
holding and handling of a race car in a lane change maneuver
and driving on wet roads has been investigated [18].

The drawback of active aecrodynamic control is that AAS
can provide sufficient aerodynamic forces to adjust vehicle’s
dynamics only when the relative speed of the vehicle and air
is high enough. In this study, to overcome the above
mentioned drawbacks, a new integrated control method using
active aerodynamic control and differential braking control is
proposed to improve the vehicle dynamics stability.

Two aerodynamic surfaces are attached to the roof of the
vehicle and servo-controlled separately in real-time. In the
upper controller, a bicycle model of the vehicle and a
simplified tire model are used to determine the desired
dynamics, and a sliding mode controller is designed to
calculate the additional yaw moment for tracking the desired
dynamics response. In the lower controller, a control strategy
is presented to coordinate differential braking control and
active aerodynamic control, and an optimal control allocation
algorithm is adopted to distribute the brake pressure of each
wheel. The effectiveness of the proposed control method is
validated through Simulink simulation.

II. SYSTEM DESIGN

A. Vehicle Aerodynamcis

Figure 1 shows the two aerodynamic surfaces are attached
to the roof of a MIRA vehicle model. NACA4412 airfoil is
used as aerodynamic surface in this paper. In the application
of CFD method, the aerodynamic characteristics of the vehicle
with AAS was analyzed by ANSYS simulation. The analysis
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method of the aerodynamic characteristics comprises the
following steps: setting the angle of attack of two aerodynamic
surfaces as 0°, and then varying the angle of attack of one
aerodynamic surface from 0° to 90° while the angle of attack
of the other aerodynamic surface is still 0° and recording the
lift and drag coefficient of the vehicle. It is assumed that there
is no wind on the ground. The analysis results are shown in
Fig. 2.

Fig. 1. MIRA vehicle model with AAS
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Fig. 2. Aerodynamic characteristics of vehicle with AAS (a)
lift coefficient (b) drag coefficient
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where Fy is the air drag; F; is the air lift; C; and C; are drag
coefficient and lift coefficient which depend on the Reynolds
number, airfoil shape, roughness and the angle of attack (6); 4 is
the projection area of the vehicle; p is the air density; v, is the
relative speed of vehicle and air flow. The dynamic response of the
active aerodynamic surfaces can be described as a first-order lag
with 7 is a time constant (z=0.005).
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B. Vehicle Model

We employed the same vehicle model as in [1]. Figure 3
illustrate the 2-DoF vehicle model, is considered as reference
vehicle model for vehicle dynamic stability control. The vehicle
lateral and yaw motion of 2-DoF for the nonlinear vehicle model,
the dynamics motion incorporate with the disturbances impact are
expressed in planar characteristics equations of linear vehicle
motion can be given as follows:

D F:m(3+3y) =2F, +2F, —mhy’+(,—1)my (3

. 1
ZMZ A =" b3 (_F.:(/',I +Fyf,r _er,l +Evy,y) “4)
F2LE, ~2LE, (1 m, (54 57)

The slip angle for the front and rear wheels, with a small
angle assumption, are given such that:
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where F, and F representing the lateral and longitudinal tire-
road forces respectively, M, is the yaw moment around the
CoG of vehicle, x, y and z refers to the origin of the coordinates
body frame of a vehicle motion, 7} is the wheel torque, J; is
the tire wheel inertia, v, and v, represent the lateral and
longitudinal velocities respectively of the wheel-set, oy is the
front slip angle, Jrindicate the steering angle in the front axle,
[ is the vehicle wheelbase length (/s + /.), u act as the track
friction coefficient, f denote the vehicle side slip angle, y and
y are the vehicle heading and yaw rate angle respectively.

The first lower subscript ()r and (-), represent the variable
associated with the front and rear axles, while the second
lower subscript (-); and (-)- denote left and right of front and
rear axles respectively.
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Fig. 3. 2-DoF vehicle model
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Fig. 4. Tire model of longitudinal forces

C. Tire Model

The lateral tire force, for small slip angles, is proportional
to slip angle. At large slip angles, the tire model is nonlinear,
the lateral tire force is depend on slip angle (oy, @), the normal
tire load F., the tire-road friction coefficient and the
longitudinal tire force. The Magic Formula tire model can
describe the mechanical properties of tire accurately. The
Magic Formula tire model has the characteristics of a great
number of parameters. Thus, a simplified Magic Formula tire
model is adopted in this paper.

F, = EF usin(Btan™' (Ca,)) (6)
where E, B and C are fitting coefficients. For 185/65 R15 tires,
according to the tire data of Carsim, £, B and C can be
obtained by curve fitting (£ =0.99, B=1.915, C=0.225). The
comparison of lateral tire force is shown in Fig. 4.
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III. CONTROL ALLOCATION

The hierarchical control architecture of the proposed
control strategy contains an upper and a lower controller is
demonstrated in Fig. 5.

A. Upper Control

The objective of the upper controller is to ensure the high
speed stability. It uses measurements from various on-board
sensors, and computes the desired vehicle dynamics and
desired additional yaw moment for stability control. The peak
lateral acceleration must be bounded by the tire road friction
coefficient u as follows

(7

where g is the gravity unit and e is the safety factor. In this
paper, the value of ¢ is set as 0.85. The empirical relation on
the upper and lower bound for the side slip angle can be
described as follows [2].

ay,max = 5ﬂg

ylldes < /ug/vx ’ ﬁdes < tan_l(oozlug) (8)

Thus, the desired yaw rate (y 4s) and desired side slip

angle (f4s) for the vehicle can be obtained from steering
angle, vehicle speed, tire-road friction coefficient and vehicle
parameters as follows [2].
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To make a vehicle follow the desired yaw rate and the
desired side slip angle, a sliding mode controller is designed
to calculate the additional yaw moment (M:), which is required
by dynamics tracking. The sliding surface is defined by

Szl/}rej”_(/}d@s+g(ﬂ~ﬂdes) (ll)
Differentiating (11):
Szl/;ref_!/ydes-‘rg(ﬁ._lg-des) (12)

. 2 . ..

As in [2], set 1/2d84t =55 < —qsz , and combining (3),
(4), (11) and (12), then the control law is yielded as follow
Mz = I: |:l/-/des _U(U/n{[ _‘//dcs +g(ﬂ_ﬂdes ):| _(lfcf _lrcr)ﬂ

+1}cf-420

L - . LT W,y +1,C,0,

x

(13)

where 7 and { are the control parameters of sliding mode
control and greater than zero.

B. Lower Controller

The lower controller determines the brake pressure at each
wheel and the angle of attack of the airfoils, so as to generate
a net yaw moment, which is determined by the upper
controller, for tracking the desired dynamic responses. A
control strategy is designed for coordinating differential brake
and active aerodynamic control. The control allocation
technology is utilized in this study for brake pressure
allocation.
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The aerodynamic forces of the vehicle are proportional to
the square of relative velocity of the vehicle and the airflow.
Under low speed condition, the aerodynamic force/moment
of the vehicle is small, and cannot achieve the purpose of the
active intervene in the state of vehicle dynamics.
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Fig. 5. Control scheme proposed
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Fig. 6. Integrated control strategy

While the aerodynamic force/moment of the vehicle
cannot be ignored under high speed condition. The
coordinated control strategy for both actively controlled
aerodynamic surfaces and hydraulic brake system is shown
in Fig. 6. Only differential braking control is used for stability
control under low speed condition (v < 20 m/s), both
differential braking control and active aerodynamic control
are used to improve stability under high speed condition (v, >
20 m/s).

The controller calculate the maximum aerodynamic force
of the vehicle, Fymaw, which can be provided by active
aerodynamic control. When the additional yaw moment, M.
is less than or equal to My mar, the moment for stability is
generated by active aerodynamic control. When [M.] is larger
than | Mg, max|, both active aerodynamic surfaces are controlled
to generate the maximum aerodynamic moment of the
vehicle, and the differential braking control is used to
compensate the yaw moment. The additional yaw moment
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that need to be generated by active aerodynamic control is
represented as M,. The additional yaw moment that need to
be generated by differential braking control is represented as
M,

The objective of the active aerodynamic control module
is to determine the attack angle of each air foil, so as to
provide the desired aerodynamic moment M, The
aerodynamic control modes of air foils is decided according
to M,. To avoid start/stop the active aerodynamic control
system frequently, when absolute value |M,| is too small, a
control threshold My, is set (M is positive). The extra
longitudinal aerodynamic drag force needed to produce the
desired yaw moment M, and the desired longitudinal
aerodynamic drag force F;(#) can be obtained as

(14)

ar, = e
aTT

a

Fy(0) = Fo+ AF,

where /, is the arm of drag force, Fy is the longitudinal
acrodynamic drag force, when both air foils are turned off.
Hence, the angle of attack of the target air foil can be
determined by (1) and Fig. 2(b).

The primary objective of the control allocation module is
to generate M, and track the desired yaw response. Another
objective of this module is to minimize the braking force for
energy saving. An optimal braking force distribution
algorithm is adopted to achieve differential braking control
under the constraint of actuators and tires. Under differential
braking condition, the limitation of the longitudinal force of
each wheel can be determined by the braking torque.

_ @ , F _ T;n',min

. - (15)
XI,max R Xt,min R

where Fiimax (Fyimin) 1S the maximum (minimum) braking
force of each wheel, R is the radius of the wheel. A weighting
factor # is used in this study. The weighted least squares
problem:

(16)

U= argmin (|U ~U, [ +n |, (8U V1)
where Uin and U, are decided respectively by the tire-road
friction coefficient constraint and actuator constraint, which
is the maximum torque range of in-wheel-motors. W, is the
diagonal weighting matrix, which shows the different of
vertical load between each wheel. To minimize the allocation
error, 7 is usually set to very large.

IV. RESULT AND DISCUSSION

The vehicle model with active aerodynamic control
system was established in Matlab, which is an accurate multi-
body vehicle simulator. The validity of the proposed method
was evaluated through joint simulation of Matlab & Simulink.
Double lane change test was conducted to investigate the
effectiveness of the proposed method. A closed-loop driver
model was used as steering controller for following the target
path. The test was carried out at the velocity of 30 m/s, which
should possibly be constant by the driver or cruise control
system. The road surface is assumed to be flat and smooth.
Two kinds of tire-road friction coefficient (0.85 & 0.4) are
adopted. In this paper, the front wheels are drive wheels and

75

the rear wheels are non-drive wheels. The main parameters of
the vehicle are listed in detail in [1].

The performance of the proposed integrated control
method (IC) and traditional differential braking control
method (DBC) are compared by simulation method. Double
lane change test was carried out to compare the effects of the
control methods. Tire workload usage is a key evaluation
indicator, which reflects the utilization of road adhesion
ability [9]. Tire workload of each wheel can be defines as

F?+F,
uF

z

a7

Figure 7 illustrates the control inputs such as yaw moment,
angle of attack, and brake pressure as a function of time. It
can be seen from Fig. 7(a) that M) is less than M.. The
additional yaw moment M. needs to be generated by
differential braking control for the vehicle under DBC.
However, the additional yaw moment M, needs to be
generated by differential braking control for the vehicle under
IC. The difference between M- and M, is the additional yaw
moment generated by active aerodynamic control (M,).

The angle of attack of the airfoils is shown in Fig. 7(b).
The angle of attack of the airfoils reach 90° three times for
generating Mg max. When | Mz|= Mg ma, under 1C, differential
braking control function will be activated. The brake pressure
of each wheel under IC and DBC are illustrated in Fig. 7(c).
The vehicle under IC conducted differential braking control is
later than that under DBC. The peak value of brake pressure
of each wheel under IC is lower than that under DBC. For
example, at 2 s, the peak value of brake pressure of rear left
wheel under IC is 27.97% less than that under DBC; at 5.1 s,
the peak value of brake pressure of rear left wheel under IC is
20.89% less than that under DBC. The steering wheel angle is
illustrated in Fig. 7(d). It indicates that there is no difference
on driver’s operation between IC and DBC.

The results are shown in Fig. 8. It can be seen from Fig.
8(a) that both the IC and DBC stabilize the vehicle to pass the
target path. The yaw rate under IC can better matches the
desired yaw rate than that under DBC, as shown in Fig. 8(b).
At large slip angles, changing the steering angle produces very
little change in the yaw rate of the vehicle [2]. The vehicle
under IC and DBC can follow the desired slip angle, as
illustrated in Fig. 8(c). However, the slip angle under IC is
relatively small. The maximum lateral accelerations are less
than the peak acceleration, which is bound by the road surface,
as in Fig. 8(d). It indicates that the vehicle has enough lateral
stability margin. The average of the maximum lateral
acceleration under IC is 5.1% less than that under DBC. The
result of slip angle and lateral acceleration means that the
vehicle under IC is more stable to some extent. The tire
workload usage of each wheel is shown in Fig. 8(e) and table
3. The peak tire workload usages of front left wheel and front
right wheel under IC is slightly larger than that under DBC.
However, the peak tire workload usages of front left wheel
and front right wheel under IC is significantly smaller than
that under DBC.

The comparison results of tire workload usage can be
explained as follows: First, to maintain the target speed, the
drive system of the vehicle will increase the power output. As
shown in Fig. 2(b), the drag force of the vehicle will increase
with the increase of the angle of attack of the airfoils. The drag
force of the vehicle under IC is larger than that under DBC.
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This means that a greater driving force is required for the
vehicle under IC to overcome the aerodynamic drag force. It
means that the longitudinal tire forces of the front wheels will
increase as well as the tire workload usages of the front
wheels.

Second, as shown in Fig. 2(a), the lift force of the vehicle
will decrease when the angle of attack of the airfoils is non-
zero. It indicates that the vehicle is subjected to larger
downward force. According to (17), the tire workload usage
will become smaller for the increase of vertical tire force. The
increase of vertical tire force will expand tire adhesion limit.
It means that the risk of tire force saturation will be reduced.

Third, as shown in Fig. 7(c), the vehicle under IC has a
lower braking strength. For the non-drive wheels, the smaller
the braking strength, the smaller longitudinal tire force.

In summary, the tire workload usage of the rear wheels of
the vehicle under IC will become smaller because of the
increase of the vertical tire force and the decrease of the
longitudinal tire force. The tire workload usage of the front
wheels of the vehicle under IC is slightly larger than that under
DBC. This is due to the increase of driving force and vertical
tire force and the decrease of braking force.

The control inputs are shown in Fig. 9. It can be seen from
Fig. 9(a) that M, is obviously less than AM.. This means that
most of the additional yaw moment required for stability
control is generated by active acrodynamic control on the wet
road. Most of the time the angle of attack of airfoils did not
reach the maximum, as is shown in Fig. 9(b). The brake
pressure of each wheel under IC and DBC are illustrated in
Fig. 9(c).

The peak value of brake pressure of each wheel under IC
is obviously less than that under DBC. By compared with the
control inputs on the dry road, the reason for the control inputs
become smaller is that the desired yaw rate and desired side
slip angle for the vehicle are bounded by the tire-road friction
coefficient. The steering wheel angle is illustrated in Fig. 9(d).

It indicates that there is no difference on driver’s operation
between IC and DBC. Figure 10 shows the simulation results
on the wet road. Similar control performance can be obtained
as that on the dry road.
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V. CONCLUSION

This paper presents a novel integrated control method to
improve vehicle driving performance under high speed
conditions. It comprises of an upper layer and a lower layer
controller. A sliding mode control approach is adopted to
determine the desired yaw moment. A control strategy is
designed in the lower controller for coordinating active
aerodynamic control and differential braking control.

In this paper, the feasibility of active aerodynamic control
for vehicle stability control is explore in theory. The proposed
method is verified in software simulation without
experimental. To this end, the proposed method will
implemented in hardware-in-loop platform and a prototype
vehicle in the future.
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