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Abstract: This work presents a predictive control strategy for a four degrees of freedom (DOF) half-car
model in the presence of active aerodynamic surfaces. The proposed control strategy consists of two
parts: the feedback control deals with the tracking error while the feedforward control handles the
anticipated road disturbance and ensures the desired maneuvering. The desired roll and pitch angles
are obtained by using disturbance, vehicle speed and radius of curvature. The proposed approach
helps the vehicle to achieve better ride comfort by suppressing the amplitude of vibrations occurring
in the vertical motion of the vehicle body, and enhances the road-holding capability by overcoming
the amplitude of vibrations in tyre deflection. The control strategy also cancels out the hypothetical
forces acting on the vehicle body to help the vehicle to track the desired attitude motion without
compromising the ride comfort and road-holding capability. The simulations results show that the
proposed control strategy successfully reduces the root mean square error (RMSE) values of sprung
mass acceleration as well as tyre deflection.

Keywords: predictive control; ride comfort; half-car model; tracking controller; aerodynamics; PS;
road-holding

1. Introduction

The essential requirements to improve the ride quality of a vehicle are ride comfort and
road-holding capability. These two requirements are considered to be conflicting problems in
the field of automotive engineering. The suspension system plays an important role to enhance ride
comfort and road-holding capability of a vehicle. Improvement of ride comfort means attenuating
the amplitude of vehicle body vibrations and reducing the disturbances associated with roads [1–3].
The road-holding is related with suppressing the amplitude of vibrations in tyre deflection to increase
its grip on the road. The automotive engineers need to address these conflicting requirements so
that they can find the optimal compromise within the design constraints, vehicle cost consideration,
available packaging space, and vehicle geometry.

The control approaches based on linear [4] as well as non-linear [5,6] laws have reshaped the
control of various systems including vehicles. During the high speed of the vehicles, the ride
comfort and road-holding are the primary goals in designing the controller to improve ride quality.
Therefore, efforts to suppress the amplitude of vibrations have recently increased. Research work
reported in [7] uses a skyhook suspension to investigate the effects of aerodynamic forces on
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road-holding and ride comfort. In [8], the proposed strategy aims to reduce the adverse effects
of the vibrations generated by unbalanced electromagnetic forces that arise from the road excitations.
In [9,10], a semi-active suspension system is used to deal with the conflict between ride comfort and
road-holding to improve the vehicle performance. An active suspension control (ASC) is proposed
in [11] to reduce the vehicle body structural vibrations without compromising other control objectives.
In [12], the effects of vibrations are analyzed on ride comfort and road-holding capability. Other research
reported in [13] uses unscented Kalman filter for roll rate. A model-based estimation for vehicle
yaw rate, side slip and roll angle is designed to achieve an accurate simultaneous estimation of
these parameters. A state-dependent Riccati equation-based control method for hydro-pneumatic
suspension is investigated in [14] to improve the ride comfort and vehicle attitude motion performance.
Basrah et al. [15] designed a linear and non-linear model predictive control to regulate wheel slip
with proportional braking torque. In [16], a particle swarm optimization algorithm is applied to
identify the ideal suspension parameters which have a more significant influence on vehicle ride
comfort. In [17], to enhance the ride comfort and tyre grip, a nylon adaptive flywheel suspension
system is used to achieve passive vibration control. In [18], an adaptive neural network non-linear
estimator is employed to estimate the unknown longitudinal tyre forces and lateral speed to improve
vehicle-handling capability.

Recently, research on the applications of aerodynamic surfaces to improve the vehicle performance
has gained extensive momentum. The downward forces generated by aerodynamic surfaces have a vital
effect on suppressing the amplitude of vibrations in sprung mass as well as in an unsprung mass system.
Savkoor et al. have presented a novel research work on the application of active aerodynamic control
systems (AACS) [19–22] in which they proposed that active aerodynamics surfaces (AAS) can be used as
suspension actuators to alter the vibration of the unsprung mass of the vehicle. In [19], it is investigated
whether the application of AACS can be used to enhance vehicle performance by improving the ride
comfort and vehicle-handling. An improvement in ride comfort has been achieved in [22] through
integration of suspension and aerodynamics in a high-speed vehicle. Another research work [23]
analyzed the performance of actively controlled aerodynamic actuators to enhance road-holding
capability. A quarter car model equipped with AAS was used on the unsprung mass. The parametric
study comprised changing the surfaces of the airfoil, road roughness and vehicle velocities. In [24],
an AACS was used to overcome the trade-off between the ride comfort and road-holding. In this work,
AAS were used on the sprung mass, and the control strategy successfully minimized the sprung mass
vibrations. In [25], a dual AACS was designed to enhance the ride comfort, road-holding and handling
capability of a quarter car model. In [26], an actively controlled aerodynamic strategy was used to
improve the performance of a sport car in cornering maneuvers by altering normal load distribution.
In [27], a pitch oriented half-car model is investigated to improve both the pitching as well as vertical
acceleration. It does not consider the load transfer effects during cornering and accelerations. In our
work, an attitude motion tracking controller is designed to track the desired roll and pitch motions and
to improve the road-holding capability of the vehicle.

Tilting the vehicle body in the opposite direction during cornering or in forward direction during
accelerating is more useful to improve ride comfort and vehicle-handling capability. The anti-roll bar
is widely used to reduce the lateral load transfer on a vehicle body [28]. An active tilting technology is
investigated in [29] for high-speed railway vehicles to enhance the ride comfort and vehicle-handling
capability. It is concluded that the acceleration on the passengers could be reduced by 30% [30]. In [31],
the experimental results show that minimum acceleration which can cause discomfort to the passenger
should be less than 0.25 g. In [32], the coupling effect between the attitude motion and vehicle-handling
of a full-car non-linear model is investigated where an ASC is combined with an electronic stability
controller to achieve better ride comfort and road-holding capability. In [33], an attitude motion
controller is designed to eliminate the longitudinal forces during braking and lateral forces during
cornering with the objective to track the desired pitch and roll motion. In [34], an integration of an
electronic stability controller and an attitude motion controller is investigated to ensure vehicle safety,
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lateral stability, ride comfort and vehicle-handling capability of a full-car non-linear model. In [35],
an attitude tracking control strategy is proposed to eliminate the longitudinal and lateral forces and
centrifugal forces generated during braking, cornering and accelerating.

Although the previous research work is useful to enhance the ride comfort and road-holding
capability of a vehicle, very little attention has been given to simultaneously suppress the amplitude
of vibrations in vertical motion of the vehicle body as well as in tyre deflection and to leaning the
car body in the opposite direction to track the desired attitude motion. In our previous work [36],
we have used an ASC system to tilt the vehicle body in the opposite direction while maneuvering
corners where the simulation results are carried out for tracking roll motion only. In contrast, in the
present work, an attitude motion tracking controller is designed to track the desired roll and pitch
motions. A half-car model using an AACS equipped with a passive suspension system is presented.

The proposed system is aimed at offering an adequate level of a vehicle’s vertical dynamics
controllability as outlined in [37]. A half-car vehicle model is used to investigate the performance of
the proposed predictive controller, which helps to eliminate the lateral or longitudinal forces acting
on the car body to track the desired roll and pitch angle of the vehicle traversing around predicted
road curvatures. The controller is designed with a purpose to: (i) let the car body to track the desired
roll and pitch angle accurately, (ii) suppress the amplitude of vibrations in vertical motion of vehicle
body and tyre deflection during cornering or accelerating on a flat road and a downhill road. Since the
handling of the vehicle depends on the design and dynamic capability of the tyre, control tracking
forces are computed based on the predicted data to determine future reference for the attitude motion.
The designed aerodynamic-based control law suppresses the amplitude of vibrations in sprung mass
as well as in unsprung mass to improve the ride comfort and road-holding capability. The proposed
control strategy also helps to skew the vehicle body inside at cornering, backward during downhill
travelling and forward during acceleration. The performance of the optimal controller with the
applications of AACS is verified through simulation results.

This paper is organized as follow: Section 2 introduces half-car model with passive suspension
and active aerodynamic surfaces. Section 3 details the proposed control strategy while Section 4
discusses the simulation results followed by conclusion presented in Section 5.

2. Problem Formulation of Four Degrees of Freedom (4-DOF) Half-Car Model

The present research considers a half-car model as a passive system (PS) with aerodynamic forces.
The PS uses passive springs and dampers without any control actuator. Figure 1 shows the schematic
diagram of the PS equipped with aerodynamic surfaces. The PS is installed between the sprung mass
and unsprung mass. The aerodynamic actuators are installed at the right and left or front and rear
position of the vehicle body, which provides the required downward control forces. The control inputs
are applied to the sprung mass of the vehicle. In the figure, u1 and u2 are the control inputs while f1

and f2 are the disturbance forces acting on the vehicle body (sprung mass). zc is vertical displacement
of sprung mass system. z1 and z2 are vertical displacements of unsprung mass system. z01 and z02 are
road variations. θ is attitude (roll or pitch angle) and C.M is center of mass of the vehicle body. a and b
denote the distances of the suspension from the C.M.
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Figure 1. Schematic diagram of half-car model with passive suspension equipped with aerodynamic
surfaces.

Table 1 lists the vehicle prominent parameters and their values considered in the present research.
The vehicle model is used to track the desired attitude motion and to minimize the amplitude of
oscillations occurring in vertical movement of the vehicle as well as in tyre deflection. The derived
model addresses the roll and pitch motion of the vehicle body.

Table 1. Vehicle parameters.

Symbol Description Value Unit

m Vehicle body mass 500 Kg
I Moment of inertia 200 Kg·m2

m1, m2 Vehicle unsprung mass 25 Kg
ks1, ks2 Suspension stiffness 18 kN/m
kt1, kt2 Tyre stiffness 1 kN/m
bs1, bs2 Damping coefficients 1 kN/m

a, b Distance of center of mass from mount points 0.74 m
h Distance of center of mass from the ground 0.7 m

The equations describing vertical dynamics are written as:

m
..
zc= fR+f1+f2+fL (1)

where fR and fL are suspension forces acting on the sprung mass, and given in (2) and (3) respectively.

fR = ks1(z1 − zc − aθ) + bs1
( .
z1 −

.
zc − a

.
θ
)
− u1 (2)

fL = ks2(z2 − zc + bθ) + bs2
( .
z1 −

.
zc + b

.
θ
)
− u2 (3)

The disturbance forces f1 and f2 in (1) acting on the suspension mounting points of both sides
have same magnitude and opposite direction. These forces acting on the body during roll motion and
pitch motion can be written as in (4) and (5) respectively. In case of roll motion, the f1 = fr1 and f2 = fr2,
and similarly in case of pitch motion, f1 = fp1, f2 = fp2.

fr1,2 =
∣∣∣ Fcos(θs) −mgsin(θs)

h
a+b

∣∣∣ (4)

fp1,2 =

∣∣∣∣∣(F−mgsin(θs))
h

a + b

∣∣∣∣∣ (5)

where F is the centrifugal force during roll motion and is the inertial force during pitch motion acting
on vehicle body as shown in Figures 2 and 3, g is the gravitational force θs is the road slope.
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For the roll or pitch motion the equation is as:

I
..
θ = (fR+f1)a− (fL+f2)b (6)

Equations of motion for the vertical motion of unsprung mass are given as:

m1
..
z1 = −kt1(z1 − z01) − fR1 (7)

m2
..
z2 = −kt2(z2 − z02) − fL1 (8)

where fL1 and fR1 are called suspension forces acting on unsprung mass are given in (9) and (10).

fL1 = ks2(z2 − zc + bθ)bs2 +
( .
z2 −

.
zc + b

.
θ
)

(9)

fR1 = ks1(z1 − zc − aθ)bs1 +
( .
z1 −

.
zc − a

.
θ
)

(10)

2.1. Desired Roll Angle

The schematic diagram to determine the desired roll angle of the vehicle body relative to the
banked road angle is shown in Figure 2. The desired roll angle is computed as:

mgsin(θs+θd)= macacos(θ s+θd) (11)

aca

g
= tan(θs + θd) (12)

aca

g
=

tan(θd) + tan(θs)

1− tan(θs) tan(θd)
(13)
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θd= arctan
[

aca − gtan(θs)

aca tan(θs) + g

]
(14)

where aca is centrifugal acceleration and θd is the desired roll angle of the car body.

2.2. Desired Pitch Angle

Figure 3 shows the ideal pitch position in a horizontal plane. The desired pitch posture of a car
body on the downhill will be parallel to the horizontal plane. The desired pitch angle can be computed
as given in (15)–(17).

If θs ≤ 0, then:
mgsin(θs+θd)= maia cos(θd) (15)

aia

g
=

sin(θs + θd)

cos(θd)
= tan(θd) cos(θs) + sin(θs) (16)

θd= arctan
(

aia

gcos(θs)

)
− θs (17)

where aia is inertial acceleration.
The desired roll angle in (14) and desired pitch angle in (17) are derived to eliminate the external

lateral and longitudinal forces acting on the passengers. These forces are cancelled out such that the
gravitational force counterbalances the lateral and longitudinal forces except for the normal forces.

2.3. Aerodynamic Forces

The primary objective of this work is to improve ride comfort and road-holding ability and to
enhance vehicle-handling capability by using an active aerodynamic control system. The aerodynamic
surfaces are subjected on the sprung mass, which generates the required forces to control the vertical
motion of the vehicle body. The independent operation of aerodynamic surfaces provides different
downward control forces. Therefore, the configuration of the aerodynamic surfaces can modify
the distribution of downward forces. Such distribution has a powerful effect on ride comfort and
road-holding capability. These forces can adjust the vertical load of the sprung mass system to affect the
suspension deflection, acceleration of the vehicle body and tyre deflection. The suspension deflection
affects rattle space which has a direct impact on the ride comfort. The tyre deflection is related to
holding capability. In this work, a NACA0014 symmetrical airfoil is used to generate the downward
control forces. The control forces generated by aerodynamic surfaces are given as:

Flift= 1/2ρv2SClift(α) (18)

Fdrag= 1/2ρv2SCdrag(α) (19)

where ρ is the air density, v is the vehicle speed, S is the airfoil surface, Clift and Cdrag are the lift and
drag coefficients which depend on the angle of attack (α), shape of airfoil and roughness of the surface.
The maximum lift force is generated at an angle of attack (AOA) α = 15◦.

The constraint on the AOA is [−15◦, 15◦] to bound the lift coefficient. The drag coefficient is
negligible as compared to the lift coefficient. The coefficients are plotted against the AOA in Figure 4,
where it is evident that the lift coefficient is larger than the drag coefficient. Hence, maximum
downward force can be generated by using aerodynamic surfaces. Figures 5 and 6 illustrate the
generated lift and drag forces of the airfoil, respectively. These results demonstrate the effect of AOA
and vehicle speed on the generated lift and drag forces.
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Figure 5 shows that a maximum of around 600 N lift force is generated corresponding to an
AOA of 15◦ and 150 km/hr vehicle speed. Figure 6 illustrates the maximum drag force generated is
39.2 N at a vehicle speed of 200 km/hr and 20◦ AOA. Comparing Figures 5 and 6, it is evident that the
maximum lift force is much greater than the maximum drag force. Therefore, the opposite of lift force
(i.e., downward force) is, relatively, a major factor in improving the performance of suspension system
in terms of achieving better ride comfort, enhanced tyre grip on the road, and to enhance tracking
performance for the desired attitude motion.

3. Control Strategy

A preview control strategy is proposed in the present research, which helps not only to track
the desired roll angle and pitch angle of the vehicle body but also helps to improve the ride comfort
and road-holding capability of the vehicle. The passive system is without controller. For both ASC
and AACS, the control design procedure is very similar. The main difference lies in the application of
control inputs. In AACS, the aerodynamic surfaces are installed on sprung mass, and therefore the
control forces are directly applied to the sprung mass of the vehicle. However, in ASC, the actuator
control inputs are applied between the sprung mass and unsprung mass system as discussed in [33].
The dynamic equations of motion are represented by a continuous time state-space vector equation as
given in (20).

.
x = Ax + Bu + Dw (20)

where:
x =

[
zc,

.
zc, θ,

.
θ, z1 − z01,

.
z1, z2 − z02,

.
z2, z1, z2

]T
(21)

w =
[ .
Zo1,

.
Zo2, f1, f2

]T
(22)

u = [u 1, u2]
T (23)

The nonzero elements of matrix An×n, Bn×q and Dn×p are given in Appendix A. where n is the
number of states, q represents the number of inputs and p represents the number of disturbance inputs.
The desired state vector containing the roll or pitch angle is given in (24).

xd = [0, 0, θd, 0, 0, 0, 0, 0, 0, 0]T (24)
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The optimal tracking controller that minimizes the cost function consists of suspension acceleration,
roll or pitch acceleration, suspension rattle space, the difference between the desired attitude angle and
the actual angle, road-holding forces and control inputs. Therefore, the cost function is given by:

J = lim
T→∞

1
2T

T∫
0

 ρ1
.
x2

2 + ρ2
.
x2

4 + ρ3(x1 + ax3 − x9)
2 + ρ3(x1 − bx3 − x10)

2

+ρ4(xd3 − x3)
2 + ρ5x2

5 + ρ5x2
7 + ρ6u2

1 + ρ6u2
2

dt (25)

The cost function in (25) can be rewritten in terms of matrices and the vectors which represent the
control inputs, disturbance inputs and difference between the desired state and the system states.

J(x, u, w) = lim
T→∞

1
2T

∫ T

0

[
(xd − x)TQ(xd − x)+2(xd − x)TN1u + 2(xd − x)N2w

+uTRu + 2wTM1u + wTM2w

]
dt (26)

where Qn×n, Nn×q
1 , Nn×p

2 , Mp×q
1 , Mp×p

2 are positive definite matrices. Rq×q is an identity matrix. It is

assumed that the desired state vector in τ ∈
[
t, t + tp

]
is known deterministically. If the pair (A, B) is

stabilizable and (A, Q) are detectable, then the following tracking controller is obtained by minimizing
the cost function given in (26).

u = −R−1
[(

BTP−NT
1

)
x + NT

1 xd+MT
1 w + BTgR

]
(27)

Figure 7 shows the block diagram of the proposed control strategy. The control law
consists of two parts, feedback part given by −R−1

(
BTP−NT

1

)
x and feedforward part expressed

as (NT
1 xd+MT

1 w + BTgR). The feedback part is without the preview information of the predicted data
corresponding to the desired states and disturbances. The feedforward part contains the preview
information gR, which can be computed from the anticipated road disturbances and the desired angles.
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The P in (27) is the solution of the algebraic Riccati equation (ARE) given in (29). The vector gR satisfies

gR =

∫ tp

0
e−AT

c τ
[
(PDn −Nn)w(τ) −

(
QnPBR−1N1

)
xd(τ)

]
dτ (28)

0 = QT
n+AT

nP + PAn − PBR−1BTP (29)

where:
An= A + BR−1NT

1 (30)

Qn= Q−N1R−1NT
1 (31)
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Dn= D− BR−1MT
1 (32)

Nn= N2 −N1R−1MT
1 (33)

Ac= An − BR−1BTP (34)

where Matrix Ac is closed loop asymptotically stable matrix. The closed-loop system equation can be
written as:

.
x = Acx + Dnw− BR−1NT

1 xd − BR−1BTgR (35)

4. Results and Discussion

In this section, different cases for the vehicle roll and pitch motions are discussed based on a
4-DOF lateral and longitudinal half-car vehicle model. The performance of the vehicle equipped with
an active aerodynamic surfaces is compared with the ASC and PS.

The simulations are carried out using MATLAB 2019b installed on Samsung core™ 5-6400 central
processing unit (CPU) @ 2.70 GHz. The simulation results are performed for the roll and pitch motion
of the vehicle travelling with a 150 km/hr speed. The results for tracking the desired roll angle and
enhancing the ride comfort and road-holding capability are carried out for a circular maneuver and a
lane-change maneuver. The simulations for the pitch motion are conducted out for a vehicle travelling
on a flat road and for a downhill road. The results show that the proposed control strategy helps the
vehicle to minimize the amplitude of oscillations occurring in vertical motion of the vehicle body and
in tyre deflection to ensure a better ride comfort and holding capability.

The control strategy also helps the vehicle to successfully track the desired attitude motion by
alleviating the external centrifugal and longitudinal forces acting on the vehicle body. Both AACS and
ASC based strategies achieve the desired attitude motion. However, the AACS outperforms the ASC
in terms of ride comfort and road-holding capability of the vehicle. In the case of a PS, the centrifugal
and longitudinal forces cause a vehicle to tilt in the direction of the forces acting on the car body.
The performance of AACS and ASC are compared based on the root mean square error (RMSE) method.

4.1. Desired Roll Angle Tracking

In the first case, performance of the vehicle travelling on a circular maneuver with 300 m radius
and 3◦ of road slope is considered. Considering the road slope and centrifugal forces, the desired roll
angle is determined as in (14). The performance of the active aerodynamic control strategy is compared
with active ASC and PS. The simulation results for the desired roll angle tracking, vehicle sprung mass
suspension, and tyre deflection are shown in Figures 8–10, respectively. The results show that the
proposed control strategy helps the vehicle body to track the desired roll angle, minimize the amplitude
of oscillations in vertical motion of the vehicle body and to reduce the magnitude of oscillation in tyre
deflection. The desired roll angle is achieved by tilting the car body in the opposite direction to cancel
out the centrifugal forces acting on the car body.
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Figure 10. Tyre deflection of vehicle travelling on circular maneuver with slope θs= 3◦ and radius of
curvature r = 300 m.

Furthermore, it is clear from these results that a PS is directly affected by the centrifugal forces,
since tilting the vehicle body in the direction of centrifugal forces causes instability to the vehicle. On
the other hand, for AACS and ASC, the proposed controller helps the vehicle body to tilt inwards by
cancelling out the centrifugal forces acting on the vehicle. Although both the ASC and AACS can
accurately track the desired roll motion of the vehicle body, comparing the RMSE values revealed
that AACS outperforms ASC. Compared to the ASC, AACS suppresses the amplitude of vibrations
in vertical motion of the vehicle body and reduces the magnitude of oscillations in tyre deflection to
increase its grip on the road. Table 2 shows the RMSE values for suspension deflection, tyre deflection
and rolling motion. The RMSE value for suspension deflection offered by the proposed AACS is
smaller compared to ASC. The RMSE value exhibited by the PS is smallest, but there is no perfect
tracking by the PS. The RMSE value of AACS for the tyre deflection is smaller than the corresponding
value in ASC, which implies that the former control strategy offers relatively higher tyre grip on the
road. For the roll motion, the RMSE value of AACS is smaller than ASC and PS indicating that AACS
demonstrates better ride comfort capability.

Table 2. Root mean square error (RMSE) values for circular maneuver.

Parameter Active Aerodynamics Control System Active Suspension Control Passive System

Suspension deflection 0.084 0.866 0.0143
Tyre deflection 8.43 × 10−4 0.0026 0.0014

Rolling 0.009 2.6158 5.21 × 10101

In the second case, the simulations for lane change maneuver are carried out for desired roll angle
tracking, tyre and suspension deflection. The simulations are performed for an AACS and ASC and
a PS. The results shown in Figure 11 demonstrate that the proposed control strategy cancels out the
centrifugal forces acting on the vehicle body in efforts to tilt the car body inwards to track the desired
roll motion successfully. The PS is badly affected by centrifugal forces acting on the car body, which try
to tilt the vehicle body in the direction of lateral forces.
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Figure 11. Roll angle of the vehicle body travelling in lane change maneuver with slope θs= 3◦ and
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The simulation results show that AACS and the ASC successfully track the desired roll motion
for vehicle travelling in a lane change maneuver. The RMSE values given in Table 3 show that AACS
demonstrates smaller value in case of roll motion when compared with ASC thus achieving better
tracking of roll motion. Figure 12 shows the results for the suspension deflection, where it can be seen
that AACS minimizes the amplitude of vibrations in vertical motion of the vehicle body. ASC shows
more oscillations as compared to AACS which implies that AACS outperforms ASC to achieve better
ride comfort. The simulation results for the tyre deflection are shown in Figure 13, which indicates
that AACS minimizes the amplitude of vibrations in tyre deflection as compared to ASC. The RMSE
value of AACS is less than that of ASC demonstrating that the tyres will have more relative grip on the
road in the case of AACS. PS exhibits smaller RMSE values for suspension deflection as well as tyre
deflection, but has a high RMSE value for rolling indicating instability in the vehicle during cornering.

Electronics 2020, 9, x FOR PEER REVIEW 12 of 20 

 

Table 3. RMSE values for lane change maneuver. 

Parameter 
Active Aerodynamics Control 

System 
Active Suspension 

Control 
Passive 
System 

Suspension 
deflection 0.163 0.167 0.0282 

Tyre deflection 0.001 0.0052 0.0028 
Rolling  0.015 0.066 1.0082 × 1010 

 
Figure 11. Roll angle of the vehicle body travelling in lane change maneuver with slope θs = 3o and 
radius of curvature r = 180 m. 

 
Figure 12. Suspension deflection of vehicle traveling on lane change maneuver with slope θs = 3o and 
radius of curvature r = 180 m. Figure 12. Suspension deflection of vehicle traveling on lane change maneuver with slope θs= 3◦ and

radius of curvature r = 180 m.



Electronics 2020, 9, 1463 14 of 22

Table 3. RMSE values for lane change maneuver.

Parameter Active Aerodynamics Control System Active Suspension Control Passive System

Suspension deflection 0.163 0.167 0.0282
Tyre deflection 0.001 0.0052 0.0028

Rolling 0.015 0.066 1.0082 × 1010Electronics 2020, 9, x FOR PEER REVIEW 13 of 20 

 

 
Figure 13. Tyre deflection of vehicle traveling on lane change maneuver with slope θs = 3o and radius 
of curvature r = 180 m. 

4.2. Desired Pitch Angle Tracking 

In this section, the simulations are performed for two scenarios; a flat road with θs=0o and a 
downhill road with θs=−5o. When a vehicle is travelling on a straight maneuver, the acceleration 
produces inertial forces to affect the ride comfort and road-holding capability. The vehicle forward 
pitch is the most appropriate solution to counter the inertial effects generated while accelerating the 
vehicle. The desired pitch angle is considered to be zero so as to let the passenger feel comfortable. 
The accelerating forces applied during each pitch motion are shown in Figure 14. Table 4 includes 
the RMSE values for the vehicle travelling on a flat road. The simulation results for desired pitch 
angle tracking in this case are shown in Figure 15. The results indicate that the AACS shows excellent 
performance for desired pitch motion tracking. The tracking by the ASC is also satisfactory, however 
the response is slow compared to AACS. The RMSE value of AACS for desired pitch tracking is 
smaller than the corresponding value in ACS.  

Figure 16 shows the performance of AACS, ASC and PS for suspension deflection of a vehicle. 
The RMSE value of AACS for the suspension deflection is less than the RSME value of ASC indicating 
better ride comfort. The PS is unable to obtain the required suspension forces to track the desired 
pitch motion. The results also show that the road-holding capability of the vehicle is improved by 
using AACS. The proposed control strategy successfully minimizes the amplitude of vibrations 
occurring in tyre deflection to increase the grip of the tyres on the road. Hence, AACS gives better 
tracking performance than ASC. The comparative results for tyre deflection in case of AACS, ASC 
and PS are shown in Figure 17. The results show that the oscillations in tyre deflection are reduced 
in case of AACS. In contrast, in case of the ASC, there are still oscillations that affect the ride comfort 
and road-holding capability of the vehicle. The RMSE values of AACS and ASC for the tyre deflection 
are given in Table 4, which indicates that smaller RMSE value of AACS demonstrates more tyre grip 
on the road and thus enhanced road-holding capability. The tyre deflection for the PS is minimum; 
however, it is unable to track the desired pitch motion thus severely affecting the vehicle-handling 
capability. The desired pitch angle for a vehicle travelling with constant velocity on the downhill is 
zero because the pitch angle should be parallel to the horizontal plane. The vehicle’s backwards pitch 
is the most appropriate solution to counter the inertial forces generated while accelerating a vehicle 
on a downslope road. 
  

Figure 13. Tyre deflection of vehicle traveling on lane change maneuver with slope θs= 3◦ and radius
of curvature r = 180 m.

4.2. Desired Pitch Angle Tracking

In this section, the simulations are performed for two scenarios; a flat road with θs= 0◦ and a
downhill road with θs = −5◦. When a vehicle is travelling on a straight maneuver, the acceleration
produces inertial forces to affect the ride comfort and road-holding capability. The vehicle forward
pitch is the most appropriate solution to counter the inertial effects generated while accelerating the
vehicle. The desired pitch angle is considered to be zero so as to let the passenger feel comfortable.
The accelerating forces applied during each pitch motion are shown in Figure 14. Table 4 includes
the RMSE values for the vehicle travelling on a flat road. The simulation results for desired pitch
angle tracking in this case are shown in Figure 15. The results indicate that the AACS shows excellent
performance for desired pitch motion tracking. The tracking by the ASC is also satisfactory, however the
response is slow compared to AACS. The RMSE value of AACS for desired pitch tracking is smaller
than the corresponding value in ACS.
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Parameter Active Aerodynamic Control System Active Suspension Control Passive System

Suspension deflection 1.05 8.4 0.0004
Tyre deflection 0.0044 0.1103 0.0050

Rolling 0.033 0.3599 61.86
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Figure 16 shows the performance of AACS, ASC and PS for suspension deflection of a vehicle.
The RMSE value of AACS for the suspension deflection is less than the RSME value of ASC indicating
better ride comfort. The PS is unable to obtain the required suspension forces to track the desired pitch
motion. The results also show that the road-holding capability of the vehicle is improved by using
AACS. The proposed control strategy successfully minimizes the amplitude of vibrations occurring
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in tyre deflection to increase the grip of the tyres on the road. Hence, AACS gives better tracking
performance than ASC. The comparative results for tyre deflection in case of AACS, ASC and PS
are shown in Figure 17. The results show that the oscillations in tyre deflection are reduced in case
of AACS. In contrast, in case of the ASC, there are still oscillations that affect the ride comfort and
road-holding capability of the vehicle. The RMSE values of AACS and ASC for the tyre deflection
are given in Table 4, which indicates that smaller RMSE value of AACS demonstrates more tyre grip
on the road and thus enhanced road-holding capability. The tyre deflection for the PS is minimum;
however, it is unable to track the desired pitch motion thus severely affecting the vehicle-handling
capability. The desired pitch angle for a vehicle travelling with constant velocity on the downhill is
zero because the pitch angle should be parallel to the horizontal plane. The vehicle’s backwards pitch
is the most appropriate solution to counter the inertial forces generated while accelerating a vehicle on
a downslope road.
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The simulation results of tracking the desired pitch motion on a downhill road are shown in
Figure 18. The PS is unable to achieve the desired pitch angle while moving with a constant speed on a
steep downhill. In contrast, AACS and the ASC help the car body to keep the pitch angle parallel to
the horizontal plane. The AACS supports the vehicle to track the desired pitch angle in 0.3 s, while the
ASC tracks the desired pitch angle in 0.5 s. The RMSE value of 2.14 in the case of AACS is less than the
corresponding value (2.569) for ASC. Hence, better tracking performance is achieved by the AACS
due to less rise time as well as less settling time as shown in Figure 18. The simulation results for
suspension and tyre deflection on the downhill road are shown in Figures 19 and 20 respectively.
The RMSE values for the downhill road are shown in Table 5. Figure 19 shows that the suspension
deflection for AACS exhibits relatively less oscillations compared to that in ASC. This phenomenon is
particularly evident during transient phase before a time span of 0.5 s as demonstrated in Figure 19.
AACS gives RMSE value of 5.06 for suspension deflection, which is less than the RMSE value obtained
in the case of ASC. The minimum oscillations and less RMSE value demonstrated by AACS conclude
that the ride comfort is improved in this control strategy.



Electronics 2020, 9, 1463 17 of 22

Electronics 2020, 9, x FOR PEER REVIEW 15 of 20 

 

 
Figure 16. Suspension deflection of vehicle traveling on a flat road with slop θs = 0o. 

 

Figure 17. Tyre deflection of vehicle traveling on a flat road with slope θs = 0o. 
The simulation results of tracking the desired pitch motion on a downhill road are shown in 

Figure 18. The PS is unable to achieve the desired pitch angle while moving with a constant speed on 
a steep downhill. In contrast, AACS and the ASC help the car body to keep the pitch angle parallel 
to the horizontal plane. The AACS supports the vehicle to track the desired pitch angle in 0.3 s, while 
the ASC tracks the desired pitch angle in 0.5 s. The RMSE value of 2.14 in the case of AACS is less 
than the corresponding value (2.569) for ASC. Hence, better tracking performance is achieved by the 
AACS due to less rise time as well as less settling time as shown in Figure 18. The simulation results 
for suspension and tyre deflection on the downhill road are shown in Figures 19 and 20 respectively. 
The RMSE values for the downhill road are shown in Table 5. Figure 19 shows that the suspension 
deflection for AACS exhibits relatively less oscillations compared to that in ASC. This phenomenon 

Figure 17. Tyre deflection of vehicle traveling on a flat road with slope θs= 0◦.

Electronics 2020, 9, x FOR PEER REVIEW 16 of 20 

 

is particularly evident during transient phase before a time span of 0.5 s as demonstrated in Figure 
19. AACS gives RMSE value of 5.06 for suspension deflection, which is less than the RMSE value 
obtained in the case of ASC. The minimum oscillations and less RMSE value demonstrated by AACS 
conclude that the ride comfort is improved in this control strategy. 

 

Figure 18. Pitch angle tracking of vehicle traveling on a downhill road with slope θs = − 5o. 

 

Figure 19. Suspension deflection of vehicle traveling on a downhill road with slope of θs = −5o. 

Figure 18. Pitch angle tracking of vehicle traveling on a downhill road with slope θs = −5◦.



Electronics 2020, 9, 1463 18 of 22

Electronics 2020, 9, x FOR PEER REVIEW 16 of 20 

 

is particularly evident during transient phase before a time span of 0.5 s as demonstrated in Figure 
19. AACS gives RMSE value of 5.06 for suspension deflection, which is less than the RMSE value 
obtained in the case of ASC. The minimum oscillations and less RMSE value demonstrated by AACS 
conclude that the ride comfort is improved in this control strategy. 

 

Figure 18. Pitch angle tracking of vehicle traveling on a downhill road with slope θs = − 5o. 

 

Figure 19. Suspension deflection of vehicle traveling on a downhill road with slope of θs = −5o. Figure 19. Suspension deflection of vehicle traveling on a downhill road with slope of θs = −5◦.

Electronics 2020, 9, x FOR PEER REVIEW 17 of 20 

 

 

Figure 20. Tyre deflection of vehicle traveling on a downhill road with slope of θs = − 5o. 
Table 5. RMSE values for downhill road. 

Parameter 
Active Aerodynamic Control 

System 
Active Suspension 

Control 
Passive 
System 

Suspension 
deflection 5.06 6.28 0.0267 

Tyre deflection 0.7868 0.8654 0.0023 
Rolling  2.14 2.569 384.68 

The simulation results for the tyre deflection are shown in Figure 20. Here, the oscillations in 
tyre deflection are reduced by AACS. In the case of ASC, the oscillations in the tyre deflection reduce 
the tyre grip on the road which ultimately weakens the road-holding capability. AACS gives the 
0.7868 RMSE value for tyre deflection, which is less than the corresponding value of 0.8654 obtained 
by ASC. Hence, the road-holding capability of the vehicle is enhanced in the case of AACS. The 
results for the PS are worst in terms of tracking the desired pitch motion. This is primarily due to the 
fact that in PS, center of mass of the vehicle is shifted towards the front, which is why the pitch angle 
of the car body is less than the slope of the road. 

5. Conclusions 

In this paper, the forces generated by aerodynamic surfaces are applied to improve the ride 
comfort, road-holding ability, vehicle-handling capability and desired roll and pitch motion tracking 
of a vehicle. An optimal predictive control strategy is proposed to track the desired attitude motion 
and to suppress the amplitude of vibrations in the sprung mass system as well as in tyre deflection 
so as to achieve the desired objectives. The performance of AACS is compared with an ASC and PS. 
The simulations are carried out for circular and lane-change maneuvers to track the desired roll angle 
while for the pitch angle tracking, simulations are performed for flat and downhill roads. The 
performance of the control strategies are compared based on RMSE values. The results show that the 
proposed AACS outperforms the other two systems. It is demonstrated that the aerodynamic forces 
tilt the car body inwards during cornering and successfully suppress vibrations to improve the road-
holding capability and ride comfort. 

Figure 20. Tyre deflection of vehicle traveling on a downhill road with slope of θs = −5◦.

Table 5. RMSE values for downhill road.

Parameter Active Aerodynamic Control System Active Suspension Control Passive System

Suspension deflection 5.06 6.28 0.0267
Tyre deflection 0.7868 0.8654 0.0023

Rolling 2.14 2.569 384.68

The simulation results for the tyre deflection are shown in Figure 20. Here, the oscillations in
tyre deflection are reduced by AACS. In the case of ASC, the oscillations in the tyre deflection reduce
the tyre grip on the road which ultimately weakens the road-holding capability. AACS gives the
0.7868 RMSE value for tyre deflection, which is less than the corresponding value of 0.8654 obtained by
ASC. Hence, the road-holding capability of the vehicle is enhanced in the case of AACS. The results for
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the PS are worst in terms of tracking the desired pitch motion. This is primarily due to the fact that in
PS, center of mass of the vehicle is shifted towards the front, which is why the pitch angle of the car
body is less than the slope of the road.

5. Conclusions

In this paper, the forces generated by aerodynamic surfaces are applied to improve the ride
comfort, road-holding ability, vehicle-handling capability and desired roll and pitch motion tracking
of a vehicle. An optimal predictive control strategy is proposed to track the desired attitude motion
and to suppress the amplitude of vibrations in the sprung mass system as well as in tyre deflection
so as to achieve the desired objectives. The performance of AACS is compared with an ASC and
PS. The simulations are carried out for circular and lane-change maneuvers to track the desired
roll angle while for the pitch angle tracking, simulations are performed for flat and downhill roads.
The performance of the control strategies are compared based on RMSE values. The results show that
the proposed AACS outperforms the other two systems. It is demonstrated that the aerodynamic
forces tilt the car body inwards during cornering and successfully suppress vibrations to improve the
road-holding capability and ride comfort.
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Appendix A

a11= 1, a21 = −
ks1+ks2

M , a22 = −
bs1+bs2

M , a23 = −
aks1+bks2

M , a24 = −
bs1a−bs2b

M , a26 =
bs1
M , a28 = bs2

M ,

a29 =
ks1
M , a210 = ks2

M , a34= 1, a41 = −
(ks1a−ks2b)

I , a42 = −
bs1a−bs2b

I , a43 = −
ks1a2+ks2b2

I , a44 = −
bs1a2+bs2b2

I ,
a46 =

bs1a
I , a48 = −bs2b

I , a49 =
ks1a

I , a410 = −ks2b
M , a57= 1, a61 =

ks1
m1

, a62 =
bs1
m1

, a63 =
aks1
m1

, a64 =
bs1a
m1

,

a65 = − kt1
m1

, a66 = −bs2
M , a69 = −

ks1
m1

, a78= 1, a81= ks2/m2, a82 = bs2
m2

, a83 = −ks2b
m2

, a84 = −bs2b
m2

,

a87 = − kt2
m2

, a88 = −bs2
m2

, a810 = −ks2
m2

, a96= 1, a108= 1.
The elements of matrix A, B and D are given as:

A =



a11 a12 a13 a14 a15 a16 a17 a18 a19 a110

a21 a22 a23 a24 a25 a26 a27 a28 a29 a210

a31 a32 a33 a34 a35 a36 a37 a38 a39 a310

a41 a42 a43 a44 a45 a46 a47 a48 a49 a410

a51 a52 a53 a54 a55 a56 a57 a58 a59 a510

a61 a62 a63 a64 a65 a66 a67 a68 a69 a610

a71 a72 a73 a74 a75 a76 a77 a78 a79 a710

a81 a82 a83 a84 a85 a86 a87 a88 a89 a810

a91 a92 a93 a94 a95 a96 a97 a98 a99 a910

a101 a102 a103 a104 a105 a106 a107 a108 a109 a1010


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B =



0 0
1
M

1
M

0 0
a
I −

b
I

0 0
0 0
0 0
0 0
0 0
0 0



, D =



0 0 0 0
0 0 1

M
1
M

0 0 0 0
0 0 a

I −
b
I

−1 0 0 0
0 0 0 0
0 −1 0 0
0 0 0 0
0 0 0 0
0 0 0 0


The elements of matrix Q can be written as:

qij= ρ1a2ia2j+ρ2a4ia4j

Especially,

q11= ρ1a21a21+ρ2a41a41+2ρ3, q13= ρ1a21a23+ρ2a41a43+ρ3(a − b)

q19= ρ1a21a29+ρ2a41a49 − ρ3, q110= ρ1a21a210+ρ2a41a410 − ρ3

q33= ρ1a23a23+ρ2a43a43+ρ3

(
a2+b2

)
+ρ4, q39= ρ1a23a29+ρ2a43a49 − ρ3a

q310= ρ1a23a210+ρ2a43a410 − ρ3b, q55= ρ1a25a25+ρ2a45a45+ρ5

q57= ρ1a25a27+ρ2a45a47+ρ5, q77= ρ1a27a27+ρ2a47a47+ρ5

q99= ρ1a29a29+ρ2a49a49+ρ3, q1010= ρ1a210a210+ρ2a410a410+ρ3

The elements of matrix N1 can be written as:

n1ij= ρ1a2ib2j+ρ2a4ib4j

The elements of matrix N2 are given as:

n2ij= ρ1a2id2j+ρ2a4id4j

The elements of matrix M1

m1ij= ρ1d2ib2j+ρ2d4ib4j

The elements for matrix M2 are give as:

m2ij= ρ1d2id2j+ρ2d4id4j

where aij represents the elements of A matrix, bij represents the elements of B and dij represents the
elements of matrix D.
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