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Abstract- The main aim of this paper is to investigate the influence of combination of vehicle chassis control by developing 
new architecture of Active Aerodynamics Control and Hydraulic Interconnected Suspension. A 14 Degree-of-freedom 
nonlinear vehicle model is employed by using VI-CarRealTime software. Two chassis controls which are Active 
Aerodynamics Control and Hydraulic Interconnected Suspension are developed independently to achieve their control 
objects. Step steer and lane change manoeuvres are performed on various road conditions to illustrate the effectiveness of 
proposed combined chassis control. The results of the simulation are found to prove that superposition of chassis controllers 
improves vehicle stability and comfort. 
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I. INTRODUCTION 
 
Many vehicle technologies, including driver 
assistance systems, have greatly amended vehicle 
safety. Under critical driving manoeuvres especially 
at high speeds, e.g. emergency cornering, it is 
normally difficult for a driver to stabilize the vehicle, 
and accidents could occur in such critical driving 
situations. To stabilize vehicle under these dangerous 
circumstances, many active safety systems e.g. anti-
lock braking system [1, 2], electronic stability control 
[3, 4], active steering [5], direct yaw moment control 
[6] and active roll control system [7] and Torque 
Vectoring System [8] have been developed and 
brought into the market. 
A large number of control designs have been 
proposed for these vehicle motion control systems 
individually. However, the combination of these 
chassis control systems could in principle enhance the 
vehicle dynamics, safety margin an overall 
performance. Proper incorporation of chassis controls 
is required so that the activation of one control 
system does not adversely impact the operation of the 
others. The aerodynamic force is an important factor 
in influencing vehicle dynamics especially at high 
speeds. The distribution of normal load can change 
the dynamics of vehicle, so aerodynamics force 
affects the distribution of normal load in a way that 
vehicle’s behaviour acts in a desired manner. 
Utilizing active spoilers in front and rear of vehicle 
alters normal load distribution to overcome 
understeer and oversteer in cornering manoeuvres at 
high speeds. A higher angle of attack of a rear spoiler 
causes the rear normal load to increase more than the 
front one, thus leading to an understeer response 
which tends to stabilize the vehicle at high speed. An 
opposite effect could be obtained by shifting the 
aerodynamic balance on the front. 
 
Academic research on the topic was also carried out 
in recent years. Corno et al [9] presented a paper for 
enhancement of vehicle’s comfort in high speeds and 

also investigate the effects of Active Aerodynamics 
Control (AAC) on semi active suspensions. The paper 
proposed by Savkoor and Happel [10] further proves 
the utility of AAC. This paper proposes a comparison 
of several AAC control strategies to improve vehicle 
handling (yaw and roll dynamics). Doniselli et al [11] 
investigate the effects of aerodynamic forces on ride 
comfort and road holding by using skyhook 
suspension. Numerical simulation and experimental 
test have been carried out to evaluate the effects of 
aerodynamic forces on ride comfort and road holding 
of vehicle in high speed on various road profiles. 
Interconnected suspensions provide greater freedom 
to assign stiffness and damping properties to each 
suspension mode (comfort and handling), instead of 
entirely relying on a single-wheel station properties to 
define modal characteristics. The hydraulically 
interconnected suspension (HIS) can effectively 
overcome the comfort-handling compromise. In 
recent years, HIS is studied and developed by various 
research groups and institutions, including 
 [12] [13] [14] [15]. The combination of AAC and HIS 
have been given little attention in the past. In this 
paper, our aim is to stabilize vehicle in severe 
manoeuvres at high speed in order to control yaw and 
roll dynamics by active aerodynamics control and 
hydraulic interconnected suspension respectively. 
Active aerodynamics control is achieved by altering 
the load distribution of front and rear axle by 
changing the angle of attack of spoilers in an opposite 
direction. And a hydraulically interconnected 
suspension in in-phase and out-of-phase modes is 
suggested for providing better roll control during 
transition from transient to steady-state condition. 
Additionally, the effects of combining AAC and HIS 
on overall dynamic behaviour of vehicle is studied. 
The proposed chassis control methods will be 
evaluated through the co-simulation of 
Matlab/Simulink, LMS Lmagine Lab AMESim and 
VI-CarRealTime; Commercially-available software 
suitable for vehicle dynamic and control studies. 
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II. MODELING CONTROLLERS 
 
2.1. Vehicle Model 
The vehicle model used for numerical simulation was 
developed in MATLAB/Simulink environment. A 14 
DOF model derived from the commercial software 
VI-CarRealTime was imported in Simulink and 
interfaced with models for the actuators and the 
control logic.  
VI-CarRealTime is a virtual modelling and 
simulation environment developed for analysing 
vehicle’s dynamics. Its functionalities incorporate the 
ability to assemble the vehicle framework by 
gathering its fundamental subsystems, in particular 
tires and suspensions, specifying dynamic manoeuver 
schedules, launching standalone or 
MATLAB/Simulink embedded simulations. 
Suspension non-linearities and kinematics are 
reproduced by means of tables; in addition, Pacejka 
MF Tyre model [25] is used to reproduce the tire 
behaviour. 
 

Table1: Vehicle Parameters Used in Simulations 

 
 
2.2. Active Aerodynamics Control 
As stated in the introduction, the aim of proposed 
active aerodynamics control in this research is to 
change the angle of attack of front and rear spoilers 
so that a desired distribution of normal load is 
obtained. In particular, the control logic tries to 
regulate the normal load on front and rear axle to 
avoid excessive oversteer or understeer response, 
especially during transients. 
The controller consists of two layers, where the upper 
layer monitors the vehicle condition 
(understeering/oversteering), while the lower layer 
calculates the angle of spoiler and controls the 

actuators with respect to vehicle condition. As shown 
in Figure 1, the control process can be divided into 
three phases: 
1. In the first one, a look-up table is used to 
determine the desired normal load distribution 
according to current vehicle dynamics;  
2. In the second phase, look-up tables are used 
again to determine the angles of attack of front and 
rear spoilers, so that target normal loads can be 
obtained;  
3. As last an actuation system is used to 
effectively move the spoilers. 
 

 
Fig.1. Schematic of the Control Strategy 

 
Active aerodynamics offers the opportunity of 
increasing the total normal load on the tires without 
increasing the vehicle’s weight [26]. This clearly 
improves the road holding and the maximum lateral 
acceleration achievable [27]. In parallel, active 
aerodynamics allows the continuous regulation of 
balance, i.e. the normal load distribution between 
front and rear axle. This effect has an obvious impact 
on understeer/oversteer behaviour since increasing 
the normal load on one axle also increases its 
cornering stiffness. The simple 2D model of Figure 2 
shows how the forces and moments produced on the 
two spoilers allow to control the distribution of 
normal loads between front and rear axle. 
 

 
Fig.2. 2D Schematic of the Vehicle Model 

Considering the schematic of Figure 2, the 
equilibrium in the vertical plane of the vehicle leads 
to: 
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Controlling the angle of attack of front and rear 
spoilers changes the values of front and rear 
aerodynamic forces and moments, thus allowing to 
control normal load distribution. As aerodynamic 
forces are able to change the total value of vertical 
force acting on the vehicle, normal loads on front and 
rear axle can be controlled independently. 
The first step of control logic, consists in determining 
the desired values of load transfers. A simple 
approach is used, based on the index Ilat: 

VaI ylat                                                    (2) 
The index represents the difference between COG 
lateral acceleration ( ya ) and the product between 

vehicle’s speed (V ) and yaw rate ( ). During 
steady state cornering this difference is zero, while in 
transient its value may be positive or negative. With 
positive values the vehicle is generating lateral 
acceleration but the corresponding rotation along the 
vertical axis is not fast enough. In other words, yaw 
rate has to be increased to reach a steady state 
condition; this can be done by increasing the normal 
load on the front axle while reducing the one on the 
rear axle. If the term I  is negative, the vehicle is 
turning around a vertical axis too fast with respect to 
the lateral acceleration; in this case yaw rate should 
be decreased by reducing the normal load on the front 
axle and increasing the one on the rear axle. 
The proposed control logic aims at zeroing Ilat, so that 
the vehicle behaves in a very predictable way keeping 
an almost direct relation between lateral acceleration 
and yaw rate. This control presents the advantage of 
being based on quantities commonly measured on 
board ( ,ya ) or estimated with reasonable 

precision (V ). In addition, this control implicitly 
supports the driver’s command: when the driver set a 
steering angle while travelling at a speed V, the 
control simply helps the vehicle to reach a steady 
state condition as soon as possible, avoiding 
excessive or insufficient yaw rate. 
Based on the current value of I , the control tries to 
alter the front-rear normal load distribution according 
the relations reported in Figure 3 were tuned with a 
series of numerical simulations. 

 
Fig.3. load transfer as function of I , for front (a) and rear 

 
Once the reference load transfers are set, the angles of 
attack of front and rear spoilers have to be set so that 
combination of drag force, lift force and aerodynamic 
moment allows obtaining the desired load transfer. 
For this work the aerofoil reported in [28] was 
considered. The aerodynamic coefficients of the 
aerofoil used for numerical simulation are reported in 
Figure 4 where they are plotted as function of the 
angle of attack. 
A cambered profile is chosen so that a downforce is 
developed when the angle of attack is zero. Main 
dimensions of front and rear spoilers applied on the 
car are reported in Table 2. 

Table 2: Main dimensions of adopted spoilers 

 
The identification of the angles of attack required to 
obtain the desired normal loads is performed through 
look-up tables defined according the process 
described in the following. A number of numerical 
simulations was carried out considering the vehicle 
running on straight track at 100, 150, 200 and 250 
km/h. For each speed, different combinations of the 
angle of attack of front and rear spoilers (respectively 
α  and α ) were considered: in particular, each angle 
of attack was changed in the range -8° to 15° with a 
resolution of 1°. The relations N  (α , α , V)  and N  
(α , α , V). were thus identified: 
Using the same simulations data it is possible to 
determine the relations α  (N , N , V) and α  (N , N , 
V) allowing the identification of the angles of attacks 
required to generate desired load transfers (Figure 4). 
A look-up table approach is used to determine the 
values of angles of attack for given speed and 
combination of front and rear load transfers. In this 
approach aerodynamic forces and moments are 
computed according to a quasi-static theory 
neglecting the effect of car-body motion on the angle 
of attack. In addition, the response of the rear spoiler 
is assumed not to be influenced by the wake of the 
front one. 
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Figure 4: Angle of Attack for Front and Rear Spoiler required 

to obtain a desired load transfer on front and rear axles 
 
2.3. Hydraulically Interconnected Suspension 
The working principle of HIS is shown in Figure 5. 
The HIS is composed of double acting hydraulic 
cylinders, variable orifice valves, accumulators, 
pipeline and pressure sensors. There are four 
hydraulic circuits in a HIS system as seen in Figure 5. 
The performance of the HIS depends on piston 
volume, system mean pressure, fluid and material 
properties, valve and cylinder characteristics, 
accumulator performance, and other system 
parameters. The aforementioned characteristics 
determine anti-roll capacity. Based on the dynamic 
simulation software of LMS Lmagine Lab AMESim, 
the compressibility of the oil and the nonlinear 
characteristics of the components have been fully 
considered in the model. The model includes, 
accumulators, valves, hoses, hydro-pneumatic 
pistons, fittings, and other components that are 
commonly used in hydraulic systems. 

 
Figure 5: Schematic Diagram for Hydraulic Circuit of Half-

Car HIS System 
 
Table 3. Properties of the hydraulic interconnected suspension 

system 

 

Out-of-phase and In-phase are the two main modes of 
operation for HIS system. 
Out-of-phase (roll mode): In out-of-phase mode, the 
two pistons move in opposite directions (paths 3 and 
4). When the vehicle turns left, the body will lean 
rightwards due to the centrifugal force, causing the 
left piston goes up and the right piston goes down, 
fluid flows out of the left top chamber into the right-
bottom chamber.  
 
The only place for the displaced fluid is in the 
accumulator in path 3 as shown in Figure 5. Pressure 
then rises in this line and falls in another line due to 
the simultaneous fluid flow out of the accumulator in 
path 4 as shown in Figure 5. Meanwhile, the 
accumulators in the circuit absorb the extra oil 
because of the volume difference between the two 
chambers above and below the piston, due to the 
damper rod volume. The accumulators also serve to 
stabilize the hydraulic pressure in the circuit. A force 
induced by the pressure difference tends to resist the 
change, thus including additional resistance to body 
roll, much the same as an antiroll bar. 
 
In-phase mode: Parallel circuits (paths 1 and 2 as 
demonstrated in Figure 5) are corresponding to in-
phase mode. When the vehicle passes steady state 
condition, it starts tilting due to the torque that 
remained from transient regime so in order to avoid 
tilting of vehicle, parallel lines of HIS activate to 
balance between right and left side. 
 
III. SIMULATION RESULTS AND 
DISCUSSION 
 
In order to verify the combined vehicle chassis 
control strategy, the co-simulation of 
MATLAB/Simulink VI-CarRealTime and AMESim 
is adopted. In particular, the analysis is carried out 
considering a series of open loop manoeuvres; in this 
way the response of the vehicle itself (i.e. without 
driver’s intervention) can be evaluated. 
 
Lane change manoeuvre represents an emergency 
manoeuvre that a driver performs when trying to 
avoid an obstacle. The open-loop test allows to 
analyse the response of the vehicle to the same 
driver’s input when active chassis control is active or 
not. Figure 6 refers to a lane change manoeuver 
performed at 200 km/h with a final steer angle of 45° 
(steer at wheels is 2°) on dry road.  
The analysis of the upper figure, reveals how the 
combined control system allows reducing the peak of 
sideslip angle, thus indicating a significant 
improvement in vehicle’s stability. The second figure 
shows the trajectory output from the simulation. 
Without the active chassis control, it can be seen that 
the passive vehicle is too far away from the desired 
trajectory. However, with the combined chassis 
control, by applying longitudinal load transfer to alter 
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a vehicle’s behaviour, the vehicle can be controlled to 
the desired trajectory. 

 

 
Fig.6. Simulation results relevant to lane change manoeuver on 

dry asphalt 
 
Tables 4 and 5 refer to step steer manoeuvre 
performed at various speeds (150, 200, 250 km/h) 
with a final steer angle of 90° (steer at wheels is up to 
4°). The step steer is completed in 0.1 seconds and is 
performed on dry road (friction coefficient = 1). 
 
Table 4: Simulation results relevant to step steer manoeuvre on 

dry asphalt 

 
 
Table 5: Simulation results relevant to step steer manoeuvre on 

dry asphalt 

 
 
The comparison between the data of AAC and 
combination of HIS and AAC shows that both 
vehicles reach the same regime condition but the 
superposition of controllers displays lower 
overshoots. In other words: the control makes the 
vehicle more stable without decreasing its speed. And 
also the analysis reveals that the reduction of the peak 
of sideslip angle in AAC+HIS is more than AAC. 
The third simulation run is for the lane change 
manoeuvre on a wet surface road. The manoeuvre is 
the same as the previous one. The wet road is one of 
the toughest conditions, which vehicles are facing 
with. The friction coefficient of road decrease 
suddenly under this condition, which can reduce the 
dynamics capability of vehicle. This simulation 

illustrates the capability of combined control system 
to compensate the reduction of the friction 
coefficient. Results of the third simulation are shown 
in Figure 7.  For the cases of passive and HIS vehicle, 
one can say that the dynamics behaviour of the 
vehicle in terms of sideslip angle is quite unsafe due 
to instability. For Active Aerodynamics case, the 
vehicle is completely safe from dynamics point of 
view. The time history diagram of upper figure 
illustrates that the values of the sideslip for the 
superposition control vehicle and active 
aerodynamics case are considerably less than those 
for the passive and HIS vehicle. The second figure 
represents the time history of the angle of attack of 
front and rear spoilers which transfer longitudinal 
load to stabilize the vehicle. From rollover prevention 
and comfort point of view (roll angle), combined 
control system is able to achieve a higher standard in 
comparison with passive and standalone control 
systems. As seen in figures of normal forces of front 
and rear axle, it is obvious that active aerodynamics 
control transfers longitudinal load by changing the 
angle of attack of spoilers in order to stabilize the 
vehicle. 

 

 
Fig.7. simulation results relevant to lane change manoeuver on 

wet asphalt 
 
CONCLUSIONS 
 
This paper presents the superposition of two active 
chassis control systems developed in the previous 
sections to improve the current vehicle handling and 
safety dynamics performance. The active chassis 
system was tested numerically using a non-linear 14 
degrees of freedom model of a passenger car.  
Simulations are carried out with the co-simulation of 
MATLAB/Simulink, LMS Lmagine Lab AMESim 
and VI-CarRealTime.  It started with the analysis of 
individual active chassis control systems and 
established their control authorities on vehicle 
handling dynamics. Then it discussed the 
development of a rule based combined chassis control 
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by the combination of Active Aerodynamics Control 
and Hydraulic Interconnected Suspension. Several 
open loop manoeuvres (step steer and lance change) 
were performed to analyse the response of the vehicle 
in critical conditions, comparing the stability of 
passive and active vehicle on the basis of sideslip 
angle, angle of attack of spoilers, trajectory and 
normal forces of front/rear axles. An active chassis 
control system was designed to increase 
manoeuvrability, comfort, stability and safety of the 
vehicle. The system aim is to stabilize vehicle by 
reduction of yaw rate and roll angle. Simulation 
results show that the superposition of two active 
chassis control systems effectively enhances handling 
performance against standalone active chassis and 
passive counterparts. Moreover, numerical results 
showed the effectiveness of the control in improving 
vehicle’s stability and comfort and also its robustness 
towards changing in friction coefficient.  
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