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Abstract— Semi-active and active suspension technologies
have shown that vehicles road holding can be enhanced, but any
such improvement implies decreasing the overall comfort. In
this paper, we introduce the use of active aerodynamic surfaces
to improve vehicle road-holding without affecting comfort. An
H∞ closed-loop controller is developed to minimize the tire
deflection variations, which are responsible for the vehicle bad
road holding. The controller is designed on a quarter-car model.
Extensive simulations on a multi-body vehicle simulation suit
assess the performance of the proposed control scheme, and an
exhaustive sensitivity analysis shows the role of road roughness,

velocity and airfoil design.

I. Introduction

Improving riding quality is one of the most challenging

and interesting topics in automotive research. To this end,

car manufacturers have focused on the suspension system

and developed several active or semi-active actuators and

control strategies. In the past few years, the decreasing cost

of electromechanical actuators has, however, opened new

paths to face the challenge. Active aerodynamic surfaces

represent an alternative and effective solution to the issue.

In academic research, active aerodynamics surfaces, have

been successfully employed to improve comfort [1] and

handling [2]. Industrially, they are employed in high-end

cars to improve braking as in the Pagani Huayra and in

other premium vehicles to improve engine cooling and thus

efficiency.

Riding quality can be better articulated in three categories:

• Comfort, the vehicle aptitude for filtering road rough-

ness. It is usually linked to the chassis vertical acceler-

ations;

• Handling, the vehicle aptitude for controlling the lateral

stability, especially during cornering;

• Road Holding, the vehicle aptitude for tackling uneven

road profiles without wheel detachment. Road holding

is strictly related to ride safety as a good road holding

deliver higher and more uniform tyre forces (for exam-

ple during braking).

In this paper costs and benefits of using active aerody-

namic surfaces to improve road holding will be analyzed.

Road holding can be increased by minimizing the tire

contact force variations (see [3], [4]), which result directly

from the tire deflection variations. Traditionally, road holding
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is managed and controlled through suspension tuning and

control (either active or semi-active suspensions). To date

the best known example of suspension-related road holding

improving active strategy is the so-called ground-hook. In its

semi-active implementation, It simulates a fictitious damper

between the wheel center and the road. The ground-hook

strategy has been shown to marginally improve road holding

at the cost of comfort. The suspension, by exerting a force

between the chassis and the wheel, inevitably couples the

two masses: when an action is performed on one a reaction

affects the others. A trade-off thus arises. In this work, it will

be shown how active aerodynamic surfaces, by generating a

force directly on the wheel axes, can overcome this trade-off,

increasing road holding without affecting comfort.

The paper is structured as follows. In Section II a linear

quarter car dynamic model is set up in order to study the

overall system. The aerodynamic properties of the airfoil

are studied, as well as the road input, which is required

to be as realistic as possible. A method to evaluate the

road holding improvement is also defined. In Section III,

a H∞ controller is developed, and the expected performance

is defined in terms of road holding improvement and non-

interaction with comfort. Finally, the simulation results are

described in Section IV and sensitivity analyses carried out.

II. Problem Set Up

In this section the quarter car (Section II-A) and the

aerodynamic actuator models (Section II-B) are studied.

Subsequently, an analysis on the road profile design (Section

II-C) and the evaluation methods for the proposed system

(Section II-D) is conducted.

A. Dynamic vehicle model

The vertical dynamics of the vehicle can be well described

by the quarter car model, which is modified to include the

effect of the aerodynamic surface. To do so one input is added

to the classic quarter car model. The resulting equations are:
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Mz̈(t) = −c(ż(t) − żt(t)) − k(z(t) − zt(t))

mz̈t(t) = c(ż(t) − żt(t)) + k(z(t) − zt(t))

−kt(zt(t) − zr(t)) + Fli f t(t)

Fli f t(t) =
1
2
ρV2S Cli f t(α, t) = kvCli f t(α, t).

(1)

In system (1), z, ż and z̈ refer to the sprung mass vertical

position, speed and acceleration, while zt, żt and z̈t are

respectively the wheel center vertical position, speed and

acceleration. The two inputs are the road height zr and the

aerodynamic lift Fli f t, which is defined by a constant kv times
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Fig. 1. Quarter car model.

TABLE I

Quarter car parameters

Symbol Description Value Unit

M Sprung mass 310 kg

m Unsprung mass 40 kg

c Damper stiffness 2500 Ns/m

k Spring constant 3·104 N/m

kt Tire equivalent spring constant 2·105 N/m

ρ Air density 1.275 kg/m3

V Vehicle speed 200 km/h

S Airfoil surface 0.1 m2

the control variable Cli f t (an analysis on the aerodynamic

coefficients will be done in Section II-B). See Fig. 1 for

further details. The vehicle is supposed to drive at constant

speed. Table I shows the main vehicle parameters.

From system (1), 4 fundamental transfer functions are

computed:

G1(s) =
zde ft (s)

Cli f t(s)
=

4.63(s2 + 8.06s + 96.77)

(s2 + 6.46s + 90.58)(s2 + 64.1s + 5342)

G2(s) =
z̈(s)

Cli f t(s)
=

37.34s2(s + 12)

(s2 + 6.46s + 90.58)(s2 + 64.1s + 5342)
(2)

H1OL(s) =
zde ft (s)

zr(s)
=

s2(s + 55.23)(s+ 15.33)

(s2 + 6.46s + 90.58)(s2 + 64.1s + 5342)

H2OL(s) =
z̈(s)

z̈r(s)
=

40322.58(s+ 12)

(s2 + 6.46s + 90.58)(s2 + 64.1s + 5342)
(3)

The expressions in (3) are the well-known quarter car

transfer functions from road vertical acceleration to vertical

chassis acceleration and from road height to tire deflection.

The transfer functions in (2) represent the effect of the

controllable input; their Bode diagrams are shown in Fig.

2. In particular, G1(s) is the transfer function from lift

coefficient to tire deflection, and G2(s) is the transfer function

from lift coefficient to chassis vertical acceleration.

It is possible to observe that in G1(s) the wheel resonance

(at around 10 Hz) is clearly visible, while the body resonance
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Fig. 2. Transfer functions G1(s) and G2(s).

(at around 1 Hz) is barely visible. In G2(s) both resonances

are recognizable.

B. Aerodynamic actuator model

Both upward and downward forces need to be generated

in order to control the vertical dynamics, consequently a

symmetrical airfoil is preferred. Throughout this dissertation

the NACA0014 will be analyzed, whose characteristics are

defined according to the NACA protocol [5]. However, the

proposed methods can be readily applied to other symmetri-

cal airfoils. The lift and drag forces, as well as the pitching

moment, obey the following equations:

Fli f t =
1

2
ρV2S Cli f t(α)

Fdrag =
1

2
ρV2S Cdrag(α)

Mpitch =
1

2
ρV2S cCpitch(α)

(4)

where ρ is the air density, V is the air flow speed, S is

the airfoil surface, c is the airfoil chord, α is the angle

of attack and Cli f t, Cdrag and Cpitch are coefficients which

depend on Reynolds number, angle of attack, airfoil shape

and roughness. After having defined the position and the

airfoil characteristics, the three coefficients depend only on

the angle of attack (see Fig. 3).

As shown in figure, the available lift force is limited. The

maximum lift force is generated at α = 15◦. Higher values

of angle of attack won’t be used, in order to prevent the

airfoil to exceed its stall point. The saturation of the angle

of attack introduces a non-linearity in (1). It should be noted

that the drag coefficient is negligible compared to the other

coefficients.

According to the previous model, the aerodynamic forces

statically depend on the angle of attack. This model may fail

under dynamic excitation; to account for this a more accurate

model is employed. Cli f t, Cdrag and Cpitch are modeled by

the dynamical system in (5), where C∗α (t) is the slope

of the statically mapped lift, drag or pitch coefficient in
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Fig. 3. Lift, drag and pitch coefficients.

correspondence to the input α, and A1 = 0.165, A2 = 0.335,

b1 = 0.0455, b2 = 0.3, according to Jones’ approximation

(see [6] for more details).
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(5)

The airfoil number and position is now discussed: ne-

glecting, for now, any technological issue, the airfoils are

considered connected to the front and rear axles. Airfoils

directly installed on the sprung mass can also be used, but

it can be shown that they are less effective in enhancing the

vehicle road holding. In order to provide a better attenuation

of the tire contact force variations, 4 actuators are employed,

one for each corner. The airfoil dimension has been chosen

considering its encumbrance and the position in which it has

to be installed, but also stressing the fact that the lift force

is directly related to the airfoil surface. A good compromise

seems to be 0.1 m2, which leads to a maximum lift force of

130 N (at reference vehicle speed = 200 km/h) for a single

airfoil (a more thorough analysis of the airfoil design is

carried out in Section IV. This architecture needs to be con-

trolled by using 4 independent actuators, each independently

controlled. It will be shown that the controller developed

based on the linear quarter car SISO model provides good

performance on the full car model.

C. Road Profile

In order to investigate the vehicle response to the excita-

tion coming from the road a realistic road profile has to be

determined. The road profile is generated by the following

dynamic system (see [7] for details):

zr(t) =
1

s + αrv
u(t)

u(t) ∼ WN

E[u(t)u(t − τ)] = 2αrvσ
2δ(τ)

(6)

where σ2 is the variance of the road irregularities, αr is a

coefficient depending on the shape of road irregularities (αr

= 0.15 for standard asphalt), v is the vehicle speed, δ(τ)

is the Dirac delta function and E[·] is the mean operator. In

tuning parameter σ2, the International Roughness Index (IRI)

standard [8] is used. A road IRI is a dimensionless number

which measures the road profile roughness: IRI = 0 implies

a perfectly flat road, while higher IRI values refer to rougher

road profiles. The IRI value is computed by equation (7), in

which a known quarter car (the Golden Car) is supposed

to drive along the road profile at constant speed of 80 km/h.

The suspension deflection module is evaluated and integrated

over the road length L.

IRI =

∫ tend

0

∣

∣

∣zbody(t) − zwheel(t)
∣

∣

∣ dt

L
(7)

The nominal σ2 has been chosen such that the resulting

road has IRI = 3.5, which corresponds to a medium-to-older

pavement, that is supposed to be driven at 100 km/h. Less

maintained pavements will be simulated (IRI = 5), as well

as smoother ones (IRI = 2).

D. Performance Indexes

In this dissertation, road holding is evaluated by consider-

ing the tire deflection (zde ft = zt − zr) minimization problem.

Since the system is non linear, the approximate transfer

function between the road input and the tire deflection is

analyzed, by computing input and output power spectral

density Gzr
( f ) and Gzde ft

( f ). The approximate frequency

response is given by:

Fzde ft
( f ) =

Gzde ft
( f )

Gzr
( f )

(8)

Let’s define, as in [4], the function C : R×R×R→ R as

follows:

C (X, f , f ) =

∫ f

f

|X( f )|2 d f . (9)

Consequently, the road holding criterion JRH is determined

by equation (10).

JRH =
C (Fzde ft

, 0, 20)

C (Fznom
de ft
, 0, 20

(10)

Conversely, the comfort-oriented criterion is computed as

Fc( f ) =
Gz̈( f )

Gz̈r
( f )

JC =
C (Fc, 0, 20)

C (Fnom
c , 0, 20)

(11)

where Gz̈( f ) and Gz̈r
( f ) are the power spectral densities

of the chassis vertical acceleration and the road vertical ac-

celeration. It is possible to analyze the comfort road holding

trade-off through the normalized performance diagram (Fig.

4), in which every point has coordinates (JC ,JRH) and it

is related to a different quarter car configuration. In this

example the passive suspension curve (each point related to

different passive damper coefficient) is noted, as well as two
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Fig. 4. Comfort - Road Holding Diagram. Curves related to passive
suspensions, sky-hook and ground hook are shown.

well known semi-active suspension algorithms, sky hook and

ground hook. Observe that it is impossible to increase road

holding without affecting comfort [4].

The use of actively controlled aerodynamic surfaces can

solve this trade-off; the generated lift force is an external

force that acts on the wheel without any direct influence

on the chassis (in contrast to what happens with a generic

suspension). Seen in the trade-off plane, this application

aims at moving downward vertically, starting from the point

referred to the nominal passive suspension (1,1).

III. Control System Design

In this section the design of the control system is analyzed.

The control system is tuned on the quarter car linear model.

A closed-loop controller is designed, and a frequency domain

investigation of the road holding and comfort expected

performance carried out.

The control scheme of a single corner is shown in Fig.

5. It is noted how the desired value for the tire deflection

is 0. The transfer functions G1(s) and H1OL(s) have already

been introduced in Section II-A. The feedback variable is

zt, which is the tire deflection. Different methods based on

Kalman filtering exist to estimate it (see [9] and [10]).

The goal of the H∞ controller [11] R(s) is to provide

a good attenuation over the frequency range where the

disturbance is more damaging (around the wheel resonance).

Therefore the main requirement is on the sensitivity function

S (s):

S (s) =
1

1 +G1(s)R(s)A(s)
(12)

‖Ws(s)S (s)‖∞ ≤ 1 (13)

Ws(s) =
s(s + ω12)3(s + ω21)3

(s + ω1)3(s + ω2)3(s + 10−4)
(14)

Fig. 5. Closed-loop control scheme.
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where ω1 ≤ ω12 ≤ ω21 ≤ ω2. Zeros and poles values

should be tuned in order to obtain a good rejection in an

appropriate frequency range. The choice of Ws(s) is based

on the observation that linearizing model (5) around α = 0◦,

the actuator model can be approximated by low pass at fc ∼

10Hz. This limit has been considered as a performance limit

to avoid exciting aerodynamic nonlinearities. It has been thus

chosen to roll-off Ws(s) at 10Hz. The chosen parameters are:

ω1 = 5 · 2π, ω12 = 6.2 · 2π, ω21 = 8.06 · 2π and ω2 = 10 · 2π.

For the same reason, the actuator A(s) has been modeled by

using a gray box approach, resulting in 2nd order low pass

filter with fc = 10Hz.

The resulting closed-loop road disturbance rejection per-

formance, defined as

H1CL(s) = H1OL(s)S (s), (15)

is compared to the open-loop one in Fig. 6. If the satura-

tions are neglected, the control system is able to reject the

disturbance at the critical wheel hop resonance frequency.

The analysis of the transfer functions from road vertical

acceleration to chassis vertical acceleration (with (H2CL(s))

and without (H2OL(s)) the controller) concludes the linear do-

main analysis of the proposed controller. A scheme showing

the interconnections between the two variables is represented

in Fig. 8, from which it can be concluded that

H2CL(s) =
z̈(s)

z̈r(s)
= H2OL(s) −

G2(s)R(s)A(s)H1OL(s)

s2(1 +G1(s)R(s)A(s))
. (16)

Fig. 7 shows that the closed-loop control system has no

negative influence on the chassis vertical acceleration, and

consequently on comfort.
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Fig. 8. Extended control scheme.

IV. Simulation Results

The proposed controller has been simulated using Carsim,

an accurate multi-body vehicle simulator. Both the quarter

car and the full car model have been analyzed. It the

following, where not otherwise specified, we will refer to

the full car model results.

Each corner has been equipped with an airfoil and a con-

troller, and sensors measure the requested feedback variables.

The dynamic model of the airfoil has been used (see Section

II-B). In order to verify the efficacy and the robustness of

the developed system, three different tests have been set

up. The following results are related only to the front left

corner, similar results are obtained for the other corners.

The indicated power is also associated to one corner. In

Table II, III and IV a brief summary is represented, and

the information on the requested power is given. In the

tables the percentages are positive in the direction of an

improvement of the cost function. In the shown trade-off

maps, the point corresponding to (1,1) is recomputed for each

driving condition, this means that the values should not be

used as an indication of the overall absolute performance,

but rather as a relative comparison of the improvement

introduced by the actively controlled aerodynamic surfaces.

The first test goal is to show what happens if the vehicle

travels at different velocities. From Fig. 9, it is noted that

the road holding performance is enhanced, testing different

velocities from 150km/h to 250km/h. The road is designed

in order to have IRI=3.5. As expected, higher velocities

improve the effectiveness of the proposed method as the
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Fig. 9. Comfort - Road Holding diagram for different vehicle velocities.
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Fig. 10. Comfort - Road Holding diagram for different road roughnesses.

system better exploits the aerodynamic properties of the

airfoil. Not that the improvement does not grow linearly with

the speed, since the vehicle has to face higher stress from

the roadway as the speed increases. This is also the reason

why the power requirement is significantly larger at high

speed. For all velocities, the comfort performance is slightly

improved.

The second test aims at simulating roads with different

roughnesses, sweeping IRIs from 2 to 5, at 200km/h. The

results are shown in Fig 10. As the road roughness increases,

the road-holding performance decreases. In fact high varia-

tions of the input variable lead to high variation of the control

variable. In so doing, it gets saturated more often reducing

performance in a quasi-linear relationship. The requested

power is higher, because the actuator employed the full

actuation range. Also in this test the comfort performance

is slightly improved.

The purpose of the third test is to investigate the impact of

the airfoil surface on the road holding results. The analyzed

surfaces have been chosen in a reasonable range (from

0.05m2 to 0.15m2). Increasing the surface it is possible to

improve the road holding performance of the system, by

means of a small actuation power difference (see Fig. 11

for details). Again, it is shown that the passenger’s comfort

is slightly increased.
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TABLE II

Full car results: different velocities (Front left corner)

Speed Road Holding Comfort Power RMS

150km/h +5.19% +1.24% 291W
200km/h +7.36% +1.6% 384W
250km/h +8.14% +1.79% 629W

TABLE III

Full car results: different roughnesses (Front left corner)

IRI Road Holding Comfort Power RMS

2 +9.37% +2.13% 224W
3.5 +7.36% +1.6% 384W
5 +5.64% +1.22% 477W

TABLE IV

Full car results: different airfoil surfaces (Front left corner)

Surface Road Holding Comfort Power RMS

0.05 m2 +3.78% +0.75% 377W

0.1 m2 +7.36% +1.6% 384W

0.15 m2 +10.78% +2.26% 398W

The quarter car has also been analyzed. The same exper-

iments as the full car have been performed (vehicle speed,

road roughness and airfoil surface variations), with the results

listed in Table V, VI and VII. The results are unvarying with

respect to the full car, thus showing the validity of the choice

of the control-oriented model employed in Section II-A

V. Conclusions

An active aerodynamic surfaces control scheme to improve

vehicle road holding capabilities has been presented. It has

been shown that the vehicle road holding can be improved

up to +10.78%, (+7.36% in nominal conditions) without

negatively affecting comfort. In terms of requested power

the analyzed system can be considered a middle ground

between semi-active and active suspensions, as a semi-

active suspension requires approximately 50W, while a full

active suspension 1.5-7 kW. The presented application needs

200-600W (384W in the nominal case), and it has been

demonstrated that it can improve road holding performance

without affecting (indeed improving) the passengers’ com-

fort, contrary to the semi-active and active suspensions. A

TABLE V

Quarter car results: different velocities

Speed Road Holding Comfort Power RMS

150km/h +5.35% +1.31% 280W
200km/h +7.41% +1.71% 375W
250km/h +8.39% +1.87% 596W

TABLE VI

Quarter car results: different roughnesses

IRI Road Holding Comfort Power RMS

2 +9.45% +2.3% 210W
3.5 +7.41% +1.71% 375W
5 +5.8% +1.34% 467W

TABLE VII

Quarter car results: different airfoil surfaces

Surface Road Holding Comfort Power RMS

0.05 m2 +3.82% +0.81% 368W

0.1 m2 +7.41% +1.71% 375W

0.15 m2 +10.85% +2.4% 390W

second advantage is that the proposed architecture can be

employed in coordination with other (semi-)active suspen-

sion strategies.

This study served as a analysis of the potentials of this

strategy. Several issues still need to be addressed before

being able to implement and test the strategy. The biggest

hurdle is represented by technological aspects. Current work

is focused on the mechanical implementation of the proposed

active aerodynamic surfaces.
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