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ABSTRACT
This study investigates the performance potential of advanced
active aerodynamic systems on high-performance vehicles. Static
and active aerodynamic configurations, including asymmetrically
actuated systems, are evaluated to identify performance gains and
the mechanisms driving these improvements. Vehicle performance
is optimised using aminimum lap time simulation framework, which
utilises a transient vehicle dynamics model and CFD-derived aerody-
namic data. Results indicate that configurations with greater aero-
dynamic adaptability enhance acceleration, braking, cornering, and
straight-line performance, yielding notable lap time reductions com-
pared to a static aerodynamic configuration. The asymmetrically
controlled aerodynamic configuration achieves the highest lap time
reduction of approximately 0.92 s (0.76%) due to its ability to mod-
ulate downforce both longitudinally and laterally. Optimal control
strategies show that aerodynamic elements are actuated to bal-
ance vertical tyre load shifts resulting from load transfer, prioritis-
ing downforce on underloaded tyres in demanding scenarios like
braking, cornering, and acceleration. Additionally, optimal design
parameters for the brake, torque and roll stiffness distributions shift
rearward as configurations provide greater control of aerodynamic
loads on the rear axle. Overall, this research demonstrates the perfor-
mance advantages of active aerodynamic systems andoffers insights
into themechanisms underlying these enhancements, establishing a
foundation for further innovations in the field.

ARTICLE HISTORY
Received 17 November 2024
Revised 3 April 2025
Accepted 6 May 2025

KEYWORDS
Active aerodynamics;
performance optimisation;
minimum lap time; optimal
control; vehicle dynamics;
computation fluid dynamics

1. Introduction

The pursuit of greater efficiency and performance continues to drive advancements in the
automotive industry, especially within motorsport and high-performance vehicle sectors.
Recently, active aerodynamic systems, which can dynamically adapt to a vehicle’s operat-
ing condition, have gained significant attention, highlighted by the upcoming introduction
of active aerodynamics in Formula One in 2026 [1]. Such innovations not only have the
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potential to provide a competitive edge on the track, but also pave the way for future trends
in automotive engineering.

This study explores the performance potential of advanced active aerodynamic sys-
tems on high-performance vehicles. It evaluates static and active aerodynamic setups,
including a configuration with asymmetric aerodynamic control capabilities, to determine
performance enhancements and the underlyingmechanisms driving these gains. The vehi-
cle performance of each aerodynamic configuration is optimised using a comprehensive
simulation framework, based on a detailed vehicle dynamics model and representative
aerodynamic data, whichminimises lap time by optimising the vehicle’s trajectory, control
inputs, and parameter combinations.

The performance analyses of various aerodynamic configurations require coupling of
the vehicle’s aerodynamics and dynamics. Among commonly used methods, quasi-steady
static coupling, which utilises data from steady-state Computational Fluid Dynamics
(CFD) simulations, is generally considered themost cost-effective for studies on passenger-
sized vehicles [2–5]. This is also reflected by research on the influence of aerodynamic
systems on vehicle handling, which predominantly use quasi-steady static coupling.

In these studies, aerodynamic devices positioned near a vehicle’s front and rear axles
have been shown to influence understeer and oversteer behaviour, thereby enhancing sta-
bility during dynamicmanoeuvres [6,7].When combinedwith an effective control strategy
that balances aerodynamic loads according to mechanical grip, these systems can reduce
lap times by approximately 3% [8]. Additionally, research on rear wings functioning as air
brakes has demonstrated improvements in stability during braking events and reductions
in braking distance by over 6%, particularly at higher speeds [9–11].

Research on asymmetric active aerodynamic systems has also shown promising results.
Studies on split wings, which can vary the angle of attack between the left- and right-side
elements, have demonstrated lateral downforce variations of 25%–60%, depending on the
wing design [12,13]. By prioritising downforce on the inside tyres during cornering, these
systems enhance lateral stability during evasive manoeuvres, improve cornering veloc-
ity, and reduce lap times when paired with an effective control strategy [14–17]. These
improvements are more pronounced at higher speeds and are further enhanced by an
effective longitudinal downforce distribution.

Further research on asymmetric active aerodynamic systems has highlighted the poten-
tial of tilt wings, which can laterally redistribute downforce and introduce a centripetal
force [18]. Road tests have shown that vehicles with tilt rear wings can achieve a 13%
higher cornering velocity compared to those without aerodynamic devices [19]. Addition-
ally, a comparative study found that split and tilt wings increased cornering velocity by
0.5% and 2%, respectively, compared to conventional symmetric high downforce setups.
The tilt wing outperformed the split rear wing due to its greater ability to influence vertical
tyre loads, introduce a centripetal force, and provide a more consistent response to control
strategies [20].

The studies reviewed above mainly relied on steady-state limit handling analyses in
specific driving scenarios to investigate the impact of aerodynamic systems on vehicle per-
formance. Other research has employed minimum lap time simulations, formulated as
an Optimal Control Problem (OCP), aimed at minimising lap time by optimising con-
trol inputs while adhering to track constraints and vehicle performance limits [21,22].
Such simulations provide a comprehensive view of vehicle performance, offering detailed
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insights into optimal driver inputs, racing lines, control of active systems, and vehicle
design parameters.

Previous research has effectively utilised minimum lap time simulations with varying
complexities in trajectory planning and dynamics modelling to evaluate vehicle perfor-
mance [23–27]. Findings on conventional aerodynamics have indicated that lap times
can vary by nearly 2% depending on the aerodynamic balance position, with a hypo-
thetical variable aerodynamic balance offering an approximate 0.3% improvement over an
optimised static balance [28,29]. Studies on static and active aerodynamic systems, com-
bined with various propulsion configurations, have demonstrated lap time improvements
of about 0.7%–1% and showed how the aerodynamic systems were actuated to achieve
these enhancements [30,31].

The literature highlights the potential of active aerodynamic systems to enhance vehicle
performance, particularly in braking, cornering, and stability. However, existing research
has largely relied on steady-state limit handling analyses, minimum lap time simulations
with fixed-trajectory planning or quasi-steady-state dynamics, and simplified aerodynamic
models. This leaves a significant gap in understanding the performance potential and
underlying mechanisms driving the enhancements of more advanced active aerodynamic
systems on high-performance vehicles, especially through a comprehensive free-trajectory
and transient dynamics minimum lap time simulation approach.

This study addresses this research gap by analysing the performance of various static
and active aerodynamic configurations, including a configuration with asymmetric aero-
dynamic control capabilities, designed to influence downforce distribution both longitu-
dinally and laterally. The performance of each aerodynamic configuration is reflected by a
lap around theCircuit de Barcelona-Catalunya, which encompasses awide range of driving
scenarios. Vehicle performance is optimised through a lap time simulation framework that
leverages a detailed vehicle dynamics model and CFD-derived aerodynamic data, aiming
to minimise lap time by simultaneously optimising the vehicle’s trajectory, control inputs,
and parameter combinations. Through comprehensive investigations, this research pro-
vides detailed insights into the performance gains provided by the active aerodynamic
systems, their optimal control to realise these enhancements, and shifts in optimised design
parameters in response to these systems.

2. Vehicle configurations

This study utilises an advanced high-performance vehicle concept, based on the DrivAer
hp-F [32], a high-performance variant of theDrivAer Fastback automotive referencemodel
[33]. This advanced high-performance vehicle concept, as introduced by Rijns et al. [20],
has forebody strakes, a smooth underbody, a 10◦ multichannel diffuser, and is equipped
with an active split front wing and tilt rear wing. The left and right front wing elements can
vary their angle of attack between 0◦ and 10◦. The rear wing can adjust its angle of attack
between 0◦ and 30◦, and its tilt angle by ± 12◦. The high-performance vehicle concept is
illustrated in Figure 1 and its main dimensions are listed in Table 1.

Four aerodynamic configurations, each based on this vehicle geometry, are examined
to assess the impact of varying levels of aerodynamic adaptability on vehicle performance.
The first configuration is classified as ‘static’, featuring a front and rear wing with fixed
angular settings, which serves as a baseline for comparison. The second configuration
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Figure 1. Advanced high-performance vehicle concept featuring an active split front wing and active
tilt rear wing. The aerodynamic systems are displayed in an asymmetric operating setting to illustrate
the design.

maintains a fixed frontwing anglewhile introducing active control over the rearwing angle,
whereas the third configuration enables active control over both the front and rear wing
angles. Through these capabilities, the second and third configurations influence aerody-
namic balance longitudinally. Finally, the fourth configuration allows independent active
control of the left and right front wing angles, as well as active control of the rear wing’s
angle of attack and tilt angle. This asymmetric actuation functionality enables modulation
of the aerodynamic balance both longitudinally and laterally, which is therefore classified
as an ‘advanced active’ aerodynamic system.

Table 1. Vehicle parameters.

Parameter Value Unit Description

L 4.613 m Length
W 1.792 m Width
H 1.397 m Height
Aref 2.160 m2 Frontal area
h0 0.130 m Ride height
m 1565 kg Total mass
ms 1375 kg Sprung mass
mu,f 90 kg Front unsprung mass
mu,r 100 kg Rear unsprung mass
Iz 1450 kg m2 Yawmoment of inertia
l 2.786 m Wheelbase
lf 1.393 m Distance between front axle and COG
lr 1.393 m Distance between rear axle and COG
tw 1.520 m Track width
hCOG 0.500 m Height of COG
hu,f 0.297 m Height of front unsprung mass
hu,r 0.297 m Height of rear unsprung mass
hf 0.070 m Height of front roll centre
hr 0.110 m Height of rear roll centre
hRW 1.280 m Height of rear wing
d 0.410 m Distance between COG and roll axis
Rw 0.314 m Wheel radius
Iw 0.9 kg m2 Wheel rotational inertia
kφ 1.146×105 Nm/rad Total roll stiffness
Pe,max 456 kW Maximum electric motor power
Te,max 602 Nm Maximum electric motor torque
�e,max 17750 RPM Maximum electric motor speed
γg 7.252 – Final gear ratio
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3. Aerodynamic performance simulations

The vehicle’s aerodynamic performance data is obtained through CFD simulations, which
adopt the authors’ well-established methodology used in [20,34]. This methodology is
founded on a comprehensive grid convergence study, turbulence model evaluation, as well
as an extensive validation with wind tunnel data and high-fidelity Delayed Detached Eddy
Simulations (DDES) using a wall-resolved mesh with y+ < 1 [35].

Themethodology has demonstrated to be effective across multiple aerodynamic studies
on high-performance vehicles under diverse operating conditions [20,34,36,37], offering
a good balance between computational efficiency and solution fidelity, well-suited for this
research. This paper presents the essential details of this methodology with respect to the
specification of the computational domain, meshing strategy, and solving method, with
further details available in the referenced works.

The vehicle is simulated within a rectangular computational domain, illustrated in
Figure 2, featuring a velocity-inlet 3 car-lengths (L) upstream and a pressure-outlet 5L
downstream of the vehicle, following modelling guidelines for automotive aerodynamics
[38]. Side and top walls, positioned 1.5L from the vehicle, are assigned with symmetry
conditions to prevent boundary layer growth. Moving ground and wheel rotation veloci-
ties, listed along with other simulations settings in Table 2, match the free-stream velocity
of 29m/s, equivalent to a Reynolds number of 8.88 × 106. Turbulence conditions follow
on-road measurements [39], ensuring representative operating conditions.

The overset mesh approach used in [20,34] is deployed to construct the computational
domain with individual unstructured poly-hexcore meshes in ANSYS Fluent Meshing.
This method interpolates data in overlapping mesh regions, enabling targeted transfor-
mations of aerodynamic device component meshes without needing to re-mesh the entire
domain. Mesh settings include a base element and vehicle surface element size of approx-
imately 7.25% and 0.45% of the vehicle’s length, respectively. To improve resolution on
aerodynamic devices and small geometric features, vehicle surface element sizes are locally
reduced by over 80%. A medium near-wall treatment with a y+ range of 120–150 and
4–6 inflation layers is applied, adhering to the recommended y+ range by ANSYS Fluent

Figure 2. Illustration of the computational domain.
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Table 2. Computation fluid dynamics simulation settings.

Setting Value Unit

Inlet & Outlet
Velocity-inlet 29 m/s
Turbulent intensity 4 %
Turbulent length scale 2.5 m
Pressure-outlet 0 Pa
Moving walls
Ground plane, translational 29 m/s
Wheels, rotational 91.3 rad/s
Air properties
Density 1.204 kg/m3

Dynamic viscosity 1.813e−5 kg/(m s)
Temperature 293 K

[40] for the selected turbulence model. Additionally, refinement zones are incorporated to
enhance resolution in the vehicle’s near-field and wake regions. The resulting mesh, illus-
trated in Figure 3, contains approximately 23.9 million cells, with over 99% of the cells
achieving an orthogonal quality greater than 0.7.

Simulations are conducted using the k-ω SST RANS turbulence model [41] in ANSYS
Fluent, solving the continuity, momentum, and transport equations for turbulent kinetic
energy and specific dissipation rate. Pressure-velocity coupling is performed with the
coupled scheme, and spatial discretisation with the second-order upwind scheme. Con-
vergence is assessed by monitoring the moving means of the lift, drag, and side force
coefficients, which typically stabilised within 200 iterations. Additionally, residuals are
tracked to ensure numerical stability, with continuity, turbulent kinetic energy, and specific
dissipation rate residuals stabilising below 1e−2, and the x-, y-, and z-velocity residuals sta-
bilising below 1e−6 within this iteration range. Each simulation is therefore performed for
750 iterations, with data averaged over the final 450 iterations. The simulations are con-
ducted on two nodes consisting of AMD EPYC 7543 processors, utilising 128 cores, and
averaging approximately 5 h per simulation.

Figure 3. Element sizes near the vehicle visualised using a symmetry slice. Reproduced from Rijns et al.
‘Performance analyses of active aerodynamic load balancing designs on high-performance vehicles in
cornering conditions’, Phys. Fluids, 36(8), 085199 (2024a), with the permission of AIP Publishing.
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Figure 4. The effects of front wing angle, rear wing angle, and rear wing tilt on the vehicle’s lift,
drag, and side force coefficients. The shaded bars show mean average deviation, indicating parameter
interdependence.

3.1. Aerodynamic systems interdependencies

Prior to running the full suite of simulations for all wing angle combinations, an initial
interdependency analysis is conducted to determine if the front wing angle of attack αFW ,
rear wing angle of attack αRW , and rear wing tilt angle αTW independently affect aerody-
namic performance. The parameters are simulated at minimum, median, and maximum
angles to create a combination space. Interdependencies are quantified by themean average
deviation (MAD) of combination sweeps relative to results obtained for a single parameter
sweep with zero inputs for the other parameters.

The aerodynamic effects of each parameter are shown in Figure 4, with shaded bars
representing the maximum MAD. MAD values for lift, drag, and side forces remain
below 1.5%, 0.5%, and 10% of their respective maximum force coefficients, though similar
in absolute terms. Treating the aerodynamic inputs as independent variables introduces
an average absolute force coefficient uncertainty of 0.005, less than 1% of the vehicle’s
maximum force coefficient, while reducing the required simulations by over 97% from
1331 to 33 when sampled at finer one-tenth intervals of each parameter’s maximum
angle. This approach streamlines the computational process while preserving the essential
aerodynamic effects, making it well-suited for the aims of this study.

4. Vehicle model

This study employs a seven degree of freedom planar vehicle model, illustrated in Figure 5,
to simulate the impact of active aerodynamic systems on vehicle performance, building on
established mathematical formulations [30,42]. The model incorporates both longitudinal
and lateral load transfer, along with non-linear tyre characteristics, which are essential for
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Figure 5. Vehicle dynamics model.

capturing the strong relation between aerodynamic loads and tyre force generation. Table 1
provides an overview of the fixed vehicle parameters, based on the vehicle’s geometry and
representative specifications for sports and racing vehicles from [43], which are used in the
model.

Trajectory tracking is performed in a curvilinear coordinate system to align with the
optimisation framework discussed in Section 5. The vehicle’s position is expressed in terms
of its travelled distance along the track’s centre line s (m), the distance perpendicular to the
track’s centre line n (m), and the angle relative to the track’s centre line tangent ε (rad), as
expressed by Equations (1)–(3). Here, t (s) denotes time, κ (m−1) the curvature of the
track’s centre line, vx (m/s) the vehicle’s longitudinal velocity, vy (m/s) the vehicle’s lateral
velocity, and r (rad/s) the vehicle’s yaw rate.

d
dt
s = vx cos(ε) − vy sin(ε)

1 − nκ
(1)

d
dt
n = vx sin(ε) + vy cos(ε) (2)

d
dt

ε = r − κ
d
dt
s (3)

Section 5 motivates the use of travelled distance as the independent variable in the opti-
misation simulations, replacing time to reduce computational complexity and enhance
efficiency. Following the methodology in [21], time-dependent equations are transformed
into distance-dependent formulations by introducing the scaling factor Sf , which repre-
sents the inverse of Equation (1) (dt/ds). This transformation, applied in Equations (4)
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and (5), ensures that the equations remain consistent within the distance-based optimisa-
tion framework.

d
ds
n =

(
vx sin(ε) + vy cos(ε)

)
Sf (4)

d
ds

ε = Sf r − κ (5)

The vehicle’s equations of motion, expressed as a function of travelled distance, are
described by Equations (6)–(8). Throughout these equations, subscripts are used to denote
specific components, where k represents the longitudinal (x), lateral (y), or vertical (z)
direction, i specifies the front (f ) or rear (r) axle location, and j indicates the left (l) or
right (r) wheel position.

In these equations, Fk,ij (N) denotes the tyre forces, δ (rad) the steering angle, m (kg)
the vehicle’s total mass, FR (N) the rolling resistance force, and Iz (kg m2) the yawmoment
of inertia. The parameter li (m) defines the distance from each axle to the centre of gravity
(COG) and tw (m) the vehicle’s track width. Additionally, FD (N) represents the total aero-
dynamic drag force opposing the vehicle’s motion, while FS (N) and FS,i (N) correspond
to the total aerodynamic side force and its components acting on the front and rear axles,
respectively, with their positive direction matching that of the lateral tyre forces.

d
ds
vx = [

(Fx,fl + Fx,fr) cos(δ) − (Fy,fl + Fy,fr) sin(δ)

+Fx,rl + Fx,rr + mvy r − FD − FR
] Sf
m

(6)

d
ds
vy = [

(Fy,fl + Fy,fr) cos(δ) + (Fx,fl + Fx,fr) sin(δ)

+Fy,rl + Fy,rr − mvx r + FS
] Sf
m

(7)

d
ds
r =

[ (
(Fx,fl + Fx,fr) sin(δ) + (Fy,fl + Fy,fr) cos(δ) + FS,f

)
lf

− (
Fy,rl + Fy,rr + FS,r

)
lr + (

Fx,rr − Fx,rl
) tw
2

+ (
(Fx,fr − Fx,fl) cos(δ) + (Fy,fl − Fy,fr) sin(δ)

) tw
2

] Sf
Iz

(8)

Wheel dynamics are expressed by Equation (9), where �ij (rad/s) represents the wheel’s
angular velocity, Tij (Nm) the applied wheel torque, Rw (m) the wheel radius, and Iw (kg
m2) the wheel’s rotational inertia.

d
ds

�ij = (
Tij − Fx,ij Rw

) Sf
Iw

(9)

4.1. Tyres

The longitudinal and lateral tyre forces are dependent on the vertical forces acting on the
tyres. These vertical loads are described by Equation (10), where the first term represents
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the static weight distribution, with g (m2/s) denoting the gravitational acceleration, mu,i
(kg) the unsprung masses,ms (kg) the sprung mass, and l (m) the wheelbase length. Addi-
tionally, FL,ij (N) indicates the aerodynamic lift force acting on each individual wheel, and

x,ij (N) and 
y,ij (N) denote the components of longitudinal and lateral load transfer
experienced by each individual wheel.

Fz,ij = 1
2
g
(
mu,i + ms

li
l

)
− FL,ij ± 
x,ij ± 
y,ij (10)

The longitudinal and lateral tyre forces are modelled using the Pacejka ’96 model [44], as
expressed by Equations (11) and (12). The Pacejka coefficients, derived from 250/570R13
Avon British F3 tyre data at 0◦ camber [45], are detailed in Table 3.

Fx,ij = Dx,ij sin
[
Cx tan−1 {

Bx sij − Ex
(
Bx sij − tan−1(Bx sij)

)}]
(11)

Fy,ij = Dy,ij sin
[
Cy tan−1 {

By αij − Ey
(
By αij − tan−1(By αij)

)}]
(12)

The peak valueDk,ij (-) is dependent on the tyre’s friction coefficientμij (-), which are both
load dependent as described by Equations (13) and (14). Here, μ0 (-) denotes the tyre’s
coefficient of friction at the nominal vertical wheel load Fz0 (N), and PD2 (-) represents the
Pacejka coefficient for variation of friction with load.

Dk,ij = μij Fz,ij (13)

μk,ij = μ0 + PD2
Fz,ij − Fz0

Fz0
(14)

The longitudinal and lateral forces produced by each tyre are dependent on the slip ratio
sij (-) and slip angle αij (rad), described by Equations (15)–(17). Here, vij (m/s) denotes the
effective velocity of the tyre and is expressed by Equation (18).

αfj = δ − tan−1

(
r lf + vy
vx ± r tw

2

)
(15)

αrj = tan−1

(
r lr − vy
vx ± r tw

2

)
(16)

Table 3. Tyre model coefficients.

Coefficient Value Description

Fz0 4905 Nominal Load (N)
μ0 1.41 Friction coefficient
PD2 −0.6 Variation of friction with load
Bx 6 Stiffness factor, longitudinal
Cx 2.3 Shape factor, longitudinal
Ex 0.9 Curvature factor, longitudinal
By 6 Stiffness factor, lateral
Cy 2.5 Shape factor, lateral
Ey 0.5 Curvature factor, lateral
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sij = Rw �ij − vij
vij

(17)

vij = cos(αij)

√(
vy ± r li

)2 +
(
vx ± r

tw
2

)2
(18)

Finally, the rolling resistance is modelled using a constant friction coefficient Cf (-) and
the vehicle’s total vertical load, as expressed by Equation (19), incorporating aerodynamic
load effects on rolling resistance.

FR = Cf (Fz,fl + Fz,fr + Fz,rl + Fz,rr) (19)

4.2. Load transfer

Longitudinal and lateral load transfer occur due to inertial forces which resist the traction
forces produced by the tyres. These inertial forces act at the centre of gravity height hCOG
(m), creating an overturning moment that causes load transfer. The total longitudinal load
transfer 
x (N) is described by Equation (20), where the nominal drag force F0D (N), which
represents the vehicle’s drag without any aerodynamic device actuation, is also assumed to
act at the centre of gravity height. Section 6.1 will discuss that additional drag generated by
the aerodynamic systems FaeroD (N) is primarily produced by the rear wing, and is therefore
assumed to act at the rear wing height hRW (m). The longitudinal load transfer experienced
by each individual wheel is equal to half of the total longitudinal load transfer.


x = [
(Fx,fl + Fx,fr) cos(δ) − (Fy,fl + Fy,fr) sin(δ)

+ Fx,rl + Fx,rr + F 0
D
] hCOG

l
+ FaeroD

hRW
l

(20)

The total lateral load transfer 
y (N) is expressed by Equation (21). Similar to drag, aero-
dynamic side force FS (N) is predominantly generated by the rear wing and is therefore
assumed to act at the rear wing height.


y = [
(Fx,fl + Fx,fr) sin(δ) + (Fy,fl + Fy,fr) cos(δ)

+ Fy,rl + Fy,rr
] hCOG

tw
+ FS

hRW
tw

(21)

The distribution of lateral load transfer across the front and rear axles is expressed by
Equations (22)–(24), where C
y,i (-) denotes the axle-specific fraction of total lateral load
transfer. The equations consider contributions from the unsprungmasses, the sprungmass
via the suspension links, and the roll couple of the sprung mass through the springs. It
depends on vehicle parameters such as unsprung mass heights hu,i (m), roll centre heights
hi (m), and the distance between the COG and the roll axis d (m). While most parameters
have limited modifiability due to inherent design constraints, the roll stiffness distribution
γkφ (-), which defines the fraction of total roll stiffness kφ (Nm/rad) at the rear axle, offers
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some tunability.


y,ij = C
y,i

C
y,f + C
y,r

y (22)

C
y,f = hu,f mu,f

tw m
+ lr hf ms

l tw m
+

(1 − γkφ ) kφ ms

(
d

kφ−ms g d

)
tw m

(23)

C
y,r = hu,r mu,r

tw m
+ lf hr ms

l tw m
+

γkφ kφ ms

(
d

kφ−ms g d

)
tw m

(24)

4.3. Aerodynamics

The aerodynamic performance of the vehicle equipped with active aerodynamic systems is
obtained from CFD simulations, as described in Section 3, and incorporated into the opti-
misation framework using polynomial functions. These functions describe the influence of
each aerodynamic control input on both the magnitude and distribution of aerodynamic
loads acting on the vehicle. Specifically, the effects on key aerodynamic force components,
including lift at the front CL,front (-) and rear wheels CL,rear (-), lift at the left CL,left (-) and
right wheels CL,right (-), side force at the front CS,front (-) and rear axles CS,rear (-), and total
drag CD (-), are expressed using polynomial formulations.

Rather than explicitly modelling aerodynamic moments about a fixed reference point,
the resulting force distributions are applied directly at the four wheels. This approach not
only captures the effects of both net forces and resulting moments through the relative
positioning of the loads, but is also more convenient in the context of active aerodynamics,
where the effective point of action of aerodynamic forces can vary with system actuation.
In this way, aerodynamic lift, drag, and side forces are consistently translated into changes
in vertical load at each tyre, which in turn form the basis for calculating longitudinal and
lateral forces at the tyre–road interface.

Equation (25) provides a general formulation for the effect of an aerodynamic element
on a given force component coefficient �Cw

u,v (-), as a function of its operating angle αw
(deg). The aerodynamic elements are indexed by w ∈ {FW−L, FW−R, RW, TW}, cor-
responding to the left front wing angle, right front wing angle, rear wing angle, and rear
wing tilt. The aerodynamic lift, drag, and side forces are represented by u ∈ {L,D, S}, while
v ∈ {front, rear, left, right} specifies the force distribution location. The polynomial coeffi-
cients Pwu,v(�) (-) define the aerodynamic response, � (-) indexes the polynomial terms, and
Nw
u,v (-) denotes the polynomial order. The polynomial coefficients for each aerodynamic

element’s influence on the respective force components are detailed in Table 4.

�Cw
u,v =

Nw
u,v∑

�=1

Pwu,v(�) α �
w (25)

The combined aerodynamic force component coefficientsCu,v (-) are successively obtained
by summing the individual effects from all active aerodynamic elements with the vehi-
cle’s nominal coefficientsC0

u,v (-), which represent the aerodynamic characteristics without
any system actuation, as described in Equation (26). The total aerodynamic force coeffi-
cients are subsequently determined by summing the relevant component contributions, as
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Table 4. Coefficients for the aerodynamic relationships.

Coefficient CL,front CL,rear CL,left CL,right CD CS,front CS,rear

C0u,v −0.188 −0.103 −0.146 −0.146 0.346 0 0
PFR−L
u,v (1) −9.75e−3 1.58e−3 −8.17e−3 0 0 0 0
PFR−R
u,v (1) −9.75e−3 1.58e−3 0 −8.17e−3 0 0 0
PRWu,v (1) 3.79e−3 −2.18e−2 −9.01e−3 −9.01e−3 2.90e−3 0 0
PRWu,v (2) −1.94e−4 1.11e−3 4.32e−4 4.32e−4 7.87e−5 0 0
PRWu,v (3) 4.31e−6 1.56e−5 9.95e−6 9.95e−6 0 0 0
PRWu,v (4) 0 −2.75e−6 −1.37e−6 −1.37e−6 0 0 0
PRWu,v (5) 0 4.92e−8 2.46e−8 2.46e−8 0 0 0
PTWu,v (1) 0 −7.1e−5 4.30e−3 -4.30e−3 0 0 7.19e−3

PTWu,v (2) 0 0 3.55e−5 3.55e−5 0 0 0

exemplified for lift in Equation (27).

Cu,v = C0
u,v + �CFW−L

u,v + �CFW−R
u,v + �CRW

u,v + �CTW
u,v (26)

CL = CL,front + CL,rear (27)

Given the critical role of aerodynamic loads in tyre force generation, lift coefficients are for-
mulated for each wheel to enable direct integration with the vertical tyre load formulation
in the vehicle dynamics model. The distribution is determined based on the side-specific
lift contributions previously established. Equation (28) describes this process for the front
left wheel, with analogous expressions for the front right, rear left, and rear right wheels.

CL,FL = CL,front
CL,left

CL
(28)

Finally, the aerodynamic forces Fu,v (N) acting on the vehicle are computed using
Equation (29), where ρ (kg/m3) is the air density, Aref (m2) the vehicle’s reference frontal
area, and vx (m/s) the longitudinal velocity.

Fu,v = 1
2

ρ Cu,v Aref vx2 (29)

4.4. Powertrain

The powertrain ismodelled as an electricmotor unit coupledwith a single-speed transmis-
sion and a central differential, enabling torque distribution between the front and rear axles
for four-wheel drive capability. Performance metrics are derived from an existing motor-
sport electric propulsion system [46], with a maximum continuous power output Pe,max of
456 kW, a maximum continuous torque output Te,max of 602Nm, and a maximum motor
speed �e,max of 17750 RPM. The electric motor torque Te (Nm) is used to determine the
individual wheel torques, as expressed by Equations (30) and (31). Here, γT (-) denotes the
fixed torque distribution, defining the fraction of total torque directed to the rear axle, and
γg (-) represents the final gear ratio. Additionally, Tb (Nm) represents the braking torque
averaged over all wheels, and γb (-) the fixed brake balance, defining the fraction of total
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braking torque directed to the front wheels.

Tfj = 1
2

(
(1 − γT)Te γg + Tb γb

)
(30)

Trj = 1
2

(
γT Te γg + Tb (1 − γb)

)
(31)

5. Optimisation framework

This study utilises an optimisation framework developed by Jiménez et al. [30], which aims
to minimise lap time by optimising the vehicle’s trajectory, control inputs, and parame-
ter combinations while adhering to track constraints and vehicle performance limitations.
This Minimum Lap Time Problem (MLTP) is formulated as an Optimal Control Problem
(OCP) and transformed into a Non-Linear Program (NLP) using direct orthogonal collo-
cation. A brief overview is provided here, with amore comprehensive explanation available
in the work by Jiménez et al. [30].

5.1. Optimal control problem

TheOCP is formulated to optimise the vehicle states x, control inputs u, auxiliary variables
y and selected vehicle design parametersp tominimise total lap time. The distance travelled
along the track is used as the independent variable, a method successfully applied in prior
studies [21,28,42], whichmaintains an explicit connection to the track position and reduces
computational complexity by lowering the problem’s dimensionality.

The objective function, expressed by Equation (32), is constrained by Equa-
tions (33)–(35), with the optimisation variables specified in Equation (36). The start and
finish positions are denoted by s0 and sf . The vector function f describes the vehicle’s
dynamics through Equations (4)–(9), which are enforced as constraints to ensure accu-
rate simulation of the vehicle’s performance. The vector function h defines constraints on
the optimisation variables through bounds and additional constraints defined by Equa-
tions (37)–(42). Initial and final states are described by b, used to define the vehicle’s
starting and finishing conditions.

Minimise

J =
∫ sf

s0
Sf

(
x(s), u(s), y(s), p

)
ds (32)

Subject to

d
ds

x = f
(
x(s), u(s), y(s), p

)
(33)

h
(
x(s), u(s), y(s), p

) ≤ 0 (34)

b
(
x(s0), x(sf )

) = 0 (35)
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With

x =

⎡
⎢⎢⎢⎢⎢⎢⎣

vx
vy
r
n
η

�ij

⎤
⎥⎥⎥⎥⎥⎥⎦ , u =

⎡
⎢⎢⎢⎢⎢⎢⎣

Te
Tb
δ

αFW(−j)
αRW
αTW

⎤
⎥⎥⎥⎥⎥⎥⎦ , y =

[

x

y

]
, and p =

⎡
⎣ γb

γT
γkφ

⎤
⎦ (36)

Limitations on the maximum electric motor power and angular velocity are incorporated
through Equations (37) and (38), while Equation (39) prevents simultaneous application
of drive and brake torque control inputs, avoiding unrealistic driving scenarios. Tyre grip
is constrained by a friction circle model with a uniform friction coefficient in both longi-
tudinal and lateral directions, as expressed by Equation (40), ensuring tyre forces remain
within the available grip. Finally, longitudinal and lateral load transfer are incorporated as
auxiliary variables through equality constraints given by Equations (41) and (42).

�e Te − Pe,max ≤ 0 (37)

�e − �e,max ≤ 0 (38)

Te Tb = 0 (39)
Fx,ij2 + Fy,ij2

Fz,ij2
− μij

2 ≤ 0 (40)


x −
[ (

(Fx,fl + Fx,fr) cos(δ) − (Fy,fl + Fy,fr) sin(δ) + Fx,rl

+ Fx,rr + F0D
) hCOG

l
+ FaeroD

hRW
l

]
= 0 (41)


y −
[ (

(Fx,fl + Fx,fr) sin(δ) + (Fy,fl + Fy,fr) cos(δ)

+ Fy,rl + Fy,rr
) hCOG

tw
+ FS

hRW
tw

]
= 0 (42)

5.2. Non-Linear programming

The continuous-time OCP is discretised and transcribed into a NLP problem using
direct orthogonal collocation to enable numerical optimisation. This involves dividing
the track into N segments, each of length dsk (m). Within each segment sk, the states
are approximated using Legendre polynomials of degree d, where collocation points
sk,j, with j = {1, . . . , d}, are selected at the roots of these polynomials. Collocation con-
straints are enforced at each collocation point, matching the polynomial derivatives of the
approximated states to equations governing the vehicle’s dynamics. This ensures that the
approximated vehicle trajectory evolves according to its modelled dynamic behaviour.

The objective function is evaluated at the collocation points within each track segment,
defined by the vector function Sf ,k = [Sf (sk,1), . . . , Sf (sk,d)]. The contribution of each track
segment is weighted by B, ensuring that the integral of the objective function over the
entire track is accurately approximated. These weighted contributions are summed across
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all track segments to provide the NLP formulation of the objective function, as expressed
by the first term in Equation (43).

J =
N∑
k=1

BSf ,k dsk +
∑(

rm�m
s Uk

)2 +
∑(

rm�m
s Yk

)2︸ ︷︷ ︸
regularisation

(43)

To ensure realistic and feasible solutions, additional constraints and regularisation terms
are introduced. Physical limitations of control inputs are enforced through rate limits, pre-
venting unrealistic steering inputs and reflecting system response times. Regularisation
terms are incorporated in the objective function to promote more practical solutions by
penalising the sum of squares of specific discrete control inputs Uk, auxiliary variables Yk,
and theirm-th derivatives at each track segment �m

s . The regularisation weight factors rm
allow adjustment of each term’s influence in the optimisation process.

5.3. Setup

The vehicle performance optimisation simulations are performed on the Circuit de
Barcelona-Catalunya, a track known for its combination of high-speed straights and tech-
nical corners, making it ideal for comprehensive vehicle performance evaluations. As the
track serves solely as a representative case encompassing diverse driving scenarios for the
comparative assessment of different aerodynamic configurations, track-specific features
such as elevation changes are not included.

The NLP problem is solved using the IPOPT algorithm inMATLAB, with an optimality
tolerance of 1×10−6 and constraint violation tolerances of 1×10−4. Based on grid conver-
gence data presented in Figure 6, a discretisation step size of 10m is selected, achieving a
relative lap time error of approximately 0.01% compared to the smallest step size tested,
while reducing computational time by over 23%. Following the work of Jiménez et al.

Figure 6. Lap time and computation time as a function of the discretisation step size.
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Table 5. Rate limits and regularisation weight factors for control inputs and auxiliary variables used for
the performance optimisation simulations.

Rate limits Regularisation

Parameter Symbol Lower Upper r0 r1 r2

Drive torque Te −2e4 Nm/s 2e4 Nm/s 0 0 0
Brake torque Tb −2e4 Nm/s 2e4 Nm/s 0 0 0
Steering angle δ −0.1 rad/s 0.1 rad/s 0 10 15
Front wing angle αFW −20 deg/s 20 deg/s 0 0 0.3
Rear wing angle αRW −60 deg/s 60 deg/s 0 0 0.9
Rear wing tilt αTW −24 deg/s 24 deg/s 0.005 0 0.4
Longitudinal load transfer 
x – – 0 0 1

[30], 3rd order Legendre polynomials are used to approximate the states within each track
segment.

Control input rate limits and regularisation weight factors used to ensure practi-
cal solutions are detailed in Table 5. The rate limits reflect system and driver response
times, with aerodynamic systems specifically constrained based on reported response
times of approximately 0.5 s in existing high-performance active aerodynamic systems.
Furthermore, the regularisation factors are carefully tuned to suppress high-frequency
oscillations in the control inputs, ensuring smoother actuation. This prevents excessive
corrections and allows clearer trends in the control strategies, supporting the consistency
and interpretability of the findings in this study.

6. Results & discussions

The analyses begin with an examination of the impact of each aerodynamic element to
understand how each component influences the vehicle’s overall aerodynamic perfor-
mance. Following this, the general performance of each configuration is analysed using lap
time data, and areas of performance gains are identified using more detailed performance
data. The subsequent section provides an in-depth analysis of the optimal control strategies
for each aerodynamic system, offering insights into how these elements are controlled to
realise the observed performance improvements. Finally, changes in some optimised key
vehicle design parameters are assessed to explore how these parameters shift in response
to different aerodynamic configurations.

6.1. Aerodynamic performance

The simulated aerodynamic data, which represent the effects of each aerodynamic element,
along with the associated fitted functions used for implementation into the optimisation
framework, are presented in Figure 7. The left and right front wing elements individually
enhance front axle downforce by a maximum of approximately �CL ≈ −0.10 across their
respective angle of attack ranges, and affect the downforce on their respective sides of the
vehicle by over �CL ≈ −0.08. Each element also creates a minor reduction in rear axle
downforce, up to approximately �CL ≈ 0.02. Furthermore, the front wing elements have
negligible effects on drag and downforce on their respective opposite side of the vehicle.

The rear wing exerts the most significant influence on aerodynamic performance.
Across its angle of attack range, it increases rear axle downforce by an approximate
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Figure 7. Simulated aerodynamic data and associated fitted functions for the effects of the (a) left front
wing element angle of attack, (b) right front wing element angle of attack, (c) rear wing angle of attack,
and (d) rear wing tilt angle on the vehicle’s aerodynamic performance.

maximum of �CL ≈ −0.31 but also reduces front axle downforce by over �CL ≈ 0.05.
The rear wing’s symmetric configuration results in equal downforce distribution across
the left and right sides of the vehicle. Notably, the rear wing exhibits two downforce gain
regions, where initial enhancements plateau at the stall angle between 10◦–15◦, then rise
further due to upstream pressurisation at higher angles, aligning with prior experimental
findings [34]. Additionally, the rear wing increases drag by nearly �CD ≈ 0.16 across its
angle of attack range, with drag exhibiting a slight quadratic increase.

The rear wing tilt angle provides an additional layer of control by redistributing down-
force laterally. Elevating one side of the wing increases downforce on that side by nearly
�CL ≈ −0.05, while decreasing it by almost�CL ≈ 0.06 on the opposite side, resulting in
a slight overall downforce reduction. The tilted rearwing also generates a side force primar-
ily acting at the rear of the vehicle, directed toward the elevated side, and peaking at nearly
�CS ≈ ±0.09. Additionally, the tilt angle hasminimal impact on front axle downforce and
overall vehicle drag.

Building on the analysis of the individual effects of each aerodynamic element, the
focus now shifts to assessing the vehicle’s overall aerodynamic performance. The combined
aerodynamic impact of symmetric front wing and rear wing angle of attack actuation, as
presented in Figure 8, provides insight into the baseline aerodynamic characteristics of the
vehicle. For improved visibility, the downforce coefficient is used in this figure instead of
the lift coefficient.
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Figure 8. The impact of symmetric front and rear wing actuation on the vehicle’s (a) downforce coeffi-
cient, (b) downforce distribution, representing the rear axle load fraction, and (c) drag coefficient.

At minimum front and rear wing angles of attack, the vehicle produces a baseline lift
coefficient of CL ≈ −0.29 and a drag coefficient of CD ≈ 0.35. As the angles of attack
increase, the rear wing’s previously observed two-stage downforce enhancement regions
become apparent, while the front wing contributes more linearly to the total downforce.
Across their operating ranges, the rear wing increases the base downforce level �CL ≈
−0.26 (+89%), and the front wing by�CL ≈−0.16 (+56%). Together, the wings enhance
downforce by a total of �CL ≈ −0.42 (+145%) to reach the maximum lift coefficient of
CL ≈ −0.71.

The downforce distribution, representing the fraction of downforce on the rear axle,
starts at approximately 0.35 at the minimum wing angles, indicating a forward bias. Max-
imising the rear wing angle while minimising the front wing angle shifts the distribution
rearward to about 0.76. Conversely, minimising the rear wing angle and maximising the
front wing angle shifts the distribution forward to approximately 0.16. With both wing
angles maximised, the distribution balances around 0.54, showing a moderate rearward
bias as the rear wing generates slightly more downforce at high angles of attack. Addition-
ally, drag is primarily influenced by the rear wing, which increases the baseline drag level
by �CD ≈ 0.16 (+46%) to a maximum of CL ≈ 0.50 across its angle of attack range.

6.2. Vehicle performance

The analysis of lap times reveals clear performance distinctions between the four vehicle
configurations, as detailed in Table 6. Configuration 1, with an optimised static setup using
amaximum front wing angle of 10 degrees and amoderately low rear wing angle of around
8.12 degrees, records the longest lap time of 120.196 s, which serves as the baseline for
comparison. Configuration 2, which operates with an optimised fixed front wing angle
of 10 degrees and active rear wing control, achieves a lap time of 119.502 s, resulting in an
improvement of 0.694 s (0.58% faster). Configuration 3, with active symmetric control over
both the front and rear wings, records a lap time of 119.452 s, showing an improvement
of 0.744 s (0.62% faster) over configuration 1. Finally, configuration 4, which has active
asymmetric control of both front and rear wings, achieves the fastest lap time of 119.281 s,
reducing lap time by 0.915 s (0.76% faster) compared to configuration 1.

The optimal racing line for configuration 1, shown in Figure 9, demonstrates the vari-
ety of driving scenarios encountered on a lap around the Circuit de Barcelona-Catalunya.
Evidently, the ability of the active aerodynamic configurations to adapt to these driving
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Table 6. Lap time results and optimised aerodynamic settings for all vehicle configurations.

Front Rear Sector 1 Sector 2 Sector 3 Lap � Lap � Lap
Configuration wing (deg) wing (deg) time (s) time (s) time (s) time (s) time (s) time (%)

C1 10.000 8.121 32.953 45.085 42.158 120.196 – –
C2 10.000 Active 32.721 44.795 41.986 119.502 0.694 0.58
C3 Active Active 32.701 44.772 41.979 119.452 0.744 0.62
C4 Active asymmetric Active asymmetric 32.649 44.703 41.928 119.281 0.915 0.76

Figure 9. Optimal racing line with velocity contours for configuration 1 on the Circuit de Barcelona-
Catalunya, featuring labelled sectors and corners, including corner start and end point markings.

scenarios can provide substantial performance gains. To support subsequent analyses of
the impact of active aerodynamic systems on vehicle performance, the circuit’s corners are
categorised into low-speed, medium-speed, and high-speed, based on average cornering
velocities, with the 33rd and 66th percentiles used as thresholds. Corners 5, 10, 13, 14, and
15 are classified as low-speed, with an average cornering velocity of 20.62m/s. Corners 1,
2, 4, 7, 11, and 12 are categorised as medium-speed, averaging 28.39m/s, while corners 3,
6, 8, 9, and 16 are identified as high-speed, with an average velocity of 40.50m/s.

Insights into the overall performance differences between the vehicle configurations are
first drawn from the analysis of velocity, steering angle, and torque data. Generally, the
active aerodynamic configurations offer velocity improvements on both the straights and
corners, as shown in Figure 10(a,b). Increased corner exit velocities in longer medium-to-
high-speed bends such as corners 3, 4, 9, and 16 are particularly noticeable from the high
delta velocity in the latter half of these corners. Additionally, later braking in heavy-braking
zones is observable, particularly evident by delta velocity peaks just before corners 1, 4, 9,
and 10.

The steering angle inputs, presented in Figure 10(c), show only minor deviations
between the configurations, suggesting small variations in their optimal racing lines. How-
ever, noticeably less steering input is observed in corners such as 3, 4, 5, 9, 12, and 16. This
suggests that the active aerodynamic configurations offer improved grip, leading to higher
steering responsiveness.

The drive and brake torque inputs, shown in Figure 10(d), further reinforce the findings
above. In long bends such as corners 3, 4, 9, and 16, the active aerodynamic configurations
enable earlier application of drive torque, resulting in faster corner exits. In addition, these
configurations allow more average brake torque to be applied, enabling later braking in
heavy-braking zones before corners 1, 4, 9, and 10, as previously identified.
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Figure 10. (a) Velocity, (b) velocity variations (c) steering angle input, and (d) total combined wheel
torque as a function of distance for all vehicle configurations.

To further illustrate the performance enhancements provided by the active aerody-
namic configurations, Figure 11 presents GG diagrams that map the relationship between
longitudinal and lateral acceleration. In these diagrams, positive longitudinal acceleration
represents forward acceleration, while negative values correspond to braking. Similarly,
positive and negative lateral accelerations denote left- and right-hand cornering, respec-
tively. The borders of each GG diagram have been highlighted to indicate the performance
limits of each configuration, emphasising the operating boundaries within which the vehi-
cle performs. Across all configurations, the diagrams show a concentration of operating
points along these boundaries, demonstrating that each configuration consistently operates
near its maximum potential.
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Figure 11. GG-diagrams for (a) configuration 2, (b) configuration 3, and (c) configuration 4 in compari-
son to configuration 1,with highlighted borders indicating the performance limits of each configuration.

The GG diagrams further confirm configuration 4 as the most capable setup, extend-
ing the performance envelope with the highest limits in both longitudinal and lateral
acceleration. Relative to configuration 1, configurations 2 and 3 exhibit an approximate
2.5% increase in GG area, while configuration 4 achieves an increase of over 3.5%. In terms
of pure lateral acceleration, configurations 2 and 3 show amodest improvement of less than
0.5%, whereas configuration 4 reaches nearly 1% higher lateral acceleration compared to
configuration 1.

Configuration 4 also demonstrates the greatest improvements in combined decelera-
tion and lateral acceleration in the lower quadrants of the GG diagrams, representing trail
braking scenarios. Here, configurations 2 and 3 achieve an average 4.2% increase in com-
bined acceleration, while configuration 4 sees a further improvement to 5.2% relative to
configuration 1. In contrast, combined lateral and forward acceleration in the upper quad-
rants of the GG diagrams, which corresponds to acceleration out of corners, shows a more
modest increase of less than 0.5% for configurations 2 and 3, and nearly 3% for configu-
ration 4. These results highlight the greater overall performance gains of configuration 4,
particularly in scenarios involving combined acceleration.

6.3. Optimal aerodynamic systems control

With the key performance gains identified for the active aerodynamic configurations, the
analysis now evaluates the optimal control inputs for the active aerodynamic systems that
drive these enhancements, as shown in Figure 12. This figure also presents longitudinal
and lateral load transfer data, factors that play a crucial role in the optimal control of the
aerodynamic systems.

For configuration 2, the rear wing angle is typically maximised in low-speed corners to
enhance downforce and improve cornering performance, as depicted in Figure 12(a). In
medium-speed corners, the angle varies between medium and high, while in high-speed
corners, it ranges from low to medium. This strategy is attributed to the quadratic rela-
tionship between aerodynamic forces and velocity, achieving necessary downforce at lower
angles of attack at higher speeds.Overall, the rearwing control shows notable similarities to
an inverse relationship with longitudinal load transfer, increasing the angle under forward
load transfer during braking and decreasing the angle under rearward load transfer during
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Figure 12. Optimal control of the aerodynamic systems of (a) configuration 2 and 3, (b) configuration
4, and the results of (c) longitudinal load transfer and (d) lateral load transfer as functions of distance for
all vehicle configurations.

acceleration. High angles of attack during braking not only aid deceleration by increas-
ing aerodynamic drag, but also by enhancing rear axle load, allowing the rear tyres to
contribute more effectively to braking. Conversely, lowering the angle during sustained
acceleration reduces aerodynamic drag, and avoids excessive rear axle loading and front
axle unloading. Additionally, on straights, the rear wing is set to its minimum angle to
reduce aerodynamic drag and rolling resistance, maximising straight-line speed.

The rear wing control for configuration 3, demonstrated in Figure 12(a), largely mir-
rors that of configuration 2, with minor adjustments to account for the active front wing’s
influence on the aerodynamic balance. The front wing angle is typically maximised under
high lateral load transfer during cornering to increase downforce on the front axle, thereby
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enhancing tyre grip and cornering performance. In heavy-braking zones, when forward
load transfer peaks, the front wing angle is reduced to improve load balance, ensuring
both front and rear tyres contribute effectively to deceleration. Adjustments to the front
wing are less frequent compared to the rear wing, due to the rear wing’s greater trade-off
between downforce and drag. Front wing angle adjustments generally occur only when
the rear wing is at its maximum angle, and vice versa, reflecting a coordinated approach in
which the wings manage axle-specific downforce requirements in response to load shifts
during acceleration, braking, and cornering. On straights, both front and rear wing angles
are reduced to minimise drag and rolling resistance, maximising straight-line speed.

Configuration 4’s control strategy, shown in Figure 12(b), optimises the independent left
and right front wing elements, along with the adjustable rear wing angle of attack and tilt
angle, providing the highest adaptability to diverse driving scenarios. During trail braking,
as the vehicle initiates cornering, peak forward load transfer starts to diminish while lateral
load transfer increases with steering angle application. In this phase, the inside front wing
element angle is maximised to enhance grip on the less loaded front inside tyre, while
the outside front wing angle is reduced to prevent further unloading of the rear axle. The
rear wing angle of attack remains at its maximum to enhance rear axle load and increase
aerodynamic drag, aiding deceleration. Concurrently, the rear wing maximally tilts away
from the corner centre, providing a lateral force at the rear axle and a favourable downforce
distribution for the inside tyres. This strategy consistently emerges at the end of braking
zones, when approaching corner entry.

As the vehicle transitions from trail braking to pure cornering, where lateral load trans-
fer predominates, both front wing elements are set to their maximum angle to enhance
front axle grip. The rear wing angle of attack typically varies between low andmedium lev-
els depending on cornering speed to maintain aerodynamic balance, while the rear wing
tilt remains maximised away from the corner. The tilt angle control closely mirrors the
lateral load transfer patterns, generating a side force that supports lateral forces at the rear
axle and enhances downforce on the inside tyres, which become underloadedwith increas-
ing lateral load transfer. This coordinated control strategy is particularly evident in longer
medium-to-high-speed corners, such as corners 3, 4, 9, 11, 12, and 16.

During the initial acceleration phase when exiting a corner, lateral load transfer starts
to reduce as steering input lessens, with a minor rearward load transfer occurring as ini-
tial drive torque is applied. In this phase, the inside front wing element is maximised to
enhance downforce on the underloaded inside front tyre, while the outside front wing ele-
ment is minimised to prevent rear axle unloading. Simultaneously, the rear wing angle of
attack and tilt angle aremaximised to increase downforce on the rear axle and underloaded
inside tyres. This configuration effectively distributes downforce across the axles to max-
imise the four-wheel drive system, with the rear axle bearing most load to accommodate
the majority of initial drive torque, while sufficient load remains on the front wheels for
effective utilisation of the torque directed to the front wheels.

This configuration remains only briefly, as rearward load transfer intensifies and lateral
load transfer decreases further during corner exit. In this phase, both front wing elements
are set to their maximum angle to increase downforce on the underloaded front axle.
Simultaneously, the rear wing angle of attack is minimised to prevent rear axle overload-
ing and mitigate front axle unloading, thereby balancing the rearward load transfer. The
rear wing tilt remains maximised while lateral load transfer persists, until the vehicle exits
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the corner fully and enters a straight. At this point, all aerodynamic angles are set to zero,
minimising drag, rolling resistance, and side forces, to maximise straight-line speed.

6.4. Vehicle design parameters

The optimal vehicle design parameters for brake, torque, and roll stiffness distributions,
listed in Table 7, vary noticeably with different aerodynamic configurations. The opti-
mal brake balance shifts progressively rearward with increasing aerodynamic control, as
the active aerodynamic configurations offer improved grip at the rear tyres during brak-
ing. Configuration 1, with a high front wing angle and moderately low rear wing angle,
generates limited rear axle downforce, resulting in the most front-biased brake balance.
Configuration 2’s active rear wing control enhances rear axle downforce during braking,
resulting in a nearly 1.4% rearward shift of the optimal brake balance. In addition to the
rear wing’s high downforce, configuration 3 reduces its front wing angle near peak decel-
eration to mitigate rear axle unloading, contributing to a rearward brake balance shift of
over 1.6%. Configuration 4 exhibits the highest rearward brake balance shift of over 1.7%,
due to effective balancing of downforce during trail braking, further improving the braking
capacity of the rear tyres.

The optimal torque distribution also shifts rearward for the active aerodynamic con-
figurations, varying between approximately 1.6% to 1.9%. Maximising the rear wing and
reducing the front wing angle during initial torque application increases downforce and
traction at the rear tyres compared to configuration 1. This enhanced grip allows more
torque to be applied to the rear wheels, thereby increasing the optimal torque allocation to
the rear axle.

The optimal roll stiffness distribution shifts rearward for active aerodynamic configu-
rations as well. Configurations 2 and 3 can enhance rear axle downforce during cornering
compared to configuration 1, allowing greater lateral load transfer at the rear axle, resulting
in a 1.7% to 2.1% rearward shift in the optimal roll stiffness distribution. Configuration 4
shows themost pronounced shift, approximately 2.7% relative to configuration 1, due to its
asymmetric aerodynamic control. Its aerodynamic elements can increase downforce on the
underloaded inside tyres and generate an aerodynamic side force near the rear axle during
cornering, allowing configuration 4 to accommodate the highest lateral load transfer at the
rear axle.

Table 7. Optimal vehicle design parameters of brake balance, torque distribution, and roll stiffness
distribution for all vehicle configurations.

Configuration Brake balance γb (-) Torque distribution γT (-) Roll stiffness distribution γkφ (-)

C1 0.677 0.727 0.462
C2 0.667 0.739 0.470
C3 0.666 0.741 0.472
C4 0.665 0.740 0.475

7. Conclusion

This study investigated the impact of advanced active aerodynamic systems on high-
performance vehicles by analysing how different aerodynamic configurations influence lap
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time, driver inputs, and optimal design parameters. Specifically, the study compared static
and active aerodynamic setups, with symmetric and asymmetric control of front and rear
wings, investigating both the extent of performance gains and the mechanisms by which
these gains are achieved.

Vehicle performance was optimised and evaluated for a lap around the Circuit de
Barcelona-Catalunya using a minimum lap time simulation framework. The simula-
tions employed a transient vehicle dynamics model based on a double-track model that
incorporated longitudinal and lateral load transfer, non-linear tyre characteristics, and
aerodynamic forces, obtained through RANS-based CFD simulations.

The results demonstrated that active aerodynamic configurations significantly reduce
lap times compared to a static setup, with key performance improvements in braking
capability, cornering speed, acceleration out of corners, and straight-line velocity. The
fully active asymmetric configuration provided the highest lap time reduction of approx-
imately 0.915 s (0.76%), as its ability to modulate downforce asymmetrically improved
tyre grip utilisation, enabling the vehicle to sustain higher longitudinal and lateral
accelerations.

Optimal control strategies for each configuration revealed that performance gains were
achieved by actuating aerodynamic elements to balance shifts in vertical tyre loads induced
by load transfer. Configurations with control over either the rear wing or both wings
showed a response that correlated inversely with longitudinal load transfer, adjusting wing
angles to support the underloaded axle. The configuration with fully asymmetric control
capabilities was able to further maximise downforce on the underloaded inside tyres dur-
ing high lateral load transfer and prioritise downforce on the most underloaded tyres in
scenarios with combined load transfers.

Additionally, optimal design parameters for brake, torque and roll stiffness distribu-
tions shifted progressively rearward for the active aerodynamic configurations. These
rearward shifts reflected the enhanced control over aerodynamic loads on the rear axle,
enablingmore effective utilisation of the rear tyres during braking, initial acceleration, and
cornering.

Overall, this research demonstrated the substantial potential of active aerodynamic sys-
tems, particularly with asymmetric control, to enhance vehicle performance. The findings
provided valuable insights into the extent and areas of performance improvements, the
aerodynamic control strategies that drive these gains, and the resulting shifts in key vehicle
design parameters. The study presented an effective simulation framework for evaluat-
ing aerodynamic control strategies and informing vehicle setup decisions, establishing
a foundation for future research on advanced active aerodynamic technologies. Future
work exploring control strategy implementations, integration with other active vehicle sys-
tems, and real-world applications could lead to new insights and potentially even greater
performance gains, guiding the development of next-generation high-performance and
automotive vehicles.
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