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This study investigates the potential of Active Suspension systems to modulate Roll Stiffness Distribution (RSD)
with the goal of enhancing vehicle lateral performance and stability. By shifting the suspension’s role beyond
conventional vertical dynamics and ride comfort, widely explored in existing literature, the proposed approach
leverages Roll Stiffness Distribution between front and rear axles to actively influence handling balance across a
broad range of driving conditions.

The approach utilizes actuators already integrated into the suspension systems of modern vehicles, maximizing
their potential through a dedicated control strategy. A control logic for the active management of RSD is intro-
duced, designed to mitigate understeer or oversteer behavior in real time.

System validation is initially performed in a simulation environment using standardized open-loop maneuvers
in accordance with ISO protocols (Ramp Steer, Step Steer, Sine with Dwell). The controller is optimized using a
Genetic Algorithm (GA) and subsequently validated through Driver-in-the-Loop (DiL) testing, conducted with a
sample of 24 drivers at the dynamic simulator DriSMi of Politecnico di Milano. These tests aimed to assess both
objective performance and subjective driver perception.

Finally, the proposed system was integrated into a vehicle equipped with an Active Rear Steering system to
explore the synergies between the two control systems and define their respective domains of effectiveness in
lateral dynamics optimization.

1. Introduction Several studies have investigated methods to optimize suspension de-

sign to enhance ride comfort and vehicle stability [Gao, 2022, Konieczny

Vehicle lateral dynamics and stability are fundamental aspects for
both safety and driving performance. Lateral instability is a major con-
tributor to vehicle accidents, especially under high-speed cornering or
sudden maneuvers. Among suspension parameters, the distribution of
roll stiffness between front and rear axles critically influences under-
steer/oversteer balance, cornering behavior, and overall driver safety
[Dixon, 1996, Jazar, 2008, Mastinu & Plochl, 2014, Milliken & Milliken,
1995, Pacejka, 2005]. Traditional passive elements, such as springs
and anti-roll bars, provide fixed roll stiffness characteristics that can-
not adapt to varying driving conditions. Consequently, their design rep-
resents a trade-off between comfort and handling, which may not be
optimal under all scenarios. Active management of roll stiffness can
overcome these limitations, enabling a continuous balance between ride
comfort, handling, and vehicle stability.

* Corresponding author.
E-mail address: samuel.sonnino@polimi.it (S. Sonnino).

https://doi.org/10.1016/j.conengprac.2025.106735

et al., 2020, Li et al., 2016, Qi et al., 2020, Verros et al., 2005, Zhang
et al., 2024]. However, most approaches either rely on fixed design
parameters, limiting adaptability, or focus on single-objective control
strategies that do not simultaneously address roll control, stability and
handling trade-offs. Therefore, there is a need for a systematic method
to actively manage Roll Stiffness Distribution (RSD) in real time to im-
prove both safety and driving experience.

The Roll Stiffness Distribution (RSD) between front and rear axles,
defined as the ratio of front roll stiffness to total vehicle roll stiffness
(Eq. (1)), strongly influences lateral stability and handling performance
[Mastinu & Plochl, 2014, Milliken & Milliken, 1995, Pacejka, 2005]. It
depends on the suspension spring roll stiffness kg, ; and Anti-Roll Bar
(ARB) roll stiffness k,y,;, where i denotes the front or rear axle.

ksusp,f + karb,f

RSD = (@]

ksusp,f + karb,f + ksusp,r + karb,r
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\begin {equation}RSD = \frac {k_{\text {susp}, f} + k_{\text {arb}, f}}{k_{\text {susp}, f} + k_{\text {arb}, f} + k_{\text {susp}, r} + k_{\text {arb}, r}} \label {rsd}\end {equation}
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\begin {equation}\label {eq:loadtr} \left \{ \begin {array}{@{}l} F_{z,inn} = F_{z,inn}^0 - \Delta F_z \\[5pt] F_{z,out} = F_{z,out}^0 + \Delta F_z \end {array} \right .\end {equation}
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\begin {equation}\label {eq:loadtr2} \left \{ \begin {array}{@{}l} \Delta F_{z,f} = RSD\cdot \frac {m \cdot a_y \cdot h_G}{t} \\[2pt] \Delta F_{z,r} = (1-RSD)\cdot \frac {m \cdot a_y \cdot h_G}{t} \end {array} \right .\end {equation}
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\begin {equation}\label {eq:roll_stiffness_system} \left \{ \begin {array}{@{}l} RSD = \frac {k_{\text {susp}, f} + k_{\text {arb}, f} + k_{\text {add}, f}}{k_{ \text {susp}, f} + k_{ \text {arb}, f} + k_{\text {add}, f} + k_{ \text {susp}, r} + k_{ \text {arb}, r} + k_{\text {add}, r}} \\[10pt] k_{ \text {arb}, f} + k_{\text {add}, f} + k_{ \text {arb}, r} + k_{\text {add}, r} = (k_{ \text {arb}, f} + k_{ \text {arb}, r}) \cdot \lambda \end {array} \right .\end {equation}


\begin {equation}\label {ff1} k_{FF,i} = k_{\text {arb},i} + k_{\text {add},i}\end {equation}


\begin {equation}F_{FF,i} = k_{lin,FF,i} \cdot \Delta J_i \label {force}\end {equation}
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\begin {equation}\label {eq:yaw_rate_ref} \dot {\psi }_{\text {ref}} = \frac {v}{l (1 + K_{\text {us}} v^2)} \cdot \delta \end {equation}
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\begin {equation}\label {eq:yaw_rate_max} \dot {\psi }_{\text {max}} = \frac {\mu g}{v}\end {equation}


\begin {equation}\label {refy} \dot {\psi }_{\text {ref}} = \begin {cases} \frac {v}{l(1 + K_{\text {us}} v^2)} \delta = \alpha \delta & \delta \leq \delta ^* \\[5pt] \dot {\psi }_{\text {max}} + (\dot {\psi }^* - \dot {\psi }_{\text {max}}) e^{\frac {-\alpha (\delta - \delta ^*)}{(\dot {\psi }_{\text {max}} - \dot {\psi }^*)}} & \delta > \delta ^* \end {cases}\end {equation}


$\epsilon $


\begin {equation}\label {eq:yaw_rate_error} \epsilon = \left | \dot {\psi }_{\text {ref}} \right | - \left | \dot {\psi } \right |\end {equation}
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\begin {equation}\label {r1} \left \{ \begin {array}{@{}l} k_{FB,r} = G_j \cdot \epsilon \\[5pt] k_{FB,f} = -G_j \cdot \epsilon \end {array} \right .\end {equation}
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\begin {equation}\label {stifftot} k_i = k_{FF,i} + k_{FB,i}\end {equation}
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\begin {equation}\label {force} F_{\text {act},i} = (k_{lin,FF,i} + k_{lin,FB,i}) \cdot \Delta J_i\end {equation}
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\begin {equation}\label {eq:first_order_transfer_function} H(s) = \frac {1}{\tau s + 1}\end {equation}
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$v = 60, 80, 100, 120$


\begin {equation}\label {fit} \text {FF}(j) = \frac {\sum _{i} w_{i} \times ff_{i} (j)}{\sum _{i} w_{i}}\end {equation}
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\begin {equation}\label {subfit} ff_i(j) = \frac {\sum _{k}w_k \times KPIs_{i_k}^{norm}(j)}{\sum _{k}w_k}\end {equation}
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\begin {equation}\label {lqr1} \dot {x} = A x + B u.\end {equation}
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A proper stiffness distribution affects both understeer and oversteer
balance and the vehicle’s behavior in steady-state and transient maneu-
vers [Reuben et al., 2019]. For example, a stiffer rear axle reduces under-
steer in steady-state cornering but may induce oversteer in transients.
In contrast, increased front stiffness enhances stability in dynamic ma-
neuvers but may reduce front grip during tight turns.

To handle varying driving conditions, RSD can be actively controlled
[Nguyen, 2021b, Sagewka et al., 2017]. Active suspension systems and
control algorithms enable real-time adjustment, allowing a continuous
trade-off between stability and performance.

In this work,a systematic approach for the active management of Roll
Stiffness Distribution (RSD) is proposed. The main contributions of the
study are:

1. Development of a control strategy for the active management of Roll
Stiffness Distribution, designed to influence steering behavior and
mitigate understeer or oversteer in real time;

2. Optimization of control parameters using a Genetic Algorithm (GA)
to maximize system performance across a broad range of driving
conditions;

3. Validation of the proposed approach through both offline simula-
tions using standardized maneuvers (Ramp Steer, Step Steer, Sine
with Dwell) and Driver-in-the-Loop (DiL) experiments at the DriSMi
dynamic driving simulator (Politecnico di Milano) with 24 drivers,
assessing both objective performance and subjective driver percep-
tion;

4. Exploration of system integration with Active Rear Steering to eval-
uate synergies and define the respective domains of effectiveness in
enhancing lateral dynamics.

By integrating control design, optimization, and experimental vali-
dation, this methodology provides insights into how active suspensions
can enhance lateral dynamics, improve driving safety, and adaptively
balance stability and handling under varying driving conditions.

2. Suspension technologies

Achieving a specific roll stiffness during driving requires actuators
capable of adapting stiffness to the vehicle’s dynamic needs. Semi-active
suspension systems, which adjust damping based on jounce velocity, are
effective in transients but lack control authority in steady-state condi-
tions.

Therefore, to optimize lateral behavior across varied driving scenar-
ios, systems that generate active forces, such as fully active suspensions
or active anti-roll bars, are essential. Depending on the integration of
active or passive elements, suspension architectures can be classified by
their control authority over roll dynamics, comfort, and responsiveness
[Alexandru & Alexandru, 2011, Tseng & Hrovat, 2015, Yu et al., 2024].

Active components, like actuators or active anti-roll bars, enable
real-time adaptation, whereas passive ones rely on fixed mechanical
properties. The following classification outlines typical configurations:

1. Fully active suspension: Generates independent active forces at
each wheel; no need for traditional anti-roll bars.

2. Semi-active suspension with active anti-roll bar: Combines semi-
active damping with axle-wide roll stiffness control via active bars;
no corner-level independence.
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3. Semi-active suspension with passive anti-roll bar: Semi-active
damping with passive roll stiffness; simpler but limited in roll con-
trol.

4. Passive suspension with active anti-roll bar: Passive damping
combined with active roll stiffness adjustment; improves roll behav-
ior without affecting ride height.

5. Fully passive suspension: Both damping and roll stiffness are pas-
sive; minimal adaptability.

Table 1 compares common suspension architectures, showing that
fully active systems offer the highest level of wheel control and ride
comfort, although with increased complexity and cost. Semi-active con-
figurations with either active or passive Anti-Roll Bars strike a balance
between performance and affordability, while passive setups are simpler
and cheaper but lack real-time roll stiffness control.

2.1. Active anti-roll bars on the market

Several manufacturers have adopted Active Anti-Roll Bars (AARB)
to dynamically modulate roll stiffness and Roll Stiffness Distribution
[Nguyen, 2021a, Zulkarnain et al., 2012]. These systems, using electric
or hydraulic actuators, outperform passive bars in precision but remain
limited by actuator torque and the inherent coupling between left and
right wheels.

While enhancing stability and comfort during cornering, AARB sys-
tems lack the lateral independence of fully active suspensions. Table 2
summarizes current AARB technologies, highlighting actuation types,
control strategies, and integration levels. It outlines key features, bene-
fits, and limitations of each solution in the context of vehicle dynamics
control.

2.2. Active suspensions on the market

Table 3 compares the most advanced active suspension systems cur-
rently on the market. These technologies generate real-time control
forces independently at each wheel, enabling direct management of roll,
pitch, and heave without mechanical anti-roll components. As a result,
they deliver superior ride comfort, handling precision, and adaptability
across diverse driving conditions.

2.3. Vehicle parameters influence on lateral dynamics

Vehicle lateral performance and stability are influenced by several
key parameters, including tire properties, suspension tuning, and vehicle
geometry [Mastinu & Plochl, 2014, Pacejka, 2005]. The main contribu-
tors are:

1. Tire characteristics: Define the relationship between lateral force
and slip angle, shaping the handling curve.

2. Center of gravity height: Affects load transfer, influencing lateral
grip between inner and outer tires.

3. Longitudinal mass distribution: Alters steering response and dy-
namic stability.

4. Lateral load transfer: Load shifts to the outer tire in cornering, re-
ducing total grip due to tire nonlinearity [Mastinu & Plochl, 2014].

5. Longitudinal load transfer: Braking and acceleration shift nor-
mal loads, modifying cornering stiffness and inducing combined
slip [Pacejka, 2005].

Table 1

Suspension system types.
System Control Independence Comfort Response Time Weight Complexity
Type 1 Yes Maximum Very High  Fast Very High  Very High
Type 2 Partial Coupled High Medium High High
Type 3 Partial Coupled Moderate Medium Medium Medium
Type 4 Partial Coupled Moderate Medium Medium Medium
Type 5 No Coupled Low Mechanical Low Low
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Table 2
Active roll control systems by brand.

Control Engineering Practice 168 (2026) 106735

Brand / System

Technology Type Main Models

Porsche - PDCC [Porsche, 2020]

Electromechanical/Hydraulic Cayenne, Panamera

BMW - Dynamic Drive [Group, 2019] Hydraulic 5/7 Series, X5, X6
Audi - Active ARB (eAWS) [Audi, 2023] Electromechanical SQ7, SQ8, A8, Q8
Bentley - Bentley Dynamic Ride [Car and Driver , 2016] Electromechanical Bentayga
Lamborghini - LDVA [Lamborghini, 2018] Electromechanical (Integrated) Urus
Table 3
Comparison of advanced suspension systems.
Brand / System Technology Type Variable Height Active Anti-Roll
Ferrari - TASV [Ferrari, 2018] Electromechanical Yes Yes
Mercedes - e-ABC [Mercedes-Benz, 2018] Electro-hydraulic (48V) Yes Yes
McLaren - Proactive Chassis [Automotive, 2020] Interconnected Hydraulic No Yes
Lexus - LS 600h/500h [International, 2017] Pneumatic Yes Yes (limited)
Bose - Active Suspension [Corporation, 2017] Electromagnetic (linear) Yes Yes

6. Suspension and ARB stiffness: Influence lateral load transfer dis-
tribution and front/rear axle behavior.

7. Drive configuration: Affects how traction forces and slip are dis-
tributed, impacting under/oversteer tendency.

2.4. Impact of lateral load transfer and roll stiffness distribution on
handling behaviour

Lateral load transfer during cornering alters the front and rear axle
characteristics (F,; vs. o), influencing overall handling [Dixon, 1996,
Jazar, 2008, Milliken & Milliken, 1995]. As the vehicle turns, centrifugal
force causes load to shift from the inner to the outer wheels (Eq. (2)),
quantified as AF,, increasing outer tire load and decreasing inner tire
load:

Fz,inn = Fgmn - AFZ
F, oy =F . +AF,

z,out

(2

Where Fz‘)im and F;?Om are the static normal loads, assumed equal,
and F,

winn> Fzou 8T€ the loads under cornering.

Due to the nonlinear dependence of tire lateral force on vertical load,
a well-documented phenomenon in vehicle dynamics and extensively
investigated in both indoor and outdoor tire tests [Bian et al., 2014,
Colombo et al., 2024, Kasprzak et al., 2007, Nam, 2015, Song et al.,
2025], the increase in F, on the more heavily loaded (outer) tire is
smaller than the corresponding decrease on the lightly loaded (inner)
tire. As a result, when summing the contributions of both wheels to
obtain the axle’s equivalent lateral force characteristic, the loss on the
unloaded tire is not fully compensated by the gain on the loaded one
[Mastinu & Plochl, 2014, Milliken & Milliken, 1995, Pacejka, 2005].
Consequently, the lateral load transfer reduces the total equivalent lat-
eral force of the axle at a given slip angle, thereby diminishing axle
effectiveness and modifying the overall vehicle response.

This phenomenon is illustrated in Fig. 1. On the left, the tire lateral
force characteristic (black) is compared with the theoretical axle charac-
teristic (green), obtained as twice the single-tire force when neglecting
load transfer effects. On the right, the effect of normal load transfer
on the inner and outer wheels is shown: the lateral force reduction on
the unloaded wheel exceeds the increase on the loaded one, due to tire
nonlinearity. As a result, the equivalent axle characteristic, obtained by
summing the two tires contribution, lies below the idealized axle curve
which neglects load transfer.

The lateral load transfer on each axle is determined by the relative
distribution of roll stiffness between the front and rear axles. In partic-
ular, the total vehicle lateral load transfer is apportioned between the
front and rear axles according to the Roll Stiffness Distribution (RSD),
as expressed in Eq. (3), where h; and ¢ denote the vehicle’s center of
gravity height and track width, respectively. The RSD therefore plays

F,.
>t Axle without
load transfer | 7 _ \—=——_ Axle with
i - load transfer
’
’
7 e —
Tyre A L= - Outer Tyre
4
S oammm T Inner Tyre
-
-
7’
4
a; a;

Fig. 1. Effect of lateral load transfer on F, - a curves.

a fundamental role in shaping the vehicle’s lateral dynamics, as it gov-
erns how the vehicle’s lateral inertial forces during cornering are shared
between the two axles, thereby directly affecting handling balance and
stability.

m-ay-hg

AF, ;= RSD-
AF,, =(1-RSD)-

3

m-ay-hg
t

For instance, increasing the front axle roll stiffness (i.e., increasing RSD)
shifts a greater portion of load transfer to the front axle, reducing its cor-
nering capability and thus inducing understeer. Conversely, increasing
the rear axle roll stiffness (i.e., decreasing RSD) reduces the rear axle’s
cornering capacity at high lateral accelerations, which may lead to over-
steer.

Therefore, by tuning the RSD, either through passive suspension de-
sign or by employing active actuators, the handling balance of the vehi-
cle can be modulated in real time, allowing the response to be tailored
toward understeer or oversteer as required. Based on this principle, the
control strategy proposed in the following section exploits real-time RSD
adjustment to achieve the desired lateral vehicle behavior.

3. Control logic

In dynamic conditions, such as high-speed maneuvers or tight cor-
nering, maintaining lateral stability and optimizing handling are critical
for safety and performance. To address this, a control logic is designed
to adjust the Roll Stiffness Distribution (RSD) in real time, balancing
front and rear axle behavior to improve vehicle response.

The control structure includes a feedforward (FF) term that defines
a baseline RSD, and a feedback (FB) term that enhances yaw stability by
correcting yaw rate deviations. This combination enables adaptation to
both understeer and oversteer, ensuring stable and predictable handling.

The approach is actuator-independent: it relies only on vehicle states,
allowing implementation with various actuators (e.g., active suspen-
sions or active anti-roll bars) as long as they deliver the commanded
forces. In this study, an Active Anti-Roll Bar (AARB) is used.
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Fig. 2. Block diagram of the control logic.

Fig. 2 shows the control loop, including:

* Yaw rate reference y,,, based on desired handling

¢ Feedforward stiffness k5 for baseline RSD

¢ Feedback stiffness k. from yaw rate error

¢ Actuator applying the control force

e Vehicle model and actual yaw rate i closing the loop

3.1. Feedforward contribution

The feedforward term defines a baseline roll stiffness set by the driver
via a tuning parameter A, preserving the original RSD and handling bal-
ance while allowing stiffness adjustment. This value remains fixed un-
less modified by feedback. To increase overall vehicle roll stiffness while
preserving the original Roll Stiffness Distribution (RSD), specific incre-
ments in stiffness must be applied to the front (k,qq ;) and rear (kuqq,)
Active Anti-Roll Bars (AARB).

The coefficient 4 defines the scaling factor of total ARB stiffness in
the feedforward configuration. For example:

e A = 1: baseline configuration, with k,qq; =0
A = 1.5: ARB stiffness increased by 50%

Given a desired A, tunable by the driver, the added stiffness terms
are computed by solving System 4:

ksusp,f +karb,f +kadd,f

RSD =
ksusp.f +karb,f+kadcl.f +ksusp,r+karb,r +kadd,r (4)

karb, r + kagd,r + Karb,r + Kadd,r = (Karb,r + Karb,-) - 4
The resulting feedforward stiffness for each axle becomes:
kpr; = Karb;i + Kadd.i (5)
Assuming a linear vertical stiffness, the corresponding actuator force is:
Frri = Kiinrri - AJ; (6)

where kj;, pr; is the linearized feedforward stiffness, and AJ; is the
jounce difference between the left and right suspensions on axle i.

3.2. Yaw rate reference

The yaw rate reference sets a target yaw rate consistent with ex-
pected vehicle handling. A common expression, based on a single-track
model, relates the yaw rate reference y,. to steering angle 6 and speed
v (Eq. (7)):

12

I(1 + Kyg0?) 0 )

Yref =
Here, [/ is the wheelbase and K, the understeering coefficient, de-
pendent on vehicle parameters like mass and tire cornering stiffness.
This linear model holds within the vehicle’s linear range. Beyond
that, non-linear tire saturation occurs and the reference must adapt. A
piecewise function smoothly transitions at a yaw rate threshold y* (85%
of yr,.x) corresponding to a steering angle 6* [Ahangarnejad et al., 2018,
2019, Asperti et al., 2024, De Novellis et al., 2015, Gidlewski & Zardecki,
2017, Gimondi & Corno, 2021, Kissai et al., 2020, Mangia et al., 2021].
The maximum yaw rate vy, is set by tire-road friction u (Eq. (8)):
HE ®)

Vimax = ——
max P
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Fig. 3. Reference yaw rate at different running speeds.

The complete yaw rate reference is given by Eq. (9):

v — *
Wref = —a(6-8%) ©)
Winax + * - u'/max)e('l'/max—l[/*) 5> 6

Fig. 3 illustrates reference yaw rate vs. steering input at various speeds.

3.3. Feedback contribution

The feedback stabilizes the vehicle by adjusting Roll Stiffness Distri-
bution (RSD) based on yaw rate error ¢, defined in Eq. (10):

€= |l/./ref| = |yl (10)

Positive ¢ indicates understeer (actual yaw rate lower than reference),
negative ¢ indicates oversteer. This sign convention directly links the
error to handling conditions.

By monitoring ¢, the controller adjusts the RSD to improve stability:
understeer calls for increased rear axle stiffness and reduced front axle
stiffness, oversteer for the opposite.

The feedback stiffness for rear and front axles is (Eq. (11)):

k =G;-€
{ FB,r J (11)
Kppy=—0j-¢

where G ; 1s the control gain. For ¢ > 0 (understeer), stiffness is added
at the rear and subtracted at the front; for ¢ < 0 (oversteer), the opposite
applies.

The total AARB stiffness is the sum of feedforward and feedback com-
ponents (Eq. (12)):

ki=kpp;+kpp; 12)

where k. ; maintains the baseline roll stiffness and RSD according
to the parameter 4, and krp; adapts to dynamic yaw rate errors.
Actuator force, from the Active Anti-Roll Bar (AARB), is (Eq. (13)):

Faeri = Kjin.pri + Kiinppi) - AJ; 13

with AJ; the suspension jounce difference on axle i, and (k;, pr; +
kyin. pp,;) total linear stiffness applied by the actuator.

Control gains G j differ for understeer (G,,) and oversteer (G,) to
tune vehicle-specific handling. The Genetic Algorithm (GA) in Section 4
optimizes these values.

3.4. Actuation

Actuator dynamics is modeled as a first-order filter (Eq. (14)), cap-
turing delay and smoothing control inputs:

H(s) = — (14)

where 7 is the filter time constant, representing actuator respon-
siveness. This simplified model reflects actuator dynamics follow-
ing [Sagewka et al., 2017] without explicitly modeling motor specifics.
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4. Control tuning

A Genetic Algorithm (GA) is used to optimize the control parameters
G,, and G, respectively the understeer and oversteer control gains for
the developed control logic.

GA is a metaheuristic optimization technique inspired by the principles
of natural selection and genetics, where the fittest individuals are se-
lected for reproduction in order to produce the next generation of solu-
tions [Holland, 1975, Katoch et al., 2021].

The algorithm framework, as illustrated in Fig. 4, consists of several key
stages: initialization, fitness function calculation, selection, crossover,
mutation, and termination.

The objective of the Genetic Algorithm is to maximize vehicle stability
and handling performance while minimizing the actuation effort.

The developed GA is divided into different steps:

1. Initialization of the population: The GA begins by generating a
population of candidate solutions, where each individual is repre-
sented by two genes corresponding to the control parameters G,
and G,.

The initial population is generated by selecting these parameters ran-
domly within a constrained range.

This ensures that the control values are feasible and meet the oper-
ational requirements of the actuation system while also promoting
genetic diversity and preventing premature convergence of the algo-
rithm.

2. Fitness function evaluation: The performance of each individual
is evaluated using a fitness function that assesses handling, comfort
and actuator effort across three different driving scenarios:

¢ Ramp Steer Steady-State test (ISO 4138)

o Step Steer Transient test (ISO 7401)

o Sine with Dwell test (ISO 19365)
Each test is performed at four different speeds (v = 60, 80, 100, 120
km/h).
The offline tests are performed using a 14 Degrees of Freedom (DoF)
vehicle model from VI-CarRealTime, integrated with the control
model developed within the MATLAB/Simulink environment.
From the metrics of each test type, certain parameters are selected as
Key Performance Indicators (KPIs) to compute the three sub-fitness
functions (one for each ISO maneuver considered) that make up the
overall fitness function.
Each sub-fitness function is formulated as a weighted average of
three components: handling, comfort, and actuator effort. These
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Table 4
Weights for handling, comfort and
actuator effort components.

Aspect Weight Value
Handling wy 1
Comfort we 0.75
Effort wg 0.25

components are derived from the KPIs that influence each aspect, al-
lowing for the prioritization of one aspect over the others as needed.
At the end, the three sub-fitness functions are combined as a
weighted average, given by Eq. (15):

2w X f i)

2w (1>

FE(j) =
where:
e i =5S,T,SD defines the test types: steady-state, transient, and
sine with dwell
¢ j identifies the individual in the population
e ff;(j) represents the sub-fitness function of the test i for the
individual j
* w; denotes the weight assigned to the sub-fitness function i
and where each sub-fitness function f f; for the jth individual is
expressed as in Eq. (16):

D Wi X KPIS;“:”"(j)
2k Wi

where the weights considered are reported in Table 4, and each
KPIs!™ represents a KPI for each of the kth aspects considered
(comfort, handling, and actuator effort) and is itself composed of a
weighted average of other normalized terms upon which each aspect
depends. The normalization of each term is performed with respect
to the maximum value of that quantity across the individuals within
each generation, ensuring comparability among the different quan-
tities. For instance, in the evaluation of comfort, these terms are de-
fined as the peak and steady-state values of accelerations along the
three axes, as well as jerk, roll angle, and roll rate. For handling
assessment, the considered terms include yaw rate, lateral accelera-
tion, sideslip angle, and settling time. Regarding actuator effort, the
terms are represented by the maximum and RMS values of torque
and power demand.

FfiG) = (16)

. Selection: Individuals with higher fitness scores are more likely to

be selected as parents for the next generation. The selection process
is stochastic, giving even lower-fitness individuals a chance to be
selected to maintain genetic diversity.

. Crossover: The crossover operator combines genetic material from

two parent individuals to produce offspring. This mechanism intro-
duces new genetic combinations, aiding the exploration of new so-
lutions.

. Mutation: Mutation introduces random variations in the genes of

selected individuals to prevent the population from becoming too
homogeneous. The mutation rate is adjusted dynamically based on
the diversity of the population, increasing when diversity is low and
decreasing when diversity is high. This adaptive strategy enhances
the robustness of the optimization process by enabling the GA to
escape local optima.

. Termination and iteration: The GA iterates through the aforemen-

tioned stages until a termination criterion is met. The algorithm con-
tinues until the population converges to a single individual, indicat-
ing that no further improvements can be made. The final outcome
is the identification of optimal values for G,; and G, that balance
stability, handling, and actuator effort.
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Fig. 5. Evolution of the average FF value and number of distinct individuals
throughout the GA run.

Table 5

Threshold values for sideslip angle and actu-

ation.
Parameter Maximum Value Unit
Sideslip Angle 6 [deg]
Actuator Force 4500 [N]
Actuator Power 1000 [W]

The algorithm utilized a population of 20 individuals and required

31 generations to reach the stopping criterion.
Fig. 5 depicts the variation in the number of unique individuals through-
out the GA run until the best individual eventually dominates and rep-
resents the entire population; moreover, the overall fitness function av-
erage value progressively increases until convergence is achieved.

The GA imposes penalties on fitness scores for solutions that breach
predefined safety constraints. These penalties are applied to ensure that
only safe and viable solutions are retained in the optimization process.
The safety constraints are:

e Excessive Side Slip Angle: Applied when the side slip angle surpasses
a specified safety threshold.

e Actuator Limit Violations: Applied when actuator force or power de-
mands exceed the physical capabilities of the AARB system.

If any of these thresholds are violated, the overall fitness score for
that individual is set to zero, effectively discarding the solution from
further consideration in the GA.

The threshold values considered are provided in Table 5.

5. Offline testing

The control logic uses the optimized values G,; and G,, obtained

from the Genetic Algorithm, with the feedforward force contribution
calculated using 4 = 1.5, representing a 50% increase in initial ARB stiff-
ness compared to the baseline vehicle.
To evaluate the control logic and vehicle dynamics optimization, three
maneuvers based on ISO standards (Fig. 6) were selected to ensure re-
peatability and consistency in performance assessment, covering steady-
state and transient conditions.

The first maneuver follows ISO 4138, specifying open-loop tests
for steady-state circular driving behavior [International Organiza-
tion for Standardization, 2021]. The second is based on ISO 7401, which
analyzes transient responses to step or sinusoidal steering inputs [In-
ternational Organization for Standardization, 2011b]. The third uses
ISO 19365’s sine with dwell test to evaluate stability control effective-
ness [International Organization for Standardization, 2016].

These maneuvers form a comprehensive framework for vehicle be-
havior analysis. Performance is assessed via Key Performance Indicators
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Table 6

Vehicle model parameters.
Symbol  Parameter Value Unit
m Vehicle mass 1986.6 kg
I, Yaw moment of inertia ~ 3564.7 kg m?
I, Roll moment of inertia ~ 695.7 kg m?
! Wheelbase 2.87 m
Iy CoG to front axle 1.34 m
I, CoG to rear axle 1.53 m
hg CoG height 0.53 m
t Track width 1.44 m

(KPIs). Tests are performed at four speeds (v = 60,80, 100, 120 km/h),
with results at 80 km/h reported here.

Simulations are carried out using a 14 Degrees of Freedom (DoF)
vehicle model developed in VI-grade [n.d.] and imported into MAT-
LAB/Simulink, where it is integrated with the control and actuator mod-
els. The vehicle is a 4WD fully electric sedan, whose main parameters
are reported in Table 6.

VI-CarRealTime is widely adopted in both research and industry to
test vehicle control systems, offering a realistic platform for evaluating
dynamic behavior prior to experimental validation. The 14 DoF config-
uration strikes a balance between simplified models (e.g., 2 DoF) and
full multi-body simulations, capturing the essential dynamics required
for realistic behavior. Vehicle parameters and suspension kinematics,
derived from K&C (Kinematics and Compliance) tests on real vehicles,
are used to build look-up tables for nonlinear suspension effects (e.g.,
variations in toe and camber with wheel displacement and steering),
ensuring a high-fidelity representation of the vehicle’s 3D motion and
enabling the creation of a digital twin.

The model describes full-body motion with 6 DoF (three translations
and three rotations), while wheel motions relative to the chassis, both
translational and rotational, are represented by 8 additional DoF [Cheli
et al., 2006, Setiawan et al., 2009]. Tire forces and moments are com-
puted using the Pacejka Magic Formula model [Pacejka, 2005], which
reproduces nonlinear tire behavior under combined slip, includes fric-
tion dependence on vertical load, and accounts for relaxation effects.

5.1. Ramp steer

The ISO 4138 standard [International Organization for Standardiza-
tion, 2021] prescribes open-loop tests to assess steady-state circular driv-
ing behaviour. The chosen method is a constant speed with a slowly in-
creasing steering-wheel angle (Fig. 6), useful to observe vehicle response
as lateral forces rise.

Fig. 7 shows that the Active Anti-Roll Bar (AARB) improves max-
imum lateral acceleration, especially at medium-high speeds. Table 7
confirms increases in both a,,ji, may and @, may. Here, a;, jin may is the max-
imum lateral acceleration within a set error margin based on the linear
steering-lateral acceleration relation.

This highlights the system’s ability to adapt roll stiffness dynami-
cally, enhancing cornering and reducing understeer. Key observations
from Fig. 7 and Table 7 are:

e Yaw rate yr,, and lateral acceleration a, ., increase with AARB,
improving cornering. Though sideslip angle g, rises, it remains
within stability limits (Table 5).

¢ Roll angle ¢, decreases from 3.1° to 2.6°, thanks to higher initial
roll stiffness and effective control logic.

Fig. 8 compares the torque and power required by the two AARBs to
achieve the commanded roll stiffness at each axle. These quantities are
directly derived from the control objective: the desired AARB stiffness
of Eq. (12) and the corresponding force at the wheel hub of Eq. (13).
The actuator torque is then computed as the product of this force and
the effective lever arm of the AARB mechanism, while the power is de-
termined by multiplying the actuator torque by its angular velocity. In
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Ramp Steer
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Fig. 7. Sideslip angle, yaw rate, roll and lateral acceleration for ramp steer test.
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Fig. 8. Torque and power of the two AARB for ramp steer test.

Table 7
KPIs comparison for ramp steer test.

KPI Unit Baseline AARB Difference (%)
4, lin max [m/s?] 7.72 8.30 7.59

J— [m/s?] 8.82 9.05 2.67

Winax [deg/s] 22.96 23.77 3.55

Brnax [deg] 3.09 4.51 46.09

Prmax [deg] 3.10 2.60 -16.13

€rMS [deg/s] 1.14 0.53 -53.88

Emax [deg/s]  27.16 9.44 -65.23

this way, torque and power plots provide a direct measure of the actua-
tor effort needed to modulate roll stiffness in real time. The results show
that the control strategy primarily increases the rear AARB stiffness in
order to reduce baseline vehicle understeer tendency.

Overall, the steady-state test confirms that Roll Stiffness Distribution
control enhances vehicle handling, predictability, and safety during sus-
tained cornering.

Fig. 9. Sideslip angle, yaw rate, roll and lateral acceleration for step steer test.
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Fig. 10. Torque and power of the two AARB for step steer test.

5.2. Step steer

The Step Steer Test applies a rapid steering input at constant speed
(Fig. 6), maintained until steady state, to analyze transient vehicle re-
sponse.

Fig. 9 shows faster stabilization of sideslip, yaw rate, lateral accel-
eration, and roll angle with AARB, improving safety. Table 8 quantifies
settling time reductions: f,, down 5.4%, a, ;, 41.18%, and yr,, 72.64%.
AARB also ensures more predictable handling; as the baseline vehicle
oscillates between under- and oversteer.

Fig. 10 shows AARB torque and power. Upon oversteer detection,
front ARB stiffness rises and rear softens, stabilizing quicker than base-
line. Actuator efforts are higher than steady-state test but remain within
safe limits (Table 5).

Transient test results confirm that Roll Stiffness Distribution control
improves dynamic stability, control precision, and safety during abrupt
maneuvers.
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Table 8
KPIs comparison for step steer test.

KPI Unit Baseline AARB Difference (%)
Brmax [deg] 7.62 4.43 —41.82
Bst [s] 7.79 7.37 -5.40
Bis [deg] -3.10 —4.43 4311
@y max [m/s?] 9.15 9.06 -0.93
ay [s] 3.35 1.97 -41.18
Ay [m/s?] 8.82 9.06 2.75
Wmax [deg/s]  36.72 28.62  —22.05
Ve [s] 7.20 1.97 -72.64
Vss [deg/s]  22.67 2335  3.03
Erms [deg/s]  4.14 1.17 -71.82
€max [deg/s]  12.97 7.40 -42.97
Pmax [deg] 3.26 2.63 -19.35
bse [s] 4.84 1.80 —-62.77
bss [deg] 3.10 2.63 -15.22
Prnax [deg/s]  19.17 18.62  -2.88
by [s] 10.00 9.97 -0.25
bs [deg/s] O 0 0
PpRB, max [w] - 3259 -
Pyrs, rs [W] - 58.6 -
Thrs, max ~ [Nm] - 801.0 -
Thrs,rus  [Nm] - 650.4 -
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Fig. 11. Sideslip angle, yaw rate, roll and lateral acceleration for sine with dwell
test.

Table 9
KPIs comparison for sine with dwell test.

KPI Unit Baseline AARB Difference (%)
Prmax [deg] 8.29 2.35 -71.59
Wimax [deg/s]  36.96 28.74  —22.25
Ao [M/57] 9.63 8.43 -12.48
Pmax [deg] 3.23 2.63 -18.58
Prmax [deg/s]  23.14 1858  -19.68

5.3. Sine with dwell

The Sine with Dwell Test uses a 0.7 Hz sine steering input with
500 ms dwell (Fig. 6), stressing the vehicle under oscillatory lateral ac-
celerations.

Fig. 11 shows the AARB vehicle’s smoother response with reduced
sideslip, yaw rate, and lateral acceleration oscillations. Table 9 quanti-
fies reductions in Sy, Winax> a0d Pmay by 71.59%, 22.25%, and 19.68%,
respectively, effectively reducing oversteer and enhancing stability.

Fig. 12 shows torque and power of the AARBs. The control increases
front stiffness (and torque) while softening the rear during oversteer.

The test confirms Roll Stiffness Distribution control improves trajec-
tory tracking, reduces body roll, and enhances stability and safety over
baseline.
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Fig. 12. Torque and power of the two AARB for sine with dwell test.

6. Active rear steer integration

The study focuses on Roll Stiffness Distribution (RSD) control via
an Active Anti-Roll Bar (AARB) to improve vehicle stability during de-
manding maneuvers. Additionally, an Active Rear Steering (ARS) system
is implemented in MATLAB/Simulink to investigate potential synergies
between the two systems.

The ARS actively adjusts the rear axle steering angle based on vehicle
states such as speed, yaw rate, and sideslip angle [Hosseinian Ahangar-
nejad, 2018], coordinating rear and front wheels to optimize cornering,
reduce oversteer/understeer, and enhance handling.

6.1. Linear quadratic regulator

ARS is designed using a Linear Quadratic Regulator (LQR), a popu-
lar optimal control method for linear systems [Lewis et al., 2012]. The
vehicle’s linearized dynamics are:

x = Ax + Bu. a7)

LOR minimizes the cost function
J = / (xTQx+uTRu)dt 18)
0

where Q and R weigh state error and control effort. The optimal control
law is

u(t) = —Kx(t) 19
with gain matrix

K=R'BTp (20)
and P solving the Algebraic Riccati Equation

ATP+PA-PBR'B"TP+0Q=0. @1n

6.2. Systems integration

ARS excels in the vehicle’s linear operating range, as shown by the
Ramp Steer test (Fig. 13), where it improves steering response without
increasing maximum lateral acceleration.

In contrast, the AARB-based RSD exploits nonlinear tire and vehicle
dynamics at higher lateral accelerations, influencing load transfer and
handling limits.

Fig. 13 highlights the complementary roles: ARS controls moder-
ate dynamics precisely within the linear range, while AARB activates
near limits to enhance handling. This synergy leverages each system’s
strengths, ensuring balanced, stable vehicle behavior across diverse con-
ditions.



S. Sonnino et al.

200 T T T T T T T T T
1
Baseline 1
AARB |
150F ARS 1
AARB + ARS AARB |
=
o0 effect /
b5} /
= 100F s 4
z ARS S
© effect
k
\
50F 1
\
¥
1 1 L L 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Fig. 13. Ramp steer test with AARB and ARS.

Fig. 14. DriSMi: driving simulator of politecnico di milano.

7. Driver-in-the-loop
7.1. Drivers, maneuver and scenario

Driver-in-the-Loop (DiL) testing is performed using the high-fidelity
DIM400 driving simulator [VI-grade, n.d.] at Politecnico di Milano
DriSMi (Fig. 14). The aim is to assess both objective vehicle performance
and subjective driver perception under challenging dynamic conditions.

The DriSMi simulator features a 6x6 m cable-driven platform capa-
ble of up to 1.5g accelerations longitudinally and laterally. The cockpit
is mounted on a hexalift providing vertical, roll, and pitch motions, sur-
rounded by a 270° curved screen.

The test scenario replicates a double lane change on a three-lane
highway (Fig. 15), a standard maneuver to evaluate handling and driver
response. The scenario was built in VI-WorldSim, a tool for realistic
rendering of driving environments. The layout includes three consec-
utive cone corridors arranged per ISO3888-2 [International Organiza-
tion for Standardization, 2011a] standards, with a bus obstacle at the
end of each corridor to increase realism and driver immersion. The ve-
hicle reaches target speed before the first cone and coasts through the
maneuver by inertia, ensuring driver focus on steering.

Twenty-four participants (12 males, 12 females, aged 19-29) took
part, each allowed practice time to familiarize with the simulator.
Drivers performed the double lane change at 60, 70, and 80 km/h with
different vehicle control setups (Baseline, AARB, AARB + ARS). To re-
duce learning effects, test sequences were randomized and participants
blinded to the control configuration.

Safety limits in the driving simulator restrict side slip angle f to
0.8rad and its rate to 1 rad/s. Exceeding these thresholds automatically
halts the simulation, protecting participants from excessive motions and
accelerations.
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Fig. 15. Driving scenario (ISO3888-2).
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Fig. 16. Test at 60 km/h.

7.2. Objective results

The data analysis includes trajectories, steering angle (6,,,), yaw rate
(y), and side slip angle () for all participants. If the side slip angle limits
(0.8rad; 1rad/s) are exceeded, the simulation halts automatically to
ensure safety. The plots mark with a dot the instant the first driver loses
control, indicating a change in the number of valid candidates.

Figs. 16-18 show average trajectories and vehicle dynamics (steer-
ing angle 6,,,, yaw rate ys, side slip angle ) for the three configurations
(Baseline, AARB, AARB + ARS) at speeds 60, 70, and 80 km/h, respec-
tively, providing a detailed comparison of vehicle behavior during the
double lane change.

Trajectories reveal clear differences in lane-switching precision and
stability: Baseline shows wider, less consistent paths; AARB is more cen-
tralized, indicating better lateral stability; AARB + ARS further narrows
and smooths the trajectory, especially in the final cones section.

Steering angle data indicates greater driver effort in Baseline, re-
duced input with AARB due to active roll stiffness distribution, and mini-
mal corrections with AARB + ARS, showing improved maneuverability.

Yaw rate plots highlight greater fluctuations for Baseline, moderated
by AARB, and further stabilized by adding ARS, confirming reduced os-
cillations.

Side slip angle g is highest in Baseline, indicating lateral instabil-
ity, reduced with AARB, and lowest with AARB + ARS, confirming en-
hanced lateral grip and stability.

Differences among configurations grow with speed. At 60 km/h, all
metrics differ only slightly, as the maneuver is within the vehicle’s lim-
its. At 80 km/h, Baseline shows sharp deviations in yaw and slip angles,
while AARB and AARB + ARS maintain better control and stability.
The 70 km/h case balances challenge and driver control, showing clear
benefits from the active systems without overwhelming natural vehicle
response.
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Driver configuration preferences.

Time [s]

Speed Config. Preference  n. of Drivers  Config. Preference  n. of Drivers
60km/h i?\s}igne 2136 iig + ARS E
70km/h ii\s;gne 6158 ﬁﬁ + ARS 3
80km/h if;gne 19 ﬁg + ARS 5195

Active roll stiffness distribution proves effective in stabilizing during
curve peaks with high lateral acceleration, while active rear steering en-
hances maneuverability during corner exit phases. Their combined ef-
fect, as seen in Fig. 13, provides a comprehensive improvement through-
out the maneuver.

Overall, control system benefits increase with speed, proving effec-
tive in dynamic scenarios where active strategies improve safety and
handling.

7.3. Subjective results

After completing maneuvers with randomized vehicle configura-
tions, drivers indicated which vehicle they perceived as more stable and
safer. Preferences between Baseline vs. AARB and between AARB vs.
AARB + ARS at all the three speeds tested are summarized in Table 10.

Drivers consistently prefer AARB over the Baseline, with preference
increasing at higher speeds, confirming objective improvements in sta-
bility and highlighting the importance of the proposed control system
under more demanding driving conditions. Moreover, when comparing

10
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subjective preferences with objective performance data, it becomes evi-
dent that the preference for the passive vehicle is not always associated
with worse performance under AARB.

This preference discrepancy is likely due to the fact that, in the pas-
sive configuration, simulations were terminated when the vehicle ap-
proached instability for driver safety reasons, preventing participants
from perceiving the full risk of the maneuver and thus leading them
to indicate it as their preferred vehicle configuration. To address this
limitation, testing with professional drivers, who could safely complete
such scenarios without simulation interruption, might be beneficial for
future works. In contrast, preferences for the actively controlled vehi-
cle show a stronger alignment between participant ratings and objective
performance metrics.

Preferences between AARB and AARB + ARS instead are more bal-
anced, suggesting the ARS benefits are less perceptible during emer-
gency maneuvers under the linear ARS control model. At 80 km/h, more
drivers favored AARB alone, indicating that under high dynamic loads
the ARS system’s advantage is less noticeable subjectively.

8. Conclusions and future developments

In conclusion, the development and evaluation of the Roll Stiffness
Distribution (RSD) control via an Active Anti-Roll Bar (AARB) system
demonstrated significant improvements in vehicle lateral stability and
handling. The research aimed to design and assess an advanced con-
trol capable of dynamically adjusting RSD to enhance stability under
varied driving conditions, following a structured approach including
offline testing, genetic algorithm optimization, and Driver-in-the-Loop
(DiL) simulations.

Offline tests quantified notable enhancements: steady-state lateral
acceleration increased by 7.59%, transient yaw rate settling time de-
creased by 72.64%, and sine-with-dwell yaw rate and side slip angle
overshoots reduced by 22.25% and 71.59%, respectively.

DiL testing at the DrisMi high-fidelity simulator further validated
system performance, with most drivers improving vehicle control and
reporting greater confidence during rapid lane changes. Subjective feed-
back confirmed enhanced stability and responsiveness, especially at
higher speeds.

Future research should address robustness under varying conditions,
such as:

¢ Changes in road surface friction requiring adaptive control tuning,

e Variations in tire parameters (e.g., cornering stiffness due to pres-
sure or wear) impacting control accuracy and necessitating compen-
sation.

These aspects are critical to ensure effective performance across diverse
scenarios.
Additional avenues for improvement include:

o Integrating roll control alongside yaw rate for comprehensive vehicle
dynamics management,

e Incorporating closed-loop maneuvers within genetic algorithm opti-
mization to better mimic real driving,

¢ Expanding DiL testing to a more diverse driver pool to validate con-
trol strategies across different driver profiles.

Overall, the proposed RSD control system shows strong potential to en-
hance precision and adaptability in vehicle dynamics control, represent-
ing a meaningful step toward safer and more responsive handling tech-
nologies.
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