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ABSTRACT
Active systems are gaining significant importance because of their
ability of enhancinghandlingperformance, stability, anddriver enga-
gement, especially in sports cars. The upfront study of the achievable
handling characteristics with a specific actuator set is crucial, given
the involved development costs and time. In this context, although
several recent studies have compared the cornering response associ-
ated with different chassis actuations, none of them has analysed in
detail the resulting performance envelope, i.e. the feasibility region,
basedon theoperating limit of the available hardware. This study tar-
gets the identifiedgapandpresents amethodology for obtaining the
feasibility region of chassis actuation systems, defined as the locus
of the achievable understeer characteristics. The analysis considers
front and rear active camber (FAC and RAC), rear-wheel-steering
(RWS) and variable roll moment distribution (RMD). Simplified vehi-
cle models with reduced number of degrees of freedom (DoFs) and
other features to accurately obtain the feasibility region and the
relevant dynamic response indicators in the early design stages of
the vehicle are compared with a high-fidelity model based on VI-
CarRealTime. The results highlight the favourable trade-off between
complexity and accuracy of a 3-DoF nonlinear model accounting for
suspension kinematics and compliances.

ARTICLE HISTORY
Received 23 November 2023
Revised 18 May 2024
Accepted 6 July 2024

KEYWORDS
Active vehicle system
development; chassis control
system performance;
cornering response; handling
performance envelope;
feasibility region analysis;
key performance indicators

1. Introduction

Passenger cars tend to be equipped with a growing array of chassis actuators, such as
electro-hydraulic or electro-mechanical friction brakes, active and semi-active suspensions
with variable roll moment distribution (RMD) capability, and rear-wheel-steering (RWS).
These actuators vary the lateral, longitudinal, and/or vertical tyre forces, and thus enhance
vehicle dynamics and active safety [1]. In particular, active camber (AC) and RWSmodify
the lateral forces [2–4]. In specific vehicle architectures, the powertrain works as a chassis
actuator by enabling controllable distribution of the wheel torque and thus the longitudinal
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tyre force, commonly referred to as torque vectoring [4–7]. Controllable RMD varies the
vertical load transfer distribution between the axles [8], which has an indirect impact over
the lateral forces and slip angles. For example, Ricco et al. [8] present a front-to-rear RMD
controller, which increases the maximum lateral acceleration without altering the linear
region of the understeer characteristic. Especially in high-performance vehicles, there is
also the possibility, often referred to as active wheel alignment [9,10], of controlling the
entire wheel corner kinematics, by concurrently modifying the wheel camber and steering
angles.

The current trend is to equip production sports cars with multiple actuators to simul-
taneously enhance cornering performance and safety, e.g. see the Ferrari SF90 and
Purosangue, McLaren Artura and Lamborghini Revuelto, and the multitude of studies
on chassis control integration [11–20]. Porsche Engineering [12,13] integrates RWS with
torque vectoring through approaches that reduce the intervention of the feedback con-
trol contributions and promote feedforward model-based control. This avoids a ‘synthetic
feeling’ that could negatively impact the driving experience. A similar approach is pro-
posed by Chien et al. [14], where a fuzzy logic algorithm performs a smooth blending
between a feedforward handling-oriented contribution, and a feedback strategy targeting
stabilisation and safety. In parallel, it is becoming increasingly important to improve energy
efficiency. For example, in electric and hybrid vehicles, integrated systems can maximise
energy recovery during braking through active aerodynamics, friction brakes and electric
motor torque distribution [20]. In [21], the vehicle understeer characteristics and wheel
torque distribution are designed to minimise the relevant power losses, and, consequently,
achieve energy-efficient torque vectoring.

In the available studies, there is a general lack of explanation on how the vehicle-
level targets have been initially defined, while considering actuator and tyre limits. The
applications are usually presented without motivating the selected vehicle architecture or
mentioning the achievable performance range. This topic is especially important in the
early stages of vehicle development, for effective design of the hardware and control soft-
ware. In fact, active chassis systems are usually conceived in several steps, following a
V-cycle approach [22], starting from a simulation phase. The initial simulations involve
the study of the performance envelope, i.e. the feasibility region, of the selected actuation
system, and the evaluation of whether it meets the vehicle dynamics requirements. Such
analysis is a prerequisite for developing the control strategies and testing themon dedicated
virtual and physical prototype vehicles. The virtual phase contributes to limiting devel-
opment costs from the proof-of-concept phase up to the pre-production phase and can
include model-in-the-loop, hardware-in-the-loop, and driver-in-the-loop implementa-
tions. In terms of simulation methodologies for early analysis, relevant examples are: i) the
objective assessment of the dynamic stabilisation capability of RWS and torque vectoring
in [4], based on a phase-plane representation; and ii) the comparison [15] of the achiev-
able understeer characteristics through torque vectoring, RMD, RWS, and the respective
actuation combinations, by means of a high-fidelity model, which also defines the asso-
ciated energy saving potential, although the vehicle dynamics performance indicators are
neglected.

The common practice among the manufacturers of high-performance cars is to use
multiple modelling approaches within the same model-in-the-loop setup, to capture the
desired dynamics with the minimum computational burden and vehicle parameter set,
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and then to adopt driving simulators to verify performance in scenarios that cannot be
adequately evaluated through simulation alone. Accurate dynamic models with low com-
putational cost and limited datasets are crucial for the timely computation of the key
performance indicators (KPIs) of the lateral dynamics attribute, e.g. see themodel compar-
isons in [22] and [23], where the latter neglects the suspension kinematics and compliance
effects, and both do not embed an objective assessment based on a detailed set of indus-
trially relevant KPIs. High-fidelity models, e.g. VI-CarRealTime by VI-grade, are widely
employed for vehicle dynamics analyses, despite their relatively high computational cost.
However, the use of advanced vehicle models in the early design stages poses challenges in
terms of lack of available data, and engineering time to set up a realistic model parametri-
sation. In these phases, it is useful to adoptmodels that are as simple as possible, yet capable
of generating realistic results in terms of achievable cornering response in steady-state and
transient conditions, through KPIs. Unfortunately, the literature lacks a quantitative anal-
ysis of the accuracy level of the results associated with the specific features of simplified
vehicle models.

This paper targets the identified gap by comparing vehicle dynamics models with
increasing levels of complexity, and contrasting them with a VI-CarRealTime model. The
focus is on using the simplified models in the early stages of a proof-of-concept, where
feasibility studies of the chassis actuator suites are conducted to evaluate the respective
performance range. The preliminary results can be refined withmore complex models and
complete datasets, once the targets for each chassis actuation system and vehicle parame-
ters have been defined. The case study is a high-performance passenger car to be equipped
with AC, RWS, or RMD. The novel contributions are:

• The assessment of the minimum level of modelling complexity to analyse the feasi-
bility region and transient behaviour associated with active systems for lateral vehicle
dynamics control.

• The quantitative analysis of the potential effects of FAC, RAC, RWS and RMD on
the handling performance of the target vehicle in quasi-steady-state and transient
conditions.

The remainder is structured as follows. Section 2 presents the considered simplified
models with increasing levels of complexity, which are compared in Section 3, through a
set of KPIs, with a benchmarking high-fidelity model in VI-CarRealTime. The most effec-
tive simplified model is identified and used in Section 4 to discuss the feasibility regions of
FAC, RAC, RWS, and RMD in pure cornering conditions. Within the identified regions,
Section 5 provides an example of proof-of-concept comparison ofmultiple actuationmeth-
ods and initial decision-making, based on transient behaviour KPIs. Finally, the main
conclusions are summarised in Section 6.

2. Vehicle dynamics models for handling evaluation

The objective is to assess the minimum level of modelling complexity for the initial han-
dling performance evaluation of a high-performance car, without requiring a detailed set of
vehicle parameters. A simplified model facilitates the feasibility region analysis and allows
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an understanding of the potential benefit of a specific active system. More complex mod-
els should be used for a refinement of the targets, after the completion of the preliminary
concept phase.

Four lateral dynamics models with increasing complexity are compared to a reference
model of a McLaren 570s prototype, based on VI-CarRealTime, already validated against
experimental data, see [24]. VI-CarRealTime contains a four-wheeled vehicle model con-
sidering the dynamics of the vehicle chassis (sprung mass) and four unsprung masses, for
a total number of 14 degrees of freedom (DoFs), 6 of which are associated with the chassis
and 2 with each unsprung mass (suspension displacement and wheel rotation). The steer-
ing and suspension system model uses a functional approach based on nonlinear maps
describing the relevant properties, including kinematics and compliance aspects. Similarly,
the other vehicle systems (e.g. the friction brakes and powertrain with open differential)
are described by appropriate maps and algebraic equations. The simulation environment
uses the Pacejka Magic Formula (version 5.2, [25]) tyre model formulation, considering
combined forces/moments and relaxation dynamics.

All the simplified models are developed in Matlab/Simulink, based on the following
assumptions:

• The longitudinal dynamics are decoupled from the lateral dynamics, to focus on the
cornering response. Thus, the vehicle speed is considered a constant input, while the
tyre slip ratios are assumed to be negligible. This can be a significant simplification,
since the effect of traction can be relevant at high lateral acceleration values, at which
the inner wheel normal load is the subject of a considerable reduction. The reader
should refer to [26] and [27] for a comprehensive analysis of the effect of the longi-
tudinal tyre forces – and their distribution between the front and rear axles – on the
vehicle yaw moment and cornering response.

• The static suspension setup, including the static camber and toe angles, is the same
for all models.

• The rear tyres have largerwidth and higher performance characteristics than the front
ones, which brings a naturally understeering behaviour [26].

2.1. Single-trackmodel with linearised lateral axle forces

The single-track model is widely used as reference model in control strategies, and as an
internal model in sideslip angle estimators. The model combines the two wheels of each
axle into an equivalent one, see Figure 1a, which highlights the main variables. The imple-
mented model has linearised lateral axle forces as functions of slip angle and is referred to
as LST in the remainder. The nonlinear motion equations are:

{
mV(β̇ + ψ̇) = Fy,F cos δw,F + Fy,R cos δw,R
Jzψ̈ = aFy,F cos δw,F − bFy,R cos δw,R

(1)

whereV , ψ̇ and β̇ are the vehicle speed, yaw rate, and sideslip rate;m and Jz are the vehicle
mass and yawmass moment of inertia; a and b are the front and rear semi-wheelbases; and
Fy,F and Fy,R are the front and rear lateral axle forces, expressed as a function of the actual
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Figure 1. Schematic views of the considered vehicle dynamics models, with the definition of the main
variables and parameters: (a) top view of the single-trackmodel, (b) top view of the two-trackmodel and
(c) rear view of the roll dynamics model.

slip angles αact,i, where the subscript i = F,R indicates the front or rear axles:

Fy,F = Ky,Fαact,F Fy,R = Ky,Rαact,R (2)

with Ky,i being the axle cornering stiffness.
The actual slip angles are computed from the theoretical slip angles αi:

αF = δw,F − β − ψ̇a
V

; αR = δw,R − β + ψ̇b
V

, with

δw,F = 0.5(δw,1(δSW)+ δw,2(δSW)+ δ0w,1 + δ0w,2); δw,R = 0.5(δ0w,3 + δ0w,4) (3)

where δw,F and δw,R are the front and rear axle steering angles; δw,1 and δw,2 are the indi-
vidual front wheel-steering angles, expressed as functions of the steering wheel angle, δSW ,
based on the steering systemkinematics; and the notation δ0w,j indicates the static toe angles,
with j = 1, . . . ,4 referring to the relevant corners. The αi values are subject to first-order
dynamics [25], in the form of a filter with a time constant depending on the vehicle speed
and tyre relaxation length, Lw,i:

Lw,i = λFz0,iλSGAL,iPTY1iR0,i sin[2tan
−1(λFz0Fz,iPTY2i(1 − PKY3i|γ 0

i |))] (4)

where λFz0,i , λSGAL,i, PTY1i, PTY2i and R0,i are characteristic Pacejka (version 5.2, [25])
parameters, made available by the tyre supplier; Fz,j is the vertical tyre load, considered
constant in this model formulation, and γ 0

j is the static camber angle.
Ky,i is equal to the sum of the cornering stiffness values, Ky,j, of the two tyres on the

same axle:

Ky,F = Ky,1(Fz,1, γ 0
1 )+ Ky,2(Fz,2, γ 0

2 )
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Ky,R = Ky,3(Fz,3, γ 0
3 )+ Ky,4(Fz,4, γ 0

4 ) (5)

Ky,j is obtained through the Pacejka 5.2 formulation [25], as a function of Fzj and γ
0
j :

Ky,j = λKy,jλFz0,jFz0,jPKY1j(1 − PKY3j|γ 0
j |) sin

[
2tan−1

(
Fz,j

λFz0,jFz0,jPKY2j

)]
(6)

where λKy,j , λFz0,j , Fz0,j, PKY1j, PKY2j and PKY3j are constant coefficients. The selected
routine for obtaining the cornering stiffness purposely neglects the effect of the lateral load
transfer as well as suspension kinematics and compliance, which is usually derived from
vehicle experiments or simulations based on higher fidelitymodels, e.g. see [25]. In fact, the
purpose of the analysis is to show the achievable accuracy level of models targeting the ear-
liest vehicle design stages, when a physical prototype or a reliable multi-body/high-fidelity
model do not exist yet. Also, if realistic suspension kinematics and compliance characteris-
tics are already available in the initial development phases, it is more practical to associate
them directly with a nonlinear tyre model, which will be shown in the following sections,
rather than with the equivalent linearised lateral axle force model of the LST formulation.

Fz,j includes the static load and aerodynamic downforce contributions, which are
equally split between thewheels of each axle, according to the single-trackmodel approach:

Fz,1 = Fz,2 = 1
2

(
mg

b
L

+ CDown,FV2
)
; Fz,3 = Fz,4 = 1

2

(
mg

a
L

+ CDown,RV2
)

(7)

where g is the gravitational acceleration; and CDown,i is the aerodynamic downforce
coefficient of the axle.

2.2. Single-trackmodel with nonlinear lateral axle forces

The dynamics of thismodel, referred to as NLST in the remainder, are expressed by Eq. (1),
where the lateral axle forces are computed as the sum of the respective lateral tyre forces,
Fy,j:

Fy,F = Fy,1(Fz,1,αF , γ 0
1 )+ Fy,2(Fz,2,αF , γ 0

2 )

Fy,R = Fy,3(Fz,3,αR, γ 0
3 )+ Fy,4(Fz,4,αR, γ 0

4 ) (8)

with Fy,j being calculated through version 5.2 of the Pacejka model. The single-track
assumption refers to the fact that the lateral load transfers are neglected in the computation
of Fy,j, i.e. Fz,1 = Fz,2 and Fz,3 = Fz,4. Similarly to the discussion in Section 2.1, reference
[25] presents a methodology to obtain the lateral axle force characteristic for a single-track
model, starting from high-fidelity model simulations or vehicle experiments, which, how-
ever, is not practical for the initial decision-making phases, because of the lack of model
parameters or a vehicle prototype.
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2.3. Nonlinear two-trackmodel

The nonlinear two-track (NLTT) model (Figure 1b) is based on the following lateral force
and yaw moment balance equations:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

mV(β̇ + ψ̇) =
4∑

j=1
Fy,j cos δw,j

Jzψ̈ =
4∑

j=1
Fy,jxj cos δw,j +

4∑
j=1

Fy,jyj sin δw,j
(9)

where xj and yj are the longitudinal and lateral coordinates of the wheel corners.
The vertical tyre loads include the lateral load transfers,�Fz,i:

Fz,1 = 1
2

(
mg

b
L

+ CDown,FV2
)

−�Fz,F ; Fz,2 = 1
2

(
mg

b
L

+ CDown,FV2
)

+�Fz,F

Fz,3 = 1
2

(
mg

a
L

+ CDown,FV2
)

−�Fz,R; Fz,4 = 1
2

(
mg

a
L

+ CDown,RV2
)

+�Fz,R
(10)

where the �Fz,i terms are expressed as functions of the lateral acceleration V(β̇ + ψ̇),
through themoment balance equations about the roll centres, by considering a fixed value,
kF , of the front-to-total roll moment distribution:

�Fz,F = 1
tF

[
mV(β̇ + ψ̇)

(
bHRC,F

L
+ kFHs

)]

�Fz,R = 1
tR

[
mV(β̇ + ψ̇)

(
aHRC,R

L
+ (1 − kF)Hs

)]
(11)

where HRC,i is the roll centre height of the considered suspension; Hs is the distance
between the centre of gravity and the roll centre, see Figure 1c; and ti is the track width
of the considered axle.

Also in this formulation, each tyre is modelled through the version 5.2 of the magic
formula, according to which the static camber and toe angles as well as the vertical tyre
load affect the individual lateral forces.

2.4. Nonlinear two-trackmodel with body roll dynamics and suspension
elasto-kinematics

Thismodel, referred to as nonlinear two-trackmodel including body roll, suspension kine-
matics and elasto-kinematics (NLTTEK), accounts also for the roll dynamics, which have
a direct effect on the wheel positioning w.r.t. the road [28]. Its force and moment balance
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Figure 2. Compliance and kinematic characteristics implemented in the NLTTEKmodel: (a) toe angle as
a function of lateral force, (b) camber angle as a function of lateral force, (c) toe angle as a function of
aligning torque, (d) camber angle as a function of steering wheel angle and (e) toe angle as a function of
steering wheel angle. The sign conventions are the same as in ref. [28], i.e. positive camber corresponds
to a wheel in a top-out configuration, and a positive toe angle corresponds to toe-in.

equations are:
⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

mV(β̇ + ψ̇) =
4∑

j=1
Fy,j cos δw,j

Jzψ̈ =
4∑

j=1
Fy,jxj cos δw,j +

4∑
j=1

Fy,jyj sin δw,j +
4∑

j=1
Mz,j

(Jx + mH2
s ) φ̈ = mHsV(β̇ + ψ̇)− Cφφ̇ − Kφφ + mgHsφ

(12)

where φ (see Figure 1c) is the roll angle;Mz,j is the self-aligning moment of the respective
tyre; Jx and Jy are the roll and pitch moments of inertia; ms is the sprung mass; Kφ is the
total suspension roll stiffness, given by the sum of the front and rear roll stiffness values, i.e.
Kφ = Kφ,F + Kφ,R; and Cφ = Cφ,F + Cφ,R is the equivalent total suspension roll damping
coefficient.

The theoretical steering angles δw,j and camber angles γj, before the filtering related
to tyre relaxation, are expressed as nonlinear functions (see the example in Figure 2) of
the steering wheel angle, δSW , lateral tyre forces, Fy,j, and tyre self-aligning torques, Mz,j,
according to the approach in [29]:

δw,j = δ0w,j + δw,j(δSW)+ δEK,j(Fy,i)+ δEK,j(Mz,j)

γj = γ 0
j + γj(δSW)+ γEK,j(Fy,i) (13)

where the subscripts ‘EK’ in the notations indicate the elasto-kinematics-related contribu-
tions.

The dependency on the suspension jounce is not considered, since the suspension defor-
mation is not modelled, to keep the number of DoFs as low as possible. The vehicle
body roll angle and wheel camber angles due to the suspension elasto-kinematics facili-
tate the accurate calculation of the inclination angle γI,j, which is the input for the lateral
forces in the Pacejka model. In the NLTTEK model, the camber angle γj is defined as
the relative angle w.r.t. to the originally vertical axis of the vehicle body in zero roll angle
conditions. Such reference axis varies its orientation with the roll motion. Therefore, the
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value of the inclination angle, γI,j, defined as the angle between the wheel centre plane
and the normal to the road plane, is equal to the algebraic sum of the previously defined
wheel camber angle and the body roll angle, under the simplifying assumption of zero
suspension-kinematics-based roll angle compensation in cornering.

The lateral load transfers are expressed as the sum of a contribution related to the lateral
acceleration, and a contribution proportional to the roll angle and roll rate:

�Fz,F = 1
tF

[
mV(β̇ + ψ̇)bHRC,F

L
+ Kφ,Fφ + Cφ,F φ̇

]

�Fz,R = 1
tR

[
mV(β̇ + ψ̇)aHRC,R

L
+ Kφ,Rφ + Cφ,R φ̇

]
(14)

3. Model comparison based on lateral dynamics indicators

This section evaluates the accuracy of the models in Section 2 through a comparison with
the reference model in VI-CarRealTime. The assessment is based on objective KPIs, which
are computed along the following three open-loop ISO manoeuvres, covering the quasi-
steady-state and transient cornering response: i) the steering pad at constant speed test
(SPCS), [30]; ii) the step input steering manoeuvre (SI), [31]; and iii) the sine-sweep input
test with linearly increasing frequency (SSI), [31].

3.1. Steering pad at constant speed results

The SPCS manoeuvre [22,30] characterises the full lateral acceleration range of the cor-
nering response, in quasi-steady-state conditions. A constant test speed of 100 km/h is
maintained while gradually increasing the steering wheel angle, δSW , from 0 to 180 deg,
with a rate of 10 deg/s. The data collected during the SPCSmanoeuvre is typically expressed
as a function of the lateral acceleration. The understeer curve describes the relationship
between δSW and the lateral acceleration, ay, expressed in g. This curve represents the rel-
ative lateral slip behaviour between the front and rear axles, and is always paired with the
sideslip angle curve as a function of ay, which characterises the rear axle behaviour, and
thus relates to vehicle stability.

The list of the dedicated SPCS KPIs [1,12,30,32], is provided in Table 1 and shown in
Figure 3a,while the values for the consideredmodels are reported in Figure 4.With increas-
ing model complexity, the performance difference w.r.t. the reference VI-CarRealTime
model decreases in both the linear and nonlinear regions, see Figure 4a and Figure 4b. The
LST and NLST models share the same steering wheel angle gradient [31,32], Kay , which
indicates the vehicle agility level in terms of vehicle reactions to the steering input for low
andmedium lateral accelerations; their difference lies in the nonlinear part of the front and
rear axle characteristics. The lateral load transfer, captured in theNLTTmodel, contributes
to a marginal reduction in Kay , due to the influence of the vertical loads on the corner-
ing stiffness of the individual tyres. In the NLTTEK model, the kinematic and compliance
effects influence the level of understeer through the recovery of camber angle during steer-
ing, and the toe angle variations associated with the lateral forces and aligning moments.
These effects aremore pronounced than the camber loss under lateral force. The difference
in Kay between the VI-CarRealTime and NLTTEK models, 55.7 deg/g against 53.6 deg/g,
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Table 1. KPIs for each of the selected ISO tests.

KPIs Units Test Description

Kay deg/g SPCS Steering wheel angle gradient w.r.t. lateral acceleration
ay,EoL g SPCS End of the linear region of the understeer curve

(computed based on a minimum deviation level from a
linearity condition defined from 0.2 g to 0.4 g)

ay,85%max g SPCS 85% of the maximum lateral acceleration

ay,max g SPCS Maximum lateral acceleration

δSW@ay,max deg SPCS Steering wheel angle at the maximum lateral acceleration

Kay,85%max deg/g SPCS Steering wheel angle gradient evaluated at ay,85%max
Kβ deg/g SPCS Sideslip gradient w.r.t. lateral acceleration

|βEoL| deg SPCS End of the linear region of the sideslip curve as a function
of lateral acceleration

|βmax | deg SPCS, SI Maximum sideslip angle

ψ̇RT ms SI Yaw rate rise time

ψ̇ST ms SI Yaw rate settling time

ψ̇OS % SI Yaw rate overshoot

ψ̇PT ms SI Yaw rate peak time

βST ms SI Sideslip angle settling time

|β̇max | deg/s SI Maximum sideslip rate

Aψ̇ = Gψ̇max/Gψ̇0 – SSI Dynamic yaw rate enlargement, i.e. the ratio between the
maximum response magnitude and the steady-state
response magnitude

fGψ̇max Hz SSI Frequency corresponding to the maximum yaw rate
response magnitude

�t0.5ψ̇ ms SSI Yaw rate time delay @0.5 Hz

�t1ψ̇ ms SSI Yaw rate time delay @1 Hz

�t0.5ay ms SSI Lateral acceleration time delay @0.5 Hz

�t1ay ms SSI Lateral acceleration time delay @1 Hz


1β deg SSI Sideslip angle phase @1Hz

Aβ = Gβmax/Gβ0 - SSI Dynamic sideslip angle enlargement

Figure 3. Overview of the KPIs for each of the selected ISO tests: (a) SPCS, (b) SI and (c) SSI.

is mainly caused by the absence in theNLTTEK implementation of the whole set of camber
and toe angle contributions linked to the suspension kinematics.

ay,EoL is the parameter describing the end of the linear range of the understeer character-
istic. A relatively large ay,EoL provides the driver with the perception of a better performing
and consistently responsive, controllable and predictable vehicle, although the presence of
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Figure 4. SPCS results plots for model comparison: (a) understeer and sideslip curves and (b) corre-
sponding KPIs in a spider chart.

some form of nonlinearity would be beneficial to warn the driver that he/she is approach-
ing the cornering limit. The extension of the linear steering response region can also be
achieved through static setup adjustments, i.e. without additional active systems. How-
ever, the passive adjustments could lead to unstable behaviour in transients, which is not
the case when the ay,EoL increase is implemented through active methods. ay,EoL cannot be
calculated for the LST model, since its understeer characteristic is entirely linear. Factors
such as the load transfers and the toe and camber angles play a vital role in determining
the ay,EoL position on the characteristic curve. In NLST, ay,EoL is ∼1.2 g, quite close to the
maximum lateral acceleration, ay,max, of 1.3 g. For NLTT and NLTTEK, the transition into
the nonlinear zone is smoother, and ay,EoL decreases as soon as the elasto-kinematics and
lateral load transfer contributions become significant.

ay,max, ay,85%max, Kay,85%max , and δSW@ay,max describe the shape of the nonlinear region
of the understeer characteristic. More specifically, ay,max is important to evaluate the grip
level on the front axle, since it is the first one to saturate; ay,85%max and Kay,85%max give an
indication of the vehicle agility level in terms of reactions to steering inputs at high lat-
eral accelerations, and δSW@ay,max, in conjunction with the Kay value in the linear region,
highlights the potential magnitude of the nonlinearity of the vehicle behaviour perceived
by the driver, and the average steering wheel angle amplitude required during limit corner-
ing. From the spider chart in Figure 4b, also in this case NLTTEK is the model that comes
the closest to the reference one. The difference betweenNLTTEK and the VI-CarRealTime
model is primarily due to the load transfer computation, since in the high-fidelity model
the roll centre heights, track widths and roll stiffness of front and rear axles vary according
to the suspension elasto-kinematics, whereas these parameters are all considered constant
in NLTTEK. The calculation of the lateral load transfer based on roll angle (NLTTEK)
rather than only the lateral acceleration (NLTT) significantly improves the accuracy.

W.r.t. the sideslip curve, the evaluated KPIs are similar to those for the steering wheel
angle curve: Kβ , which relates to the driver’s perception of a disconnection between the
front and rear axle responses, and indicates whether the front axle is over- or under-
reactive, to objectivise the impression of compactness and driving precision; and |βEoL|,
which, along with |βmax|, indicates how much the vehicle tends to close the trajectory at
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Figure 5. SI results for model comparison: (a) time profiles of yaw rate and sideslip angle and
(b) corresponding KPIs in a spider chart.

the cornering limit, and can correlate with the driver’s perception of understeer or over-
steer. The general goal is to prevent abrupt changes in the sideslip gradient, since, when this
rises too quickly, the driver will have the undesirable feeling of a ‘snap oversteer’ condition
[12]. As highlighted by Figure 4a and the KPIs, the four-contact models better capture the
quasi-steady-state sideslip angle response.

3.2. Step input results

The main aim is to assess the vehicle transient response in the time domain. The steering
input is swiftly applied according to the ISO standard [31], until the steering wheel angle
corresponding to a specific lateral acceleration target is reached. In this instance, the speed
is set to 100 km/h, and the target acceleration is 0.6 g. Due to the steering wheel angle
gradient difference, each model has different steering targets.

Figure 5 reports the yaw rate and sideslip angle time responses, as well as the values
of the KPIs defined in Table 1, and shown in Figure 3b, see also the discussion on the
manoeuvre in [33]. The yaw rate rise time, ψ̇RT , and settling time, ψ̇ST , are significantly
influenced by the accuracy of the lateral load transfer model, and they respectively give
an indication on the agility and stability level of the vehicle. Indeed, NLTTEK comes the
closest to VI-CarRealTime. In NLTTEK, the vertical loads directly and realistically impact
the computation of the tyre relaxation lengths, providing the response dynamics of the
lateral forces. The roll degree of freedom and the consideration of compliances contribute
to the reduction of the yaw damping of the system, see the difference in the overshoot
values, ψ̇OS, which, along with ψ̇PT , is an indicator of vehicle stability (or its lack). The
effect ofMz,j is an increase in the settling time immediately after the step. From the analysis
of the sideslip dynamics, corresponding to |βmax| and |β̇max|, which are related to agility
evaluation and cornering performance, it is evident how the inclusion of non-linearities
affects the rear axle response.

3.3. Sine-sweep input results

The SSI manoeuvre consists of a steering input with constant amplitude δSW,max and lin-
early increasing frequency, from 0.05 to 4Hz, see [31], at a constant vehicle speed of
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100 km/h. This procedure enables to evaluate the phase lags and dynamic overshoot of
the response. δSW,max is selected based on the SPCS results, where the target lateral accel-
eration is ay = 4m/s2. Thus, the steering input is limited to the linear range relevant to the
frequency domain analysis.

The evaluation process follows the approach in [34], according to which equivalent
transfer functions are obtained from the discrete fast Fourier transform of the input x,
namely δSW , and the outputs y, specifically ψ̇ , ay, and β . The result, indicated as H and
including the dependency on the frequency f , is used to evaluate the auto spectrum Sxx,
and the cross-spectrum Syx. In particular, the auto spectrum is calculated by multiplying
the discrete fast Fourier transform of the input, Hx, by its complex and conjugate, H∗

x :

Sxx(f ) = Hx(f ) H∗
x (f ) (15)

The cross-spectrum is computed by multiplying the discrete fast Fourier transform of the
output signal, Hy, by H∗

x :

Syx(f ) = Hy(f ) H∗
x (f ) (16)

The transfer function is then given by:

Gy(f ) = Syx(f )
Sxx(f )

(17)

This analysis considers the steering wheel angle to yaw rate, lateral acceleration, and
sideslip angle transfer functions:

Gψ̇ (f ) = Sψ̇δSW (f )
SδSWδSW (f )

; Gay = SayδSW (f )
SδSWδSW (f )

; Gβ = SβδSW (f )
SδSWδSW (f )

(18)

The comparison of the frequency response behaviour of the differentmodelling approaches
is based on the yaw rate frequency response, given byGψ̇ , and the spider chart summarising
the SSI KPIs, see Figure 6a and Figure 6b. The models have different understeer gradients;
therefore, the steering input required to achieve a lateral acceleration of 4m/s2 is not the
same.Hence, the amplitude ofGψ̇ is divided by the static gain,Gψ̇0. As themodels share the
same vehiclemass and yawmassmoment of inertia, the differences are primarily caused by
the lateral load transfer effect on the tyre cornering stiffness and relaxation length. Indeed,
a change in cornering stiffness of the axles leads to variations in bandwidth and eigenfre-
quency, while a change in relaxation length has an impact on both the peak and delay of
the response. These effects are caught by the yaw dynamics enlargement, Aψ̇ , and the fre-
quency value corresponding to themaximum response, fGψ̇max

. These two KPIs, along with
φ1β and Aβ , indicate the possibility of the driver to obtain very different and potentially
unexpected vehicle responses, depending on the excitation frequency. Themodels neglect-
ing the roll dynamics have the same value of Aψ̇ , and respond almost identically up to a
frequency of 1Hz, while NLTTEK has an enlargement value of 1.07, compared to 1.03 of
VI-CarRealTime. The yawdamping value tends to decrease as the complexity of themodels
increases. However, such decrease is more evident in NLTTEK than in VI-CarRealTime,
because in the former the roll dynamics are simulated with constant roll stiffness and,more
importantly, roll damping, differently from the high-fidelity model case, where they vary
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Figure 6. SSI results for model comparison: (a) yaw rate frequency response and (b) corresponding KPIs
in a spider chart.

depending on the vertical displacement and its rate at the individual corners, and directly
affect the load transfers. The previouslymentioned differences between themodels are also
highlighted by �t0.5ψ̇ , �t1ψ̇ , �t0.5ay , and �t1ay . The combination of such KPIs provides
information on the time response at various frequencies to the driver steering input, and
more specifically on the varying time response and delay between the front and rear axles,
where the yaw rate indicators relate to the front axle response, while the lateral accelera-
tion ones to the rear axle response. Hence, these indexes also reflect the sense of agility and
connection between the steering wheel and the road.

3.4. Model comparison outcomes

The previous discussion has highlighted that, among the simplified models, NLT-
TEK brings minimal differences in the relevant SPCS- and SI-oriented KPIs w.r.t. VI-
CarRealTime, and in the SSI test the two models are in good agreement up to a steering
input frequency of ∼1Hz. Therefore, NLTTEK can be used for initial feasibility studies
to evaluate the vehicle operational range with the addition of an active system. In the next
sections, the feasibility region analysis will be conducted through the NLTTEK model, by
discussing the effect of front and rear AC, RWS, and RMD on the lateral dynamics KPIs in
Table 1.

4. Active systems feasibility region analysis

4.1. Methodology

This section describes the procedure for evaluating the feasibility regions through theNLT-
TEKmodel. The process assesses the performance envelope that can be achieved w.r.t. the
reference passive vehicle. The feasibility regions are obtained through the SPCS test, by con-
sidering fixed control actions corresponding to the minimum and maximum values for a
single actuator, under the assumption, which was verified through simulations, of mono-
tonically varying vehicle behaviour as a function of the selected control input. In this way,
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Table 2. Actuation limits and control action nomenclature.

Actuator Control action Minimum Maximum

FAC γAC,1, γAC,2 −5 deg 5 deg
RAC γAC,3, γAC,4 −5 deg 5 deg
RWS δRWS,3, δRWS,4 −1 deg 1 deg
RMD εRMD 25% 75%

Figure 7. Schematic representation of the considered control actions: (a) variable RAC, (b) RWS and
(c) RMD.

the locus of the achievable understeer and sideslip angle characteristics is obtained, provid-
ing an indication of their adjustability through active control. Table 2 reports the selected
actuation ranges for front and rear AC, RWS, and RMD control, which are based on inter-
nal company investigations and know-how, accounting for currently available actuators as
well as tyres. Since the specific tyres are characterised by very large cornering stiffness and
muchmore limited camber stiffness, it has been decided to opt for a relatively large camber
variation range and a small rear steering range, which is also consistent with the statements
in [9] and [10].

Figure 7 illustrates the qualitative effect of the considered active systems. Evaluations
of the required actuation power, energy consumption, design and packaging constraints,
or actuator dynamics – unless otherwise specified – are outside the scope of this study.

The camber control action is designed as a deviation from the camber behaviour of the
passive vehicle. Therefore, theAC control contribution, namely γAC,j, is algebraically added
to the kinematic and compliance camber contributions:

γj = γ 0
j + γj(δSW)+ γEK,j(Fy,j)+ γAC,j (19)

The value of γAC,j is the same for both wheels of the axle, i.e. one wheel is actuated towards
a top-out condition, while the other one towards a top-in condition.

Similarly, with RWS, the rear steering angles are affected by an additional δRWS contri-
bution, here reported for the rear left wheel:

δw,3 = δ0w,3 + δEK,3(Fy,3)+ δEK,3(Mz,3)+ δRWS (20)

The considered RWS range, corresponding to the same control action for the right and left
rear wheels, is sufficient to significantly modify the magnitude of the rear lateral forces.
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RMD control, implemented through active suspension actuators at the individual cor-
ners or active anti-roll bars, enables to continuously change the front-to-total anti-roll
moment distribution. The control action, denoted as εRMD, is directly embedded in the
NLTTEK lateral load transfer formulation, to partition the total roll stiffness among the
axles:

�Fz,F = 1
tF

[
mV(β̇ + ψ̇)bHRC,F

L
+ εRMDKφφ + Cφ,F φ̇

]

�Fz,R = 1
tR

[
mV(β̇ + ψ̇)aHRC,R

L
+ (1 − εRMD)Kφφ + Cφ,R φ̇

]
(21)

Given the inherently high roll stiffness – and thus very low roll angle values – of the specific
vehicle, the RMD actuation is not used to reduce the magnitude of the vehicle roll motion,
but only to vary the tyre load distribution. A different RMD formulation, e.g. see [4] would
be used for conventional passenger cars, characterised by significantly higher amplitudes
of the roll angle response.

4.2. Results

The feasibility regions for each actuator configuration are the coloured areas in Figure 8,
whose boundaries correspond to the actuation limits in Table 2. Constant AC and RWS
control inputs shift the understeer characteristic towards positive andnegative lateral accel-
erations. The offsets arise from the inclination and steering angles generated by the control
actions, which affect the lateral forces. This can also be observed in the sideslip angle char-
acteristic, which, for the same reason, does not start from the origin. Figure 8 highlights
that RWS can modify the steering wheel angle gradient, which is the case also for FAC
and RAC, although in a much more limited manner. On the other hand, RMD has no
impact in the linear region of the understeer characteristic, and its effect becomes evi-
dent for high lateral acceleration values, corresponding to significant lateral load transfers.
Within the feasibility region of each actuator set, during the design phase it is possible to
define achievable and desirable reference understeer characteristics, whose actuation lev-
els can be deduced by interpolating the characteristics obtained for fixed and intermediate
actuation efforts.

ay,max can be increased to a minimal extent with RAC and RWS, and more noticeably
with FAC and RMD, up to approximately 1.3 and 1.24 g, respectively. Therefore, systems
that implement control actions on the rear axle can only achievemarginal improvements in
lateral acceleration. A significant increase in the ay,max performance can only be obtained
through the combination of another system that also influences the front axle response.
FAC brings a lateral acceleration increase through improved lateral grip utilisation, espe-
cially on the wheels with higher vertical loads, whilst RMD leverages the lateral load
transfer distribution between the axles, thus enabling higher front lateral force bymeans of
reduced front lateral load transfer. All areas in Figure 8 facilitate the development of a con-
trol strategy that can extend the linear zone of the understeer characteristic, and thus the
value of ay,EoL. This provides the driver with the impression of driving a better performing
and consistently responsive vehicle.
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Figure 8. Feasibility regions for the FAC, RAC, RWS and RMD actuations, obtained with the SPCS test at
100 km/h.

The steering angle corresponding to the maximum lateral acceleration is of significant
interest, since this indicator, evaluated together with the others, may be associated to the
level of understeer perceived by the driver in the linear and nonlinear regions. For exam-
ple, with FAC, the value remains approximately the same (100 deg) across the control
action range. The boundaries of the feasible FAC region also highlight a modification in
the shape of the understeer characteristic. This behaviour does not occur for the other sys-
tems because δSW@ay,max shifts to higher or lower values, depending on the control action,
w.r.t. the value for the passive vehicle. With RAC and RWS, the understeer curve does only
shift vertically, while maintaining the same value of ay,max.

Variable RMD, as well as FAC, have no effect on βEoL and Kβ , since the two systems
primarily act on the front axle.Obviously,βmax changes because of the front axle saturation.
RWS and RAC can shift the sideslip curve and enhance vehicle stability by reducing the
sideslip angle at the expense of performance.

The simplicity and strength of the envelope approach lies in the lack of need for a control
strategy for assessing the achievable performance range, as the control actions are con-
stant values that do not depend on operating conditions or a specific reference. Obviously,
non-zero lateral accelerations at zero steering wheel angle do not represent realistic solu-
tions, but are useful to quantify the modifiability of the linear region of the understeer
characteristic. In summary, the main benefits of the approach are:

1. Understanding in advance the targets that can be achieved with a specific chassis
control system in terms of handling performance.

2. Defining a reference understeer characteristic that is compliant with the vehicle tar-
gets, and falls within the identified actuation limits, to be used for the following
control algorithm development.



VEHICLE SYSTEM DYNAMICS 1693

5. Case study

This section covers a case study in which the selection of an active system will be made
based on the feasibility region analysis, and a set of vehicle-level handling targets. Obvi-
ously, the choices will depend on the specific requirements. Differently from the previous
sections, the case study results consider the involved actuation rate saturations, as well as
the bandwidth of potential actuators available in the market. Interestingly, it has been ver-
ified that the actuation dynamics constraints do not significantly affect the vehicle-level
response along the considered manoeuvres.

In this illustrative example, the requirements that must be met are:

• Reducing Kay by at least 5% w.r.t. the passive vehicle;
• Keeping the same ay,max as for the passive vehicle;
• Increasing vehicle responsiveness by reducing ψ̇PT , ψ̇RT , and�t1ψ̇ .

Such requirements are typical of a vehicle agility enhancement to be achieved through a
sports-oriented drivingmode, which allows drivers to gradually increase their engagement
and confidence in their high-performance vehicle.

Among the considered active systems, RMD does not fulfil the target to reduce the
understeer level in the linear region, see Section 4, and thus will not be included in the
following discussion. The next step is to define the effort level of each actuator that allows
the fulfilment of the requirements. In this illustrative example, the reference camber and
rear steering angle profiles that are provided to the vehicle model are generated by look-up
tables as functions of the steering wheel angle, δSW , for the given vehicle speed, V , to keep
the same ay,max of the passive vehicle, and achieve the target Kay reduction. The actuation
maps have been derived through interpolation of the control actions within the respec-
tive steady-state feasibility regions. The same look-up tables have been used for both the
quasi-steady-state and transient tests.

Figure 9a includes the understeer characteristics for the controlled vehicle with FAC,
RAC and RWS, and the passive vehicle. The controlled configurations achieve the two
quasi-steady-state targets. In fact, Figure 9 highlights lower Kay , with different shapes in
the transition from the linear to the nonlinear regions. FAC does not modify the β charac-
teristic w.r.t. the passive vehicle, which – instead – is the case for RWS and RAC, for which
Kβ , βEoL, and βmax increase by ∼40%. In general, the action of a single chassis actuation
system cannot independently modify both the understeer and sideslip curves.

To meet the third set of requirements, the active systems, designed under quasi-steady-
state conditions, are analysed in dynamic conditions along the SI and SSI tests, see Figure 10
andFigure 11.Differencesw.r.t. the passive vehicle are visible in all KPIs in Figure 10, except
for FAC, which has a dynamic response that is very close to that of the passive vehicle, apart
from a reduction of ψ̇PT and βST . RAC and RWS exhibit greater differences in terms of
sideslip angle response. In fact, both βmax and β̇max increase by ∼20% w.r.t. the passive
case. In general, the presence of active systems enhances the reactivity both in terms of
ψ̇ and β , see the trends of ψ̇RT , βST and ψ̇PT . RWS much more significantly decreases the
response time than the other systems, although this results in a substantial increase in ψ̇OS.
βST reduces to 552 and 545ms, respectively for RAC and RWS, compared to the 565ms of
the passive vehicle. Interestingly, ψ̇ST for RAC increases to a value of 464ms w.r.t. 451ms
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Figure 9. SPCS test results plots for the controlled vehicle with active systems: (a) understeer and
sideslip curves and (b) corresponding KPIs in a spider chart.

Figure 10. SI test results plots for the controlled vehicle with active systems: (a) yaw rate and sideslip
angle time profiles and (b) corresponding KPIs in a spider chart.

for the passive case, which is caused by the variation of the lateral force characteristic of
the rear axle.

The SSI tests in Figure 11 are performed by targeting the samemaximum lateral acceler-
ation of 0.4 g. All curves start from the same static valueGψ̇0, which is higher than the one
of the passive vehicle, consistently with the understeer characteristics. RWS and RAC have
a greater influence on the dynamic response. Significant differences are noticeable in the
reaction times, see the values of�t0.5ψ̇ and�t1ψ̇ , i.e. 53.7 and 60ms for RAC, 55 and 61ms
for RWS, and 60 and 67ms for the passive case. On the contrary, no substantial differences
are observed for FAC compared to the passive vehicle. A transient performance deteriora-
tion in terms of lateral acceleration occurs with RWS and RAC, as the simplified controller
leads to an increase in�t0.5ay and�t1ay . The only system that manages to improve, albeit
slightly, these two KPIs is FAC, with a reduction in the response time of ∼2ms both at 0.5
and 1Hz, thus meeting all the initial requirements. Once the most suitable actuation sys-
tem is identified, it is possible to refine the analysis by developing a more complex control
strategy, e.g. by introducing feedback control, and, above all, a more complex model of the
vehicle and its actuation system.
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Figure 11. SSI test results plots for the controlled vehicle with active systems: (a) yaw rate frequency
response characteristics and (b) corresponding KPIs in a spider chart.

6. Conclusions

The development of high-performance vehicle control strategies involves analysing the
capabilities and limits of the available actuators. The assessment of the resulting fea-
sibility region in terms of vehicle response is essential for selecting the most suitable
actuator suite. The very few feasibility region studies from the literature use high-fidelity
simulation tools. However, to accelerate the target setting procedure and the analy-
sis of the pure lateral dynamics during the proof-of-concept phase, in which limited
vehicle parameters are available, it would be useful to employ a simple and reliable
model.

Firstly, an analysis has been conducted to determine how much simplified models with
increasing levels of complexity in terms of degrees of freedom and physical accuracy devi-
ate from a high-fidelity vehicle model in VI-CarRealTime. Standard open-loop tests, both
in quasi-steady-state and transient conditions, were simulated for this purpose. The results,
expressed in terms of KPIs, were compared for various simplified models, namely single-
track models with linearised and nonlinear tyre behaviour, a 2-DoF two-track model, and
the NLTTEKmodel, i.e. an augmented 3-DoF model including the yaw, sideslip, and body
roll dynamics, as well as simplified suspension elasto-kinematics. NLTTEK achieves results
that are very close to those of the reference high-fidelity model, and thus can support an
effective feasibility region study.

Secondly, NLTTEK was used to analyse the feasibility regions of four chassis actuation
systems, namely FAC, RAC, RWS, and RMD, which can modify the lateral and verti-
cal tyre forces. The feasibility regions were found by imposing constant control actions
corresponding to the respective actuation limits. The output is the locus of the achiev-
able understeer characteristics. Different actuators have different impacts on the linear
and nonlinear cornering response regions. For example, all systems, with the exception
of RMD, can modify the linear response by varying the understeer gradient. RWS, FAC
and RAC enable significant variations of the understeer characteristic, except for the max-
imum lateral acceleration, a parameter closely related to the front axle saturation, which
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is not influenced by these systems. FAC and RMD maximise the lateral acceleration per-
formance without drastically altering the sideslip angle profiles, primarily linked with the
rear axle behaviour.

In conclusion, the proposedmethodology allows for swift and effective decision-making
during the vehicle target-setting phase, with regards to which active system/s can facil-
itate the achievement of specified vehicle response requirements, while considering the
respective actuation constraints.
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