®

Check for
updates

Retaining Cornering Performance and Reducing
Energy Consumption with Torque Vectoring
and Suspensions Tuning

Michele Asperti(g), Michele Vignati, and Edoardo Sabbioni

Department of Mechanical Engineering, Politecnico di Milano, Via La Masa N.1,
20156 Milan, Italy
michele.asperti@polimi.it

Abstract. With the automotive industry’s shift towards sustainability and energy
efficiency, optimizing vehicle handling dynamics has become secondary. Addi-
tionally, there is a growing trend towards comfort-oriented design over handling
performance. However, advancements such as integrating multiple independently
controlled electric motors enable torque vectoring, offering a promising solution
for reconciling these conflicting objectives. This paper proposes a novel approach
to jointly improve vehicle handling and energy efficiency. Advanced simulation
techniques are used to explore various suspension configurations to balance cor-
nering performance and energy consumption. A torque vectoring controller is
then designed in combination with meticulously tuned suspensions. This innova-
tive approach, which considers active control design alongside suspension setup,
achieves superior performance. Desired vehicle cornering capabilities are attained
while ensuring significant efficiency in straight-line driving, which constitutes
most road driving.
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1 Introduction

Road vehicle users continue to demand sporty and high-performance vehicles, despite
the automotive industry’s current focus on achieving sustainable and energy-efficient
solutions [1]. Consequently, in the context of suspensions, the industry’s attention has
shifted away from enhancing vehicle handling performance [2, 3]. Instead, suspension
design now prioritizes ride comfort, with numerous approaches aimed at optimizing sus-
pensions to improve overall ride quality [4, 5]. While car setup optimization [6] remains a
fundamental aspect, recent advancements enabling the use of multiple electric motors in
a single vehicle [7] have facilitated more advanced improvements. The implementation
of In-Wheel Motors (IWMs) [8] allows for the easy deployment of Torque Vectoring
(TV) systems, which control lateral dynamics by applying a yaw moment. Over the
years, numerous TV controllers have been proposed [9, 10] to enhance vehicle lateral
dynamics by actively tracking a yaw rate and/or sideslip angle reference. Conversely,
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some approaches utilize TV solely to improve overall vehicle efficiency [11]. A prevalent
strategy lies between these two extremes, where TV controllers are designed to enhance
lateral dynamics while allocating actuation torque to motors in a manner that minimizes
power losses [12]. Additionally, TV controllers can adapt vehicle behavior to meet driver
preferences by selecting a driving mode [13], allowing for on-demand modifications to
the reference vehicle behavior, thus balancing vehicle handling and energy efficiency.

This paper investigates a novel approach to achieving optimal vehicle handling and
high energy efficiency by jointly tuning vehicle suspensions and designing the torque vec-
toring control system. This integrated approach addresses the trade-off between vehicle
cornering performance and energy efficiency by providing additional degrees of free-
dom. In particular, various configurations of combined suspension tuning and torque
vectoring designs are evaluated in a simulation environment to assess their impact on
cornering dynamics and energy efficiency.

2 Vehicle Model and Suspensions Tuning

The vehicle considered in this study belongs to the S-segment and is equipped with four
independently controllable In-Wheel Motors IWMs). The vehicle model for simulation
purposes is developed using VI-CarRealTime software, incorporating five rigid bodies
and 14 degrees of freedom. Specifically, the model used in this study is based on the
validated SportCar model, originally representing an internal combustion engine vehicle,
whose powertrain has been replaced with four In-Wheel Motors (IWMs).

Suspension angles, such as camber and toe, are typically set at neutral values in stan-
dard road cars to prevent excessive tire wear from scrubbing against the road. In contrast,
these angles are often adjusted away from neutral in sports vehicles to enhance cornering
response. Therefore, it is crucial to set these angles appropriately for the specific vehi-
cle’s purpose. In this study, two suspension setups are considered, as shown in Table 1.
The baseline setup features suspension angles typical of road vehicles, ensuring proper
drivability under all conditions. The sporty setup, instead, includes more aggressive
suspension angles and a stiffened rear anti-roll bar to improve vehicle handling.

Table 1. Baseline and sporty vehicle suspensions setup details.

Parameter Symbol Baseline Setup Sporty Setup
Front camber angle Yf -0.5° —4.5°

Front toe angle ¥ —0.05° —0.15°

Rear camber angle Vr —-0.5° -3.0°

Rear toe angle T +0.05 ° +0.15°

Front roll-bar stiffness ko s 7040 Nm/rad 7040 Nm/rad
Rear roll-bar stiffness ko 21450 Nm/rad 42900 Nm/rad
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3 Torque Vectoring Controller Design

The Torque Vectoring (TV) controller developed in this study is intended for imple-
mentation on a vehicle equipped with the baseline suspension setup, with the goal of
replicating the cornering performance of the same vehicle when fitted with the sporty
suspension setup. To achieve this goal, a reference generator for vehicle cornering has
been designed. Specifically, the yaw rate has been chosen as the control variable, and
the reference function incorporating exponential saturation, as outlined in [10], has been
adopted in this study.
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In there, the maximum attainable yaw rate is the maximum achievable lateral acceleration
normalized by the actual vehicle speed (rmax = dy,max/V), r* is the yaw rate value at
which the transition between the linear and saturation regions occurs, 6§W r* /o is
the steering wheel angle value at which this transition happens and tsw is the steering
ratio between the steering wheel and the front wheels. Given the reference yaw rate
function, its three main parameters (rnax, o, 85y, ) are obtained by fitting the reference
to the yaw rate response of the sporty vehicle to steering pad constant speed maneuvers.
These maneuvers have been performed at several different constant speeds by increasing
the steering wheel angle at a rate of one degree per second until reaching the vehicle
handling limits. The reference function characteristic coefficients are then regularized
through a proper fitting over the achievable speed range for the vehicle for defining the
yaw rate reference in each possible condition, with the results reported in Fig. 1.

% Single Fittings Regularizing Function‘

25

0.5

30

251

7 04 , 3
T 2 < X < 2
o ! ] © |
E st 2 03 % = 15t
- 151 g o 3 2 15
s \ ° / ) |
€ \ s / S \
SR T > i 10
% s 02 /
05 ey / 50 x

L S

50 100

V [km/h]

150

0.1

50

100
V [km/h]

150

N

K% o X xx —x

50

100
V [km/h]

150

Fig. 1. Reference yaw rate function coefficients as function of vehicle speed.

The torque vectoring controller for tracking the desired yaw rate response defines the
yaw moment to be deployed to the vehicle as the sum of a feedforward and a feedback
contribution.

t
M, =M. pr + M rp = ksd + kp(rrep — r) + ki g(rref — r)dt
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The feedforward contribution is function of the wheel steering angle commanded by
the driver, while the feedback contribution is the output of a PI controller aiming at
minimizing the yaw rate deviation from its reference value. The feedforward gain (ks)
is obtained by imposing that the static gain of the frequency response function relating
the yaw rate response to the steering input is equivalent for the active and the sporty
vehicle, resulting in the following

ky rky,rl asporTy —BASE
ky £ +ky,r UBASE

Wt active = 145 sporty —> ks = (3)
where ky r and ky , are the cornering stiffness of the front and rear axles respectively, [ is
the vehicle wheelbase and apasr and a.sporTy are the slope of the linear yaw rate response
region for the baseline and the sporty vehicles respectively. The feedback control gains
(kp, kr) are instead tuned with a model-based approach with the objective of obtaining a
robust and stable controlled system which performs as closely as possible to the sporty
vehicle.

4 Results

The effectiveness of the proposed control strategy, implemented on a vehicle with the
baseline suspension setup, in replicating the lateral dynamics performance of the vehicle
with the sporty suspension setup, is evaluated through numerical simulations. The results
encompass both transient and steady-state maneuvers, covering a range of scenarios from
open-loop to closed-loop modalities, under high friction conditions ( = 1.0).

4.1 Straight Line Constant Speed Maneuver

A straight-line constant speed maneuver is simulated to evaluate the energy consumption
effects of three different vehicle configurations. This maneuver was conducted at speeds
ranging from 5 m/s to 50 m/s, in increments of 5 m/s. The simulation results are presented
in Fig. 2 for the various running speeds. In there, the specific energy consumption
(Ep) increases more than linearly with vehicle speed due to aerodynamic resistance and
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Fig. 2. Specific energy consumption and its variation with respect to the baseline vehicle for a
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straight-line constant speed maneuver across three vehicle configurations.
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shows no significant differences among the three vehicle configurations. However, the
variation in specific energy consumption (AEj),) relative to the baseline vehicle indicates
an increased energy demand for the sporty vehicle. This phenomenon may be attributed
to the suspension angles, which causes tire scrubbing on the road, resulting in power
losses due to lateral slip velocity at the tire-ground contact.

4.2 Constant Radius Cornering Maneuver

The steady-state handling performance of the proposed vehicle configurations under high
friction conditions is evaluated using an ISO 4138 constant radius cornering maneuver.
In this maneuver, the vehicle’s speed is progressively increased at a constant rate, and the
steering wheel angle is adjusted in close-loop to maintain a circular trajectory. The speed
isincreased from 10 km/h until the baseline vehicle achieves atleast 99% of the maximum
attainable lateral acceleration for the selected turn radius. The cornering results for a
specific maneuver with a 100 m turn radius are presented in Fig. 3. Additionally, Fig. 4
summarizes the handling and energy consumption performance across all the inspected
turn radii.
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Fig. 3. Vehicle handling response during a constant radius cornering maneuver for a 100 m radius
turn across three vehicle configurations.

The results in Fig. 3, illustrating the trend of the steering wheel angle as a function
of vehicle lateral acceleration, indicate that the sporty and active vehicle configurations
achieve almost equivalent cornering performance, both of which surpass that of the
baseline configuration. Indeed, the baseline vehicle requires a greater steering wheel
angle input to achieve the same turn radius. Additionally, both the baseline and active
vehicle configurations exhibit similar sideslip angle responses, whereas the sporty vehi-
cle is also capable of reducing the sideslip angle. The results in Fig. 4 indicate that
the active vehicle configuration requires slightly more steering wheel angle input com-
pared to the sporty configuration, while the baseline vehicle demands significantly more
input than both. Furthermore, Fig. 4 demonstrates that both the sporty and active vehicle
configurations consume less energy than the baseline configuration when executing a
constant radius turn. Notably, the sporty vehicle achieves nearly five times the energy
savings of the active vehicle. This significant reduction in energy consumption is primar-
ily attributed to the lower longitudinal slip of the outer tires in the sporty vehicle, which
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Fig. 4. Maximum steering wheel angle and specific energy consumption variation (AEgp) with

respect to the baseline vehicle during a constant radius cornering maneuver across three vehicle
configurations.

is not employing increased longitudinal forces at outer wheels as the active vehicle is
doing.

4.3 Double Lane Change Maneuver

The transient performance of the proposed vehicle configurations is evaluated using
steering wheel closed-loop simulations based on an ISO 3888 double lane-change
maneuver under high friction conditions. Figure 5 presents the results of this maneuver,
comparing the performance of the three vehicle configurations.

An examination of the results in Fig. 5 reveals that the sporty and active vehicle con-
figurations perform similarly under transient conditions, indicating an effective design
and tuning of the torque vectoring controller. The trends observed in the steady-state
tests are confirmed, showing that both the sporty and active vehicles generally enhance
the cornering performance. Additionally, the active vehicle requires a slightly larger
steering wheel angle input and exhibits a marginally higher sideslip angle compared
to the sporty vehicle, which also confirms the steady-state results. In terms of power
consumption, the baseline vehicle is the most demanding (Eg, pasg = 137.9 Wh/km),
followed by the active vehicle (Egp acrive = 132.4 Wh/km), which consumes slightly
more energy than the sporty vehicle (Egp sporry = 130.8 Wh/km).
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Fig. 5. Vehicle handling response during a double lane change maneuver in high friction
conditions across three vehicle configurations.

5 Conclusions

The use of torque vectoring to enhance vehicle lateral dynamics has been extensively
studied over the years. However, integrating a torque vectoring controller with suspen-
sion parameters tuning to improve cornering capabilities while ensuring good energy
efficiency remains underexplored. In this study, baseline and sporty suspension setups
have been defined and a torque vectoring controller designed for an active vehicle with
the baseline suspension setup to emulate the handling characteristics of the sporty vehi-
cle. Various steady-state and transient maneuvers have been simulated to demonstrate
the method’s effectiveness. Steady-state maneuver results confirm that the actively con-
trolled vehicle can closely match the sporty vehicle performance by using torque vec-
toring to enhance the baseline vehicle handling. In terms of energy efficiency, the active
vehicle outperforms the sporty vehicle in straight-line conditions but performs slightly
worse in turns. Transient maneuver results corroborate the steady-state findings regard-
ing handling, with the active vehicle’s energy savings approaching those of the sporty
vehicle.
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