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Abstract —  Powertrain  electrification s
undoubtedly recognized as a major trend in the
automotive industry. The elimination of the internal
combustion engine opens to different vehicle’s
architecture designs, to improve habitability and
reduce cost. The paper focus on an All-Wheel-Drive Full
Electric high-performance vehicle equipped with
wheel-hub motors, a layout that offers a significant
potential in controlling each wheel individually. The
objective is to develop a control algorithm capable of
handling wheels torques independently to enhance
vehicle's dynamic, keeping into consideration the
model’s energy performance. The control algorithm is
entirely developed in Matlab-Simulink and implemented
in the vehicle dynamic model, in a co-simulation
environment with VI-CarRealTime software. Offline
simulations are performed to tune the controllers and
evaluate their impact on vehicle dynamics and energy
efficiency. Finally, the model is tested in a real static
simulator to be validated and to have a subjective
interpretation of the dynamic behavior of the vehicle.
Handling improvements are evaluated through a
racetrack lap time performed by the VI-Grade virtual
driver. Energy efficiency protocols instead will be
assessed by monitoring the battery State of Charge
variation and their impact on vehicle’s behavior will be
analyzed on the static simulator. The results point out
to an improvement in the lap time thanks to the more
agile and less understeering vehicle. Energy
optimization algorithms and regenerative braking
displays a promising energy reduction without
compromising vehicle dynamics. The same racetrack
from the offline simulations is used to test the model
on the static simulator. Torque vectoring impact on
driver’s feeling is found to be noticeable and helpful in
improving vehicle’s response during cornering while
energy optimization protocols are not affecting the
dynamic performance.

Keywords — Vehicle Dynamics, Electric Vehicles,
Energy Efficiency, Control Strategies, Driving
Simulator, Battery Control.

. INTRODUCTION

Pure battery [1]-[3], hybridization [4]-[6], fuel cells
[7], [8] alternative fuels and thermal propulsion
systems (ICEs) are all likely to power vehicles to 2040

[9]. However, electrification is undoubtedly recognized
as the overarching technology that links them all. For
Electric Vehicles (EVs), motors, transmissions and
associated controls will need to be integrated to
achieve truly miniaturized, efficient packaging to
reduce costs and enhance through-life efficiency and
maintainability [9]. In-wheel motors have big potential
to create an advanced all-wheel drive system for a full
electric vehicle that allows additional space for
passenger, cargo and battery pack [11].

The increased complexity of the software to control
each motor might be seen also as an opportunity to
act directly on vehicle dynamics with a simplified
powertrain from the mechanical point of view. This
paper develops in this direction: exploiting the
advantage to directly control each wheel to increase
the dynamic and energetic performance of the vehicle.
In-wheel motors have not succeeded yet in the
automotive industry due to some reluctance shown by
manufacturers. The main concern is caused by the
increased unsprung mass. A vehicle powered by in-
wheel electric motors have a significant greater
unsprung mass because the mass of a motor is in
each powered wheel. Keeping unsprung mass low is
fundamental both for lateral dynamics and ride comfort
[12].

The most important advantage related to wheel-
hub motors, which also represents the main reason
why this EV layout was chosen for this paper, is the
possibility to deliver precisely controlled braking or
motoring torque on a millisecond timescale [10]. If
properly applied, this might lead to great
improvements in traction and stability control, reducing
stopping distances and enhancing.

Torque Vectoring (TV), for instance, is a major
implication related to dynamic stability and
performance and, being one major topic discussed in
this paper [13].

Starting from a reference vehicle model [14], the
goal is the development of an electric powertrain
model and a control. Starting from the torque
vectoring, all the energy saving algorithms, from



regenerative braking to power efficiency optimization
protocol, are introduced simultaneously. This
represents the main challenge, as well as the biggest
novelty proposed by this paper: harmonize the various
goals from energy efficiency and handling, using the
capabilities provided by the 4WD electric powertrain.
The model was implemented on VI-Grade static
simulator to be validated and subjectively evaluated by
real drivers.

Il.  THEORETICAL BACKGROUND

A. Rigid vehicle model

Starting from a rigid vehicle model [14] steady state
high speed cornering considers the distribution of
cornering forces between the axles and the side slip
angles both vehicle and each single wheel, without
considering the internal dynamic behavior. The vehicle
is to be assumed travelling at constant speed on a
curved path with a high radius R (much higher than the
vehicle’s track t and wheelbase I), with constant speed
(V), and aerodynamic and self-aligning torques are
neglected.

Due to these assumptions, vehicle slip angle  and
tires side slip angles a are small; this allows the
monotrack (or bicycle) model, schematized in Figure 1
to be used to derive the curvature gain 1/Rd in
Equation (1) and the understeering coefficient Kus in
Equation (2). The latter is a non-dimensional quantity,
usually expressed in rad. It is a fundamental
parameter in lateral dynamics, as it represents the
understeering behavior of a vehicle.
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where: C; and C; are the tire coefficients, m is the
vehicle mass, a and b are the front and rear axle
distances to the center of gravity.

1 -

, I

Fig. 1. Side slip angles variation with vehicle lateral behaviour [14]

B. 14 dof model

A vehicle with four wheels can be described by a
model with 10 degrees of freedom (DOF) 6 + 2n
equations of motion where n is the number of axles,
neglecting the longitudinal slip of the wheels and the
compliance of the steering system [14]. If the slips are
considered, 14 DOF are necessary. Once the
kinematics of the suspensions is defined, it is possible
to write the equations of motion. The equations
obtained are nonlinear differential equations and its
solution can be computed by numerically integrating
the equations in time, starting from a given set of initial
conditions and specifying the time history of the
various inputs [14]. VI-CarRealTime simulation
software operates in this way, based indeed on a 14
degrees of freedom model of the vehicle [15]: 6 DOFs
from the vehicle sprung mass; 2 DOFs from each
wheel, one for describing the motion with respect to
the vehicle body and the other the longitudinal slip.

C. Torgue Vectoring

The basic working principle of torque vectoring is
to distribute torque differently to each single wheel, to
generate a yaw moment M; which contributes to the
vehicle cornering. The distribution of the driving force
between left and right wheels and, in case of 4WD
vehicle with independent motors also between front
and rear wheels, allows a better exploitation of the
tires’ friction limit thus an expansion of the cornering
limit [16]. In summary, the main objectives are:
Guarantee maximum longitudinal acceleration;
Increase lateral dynamic performance in cornering;
and Distribute different torques to each electric motor
to guarantee maximum energetic efficiency.

To generate yaw moment by means of torque
vectoring, a control algorithm needs to be
implemented. Since the objective of such control
algorithm is to generate a corrective yaw moment Mz,
this control technique will be referred to as Direct Yaw
Control (DYC) [17]. The control algorithms are mainly
based on feedback yaw rate controllers that intervene
to track down the error between a reference yaw rate
value and the actual yaw rate of the vehicle [18],[19].
The reference yaw rate is outlined in Equation (3).

; 1
l/)ref=rref =EV6 aoad
where: VR0 is the curvature gain, V is the vehicle’s
speed and & is the wheels’ steering angle. V and & are
generated by the virtual driver and enter the control
system as inputs.

Regarding the actual yaw rate, it is usually
computed based on a more complete model of the
vehicle, as a 14 DOF model. For this paper, yaw rate
DYC was also used, based on a PID feedback control
with PID gains depending on vehicle’s speed V. The
PID controller used in the model computes the yaw
rate error comparing rref with the 14 DOF model output.

Beside the feedback yaw rate control, a
feedforward control was inserted in the model. This
decision was taken to have a continuous reference



yaw moment correction, generated by the
feedforward. In this way, the feedback part of the
controller, which is responsible for the creation of the
precise yaw moment correction, acts in a smoother
way because it is based on the reference feedforward
signal [18].

Given for granted the dynamic performance
advantages related to torque vectoring, this paragraph
will focus on the possible implications linked to the
energy optimization. In a 4WD full electric vehicle with
wheel-hub motor, torques can be independently
allocated to each electric motor.

This means that the control algorithm has 4
degrees of freedom to be exploited [20] and 2 DOF
have already been used: The first DOF is exploited by
the requested longitudinal acceleration, which
imposes the total torque to be delivered by the four
motors. The second DOF is instead needed for the
torque differential imposed by the TV algorithm to
generate the required yaw moment M. The remaining
DOF can therefore be used to have an optimal torque
distribution, in order to guarantee an optimal usage of
the electric motors from the energetic point of view
improving the overall vehicle’s efficiency.

Il.  VEHICLE MODEL AND CONTROL DESIGN

The general characteristics of the vehicle
considered in this paper are presented in Table I. This
data will be used afterwards to build the rigid vehicle
model to generate the reference yaw rate signal.

TABLE I. RACE CAR CHARACTERISTICS
Parameter Value
Vehicle sprung mass (ms) 1052 kg
Vehicle unsprung mass (mys) 294 kg
Wheelbase (I) 2713 mm
(Ca()S longitudinal front wheel distance 1230 mm
CG height (hg) 381 mm
Track width (t) 1665 mm
Front cornering stiffness (Cyont) 306000 N/rad
Rear cornering stiffness (Crear) 348000 N/rad

Taking the CRT vehicle model as a reference, it will
be referred to as input those parameters entering VI-
CarRealTime from Simulink and output those exiting
CRT and entering Simulink. The chosen motor has a
mass of 36 kg directly connected to the wheel hubs,
and its able to produce 650 Nm of continuous torque
and 1250 Nm of peak torque, as well as 60 kW of
continuous power and 80 kW of peak power. Power
vs. speed curve and efficiency map is shown in Figure
2.

Motor Torque (Nm)

0 200 400 600 800 1000 1200 1400 1600
Motor Speed (rpm)

Fig. 2. Torque and Power vs. Speed and Motor efficiency map [21]

The data presented in Figure 2 and the Torque
curves also available in [21] are inserted in a properly
made Simulink model of the electric powertrain. Being
the dynamic response of modern electric motors much
faster than wheel dynamics, its influence on vehicle
dynamics can be considered not significant [22]. A
schematic representation of the control logic flow is
displayed in Figure 3.
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Since the controller is working at different
velocities, PID gains were chosen not to be fixed but
to vary as function of speed. An adaptive PID control
algorithm is therefore proposed; gains are updated as
function of the speed and, since speed is strictly
related to yaw rate, they are also updated as a function
of the yaw rate error [18].

Fig. 3. Control logic flow

IV. SIMULATION RESULTS AND DISCUSSION

A. Ramp steer

Ramp steer manoeuvre was chosen to purely
analyse the torque vectoring effects on the vehicle’s
lateral dynamics in an almost steady state condition. It
is an open loop steering manoeuvre, which means that
the steering angle is imposed and not controlled by the
virtual driver. The driver only controls the throttle
demand to assure that the target speed is always
maintained. Two ramp steer manoeuvres were
created: the first one at constant speed of 90 km/h and
a 6 deg/s rate of steering input, while the second is
performed at 180 km/h with a lower steering rate of 3
deg/s. Both manoeuvres have a 10 s total duration.
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Fig. 4. Front left and front right wheel torques

In the first ramp steer, the vehicle is distant from its
limit condition; however, the effects of torque vectoring
are already clearly visible. The controller effectively
imposes the reference yaw rate to the vehicle and, in
order to do that, generates an additional yaw moment
applying different torques to the left and right side of
the vehicle. As displayed in Figure 4, even negative
torques can be requested.

The difference between the base vehicle and the
controlled one in terms of understeering gradient is
shown in Figure 5. It proves that the controlled vehicle
is more responsive than the base one, obtaining a
higher lateral acceleration for the same steering wheel
angle.

This means that the torque vectoring decreases
the understeering behaviour of the vehicle and
improves corner entry; this last assumption will be
widely analysed during the static simulator tests.

To better highlight the vehicle improved
responsiveness, a second ramp steer at higher speed
and higher lateral acceleration has been analysed.
Without repeating the considerations made on torque
allocation and increased yaw rate, the influence of
torque vectoring on the understeering gradient are
analysed.
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Fig. 5. Wheel steering angle vs. lateral acceleration in the first
ramp steer test (red: base, blue: controlled)
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Fig. 6. Wheel steering angle vs. lateral acceleration in the second
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Comparing Figure 5 to Figure 6, the increased
lateral acceleration of the vehicle better highlights the
difference between the base and the controlled one.
Above 19 of lateral acceleration, the behaviour of the
base vehicle shifts towards a more understeering one.
Torque vectoring instead helps in maintaining a linear
relationship between the steering input and the lateral
acceleration, improving the handling capability. This
linear behaviour translates in a constant understeering
coefficient.

B. Racetrack

The chosen racetrack is a short version of
Hockenheimring that includes high speed and low
speed curves, to better judge torque vectoring
behaviour, and is approximately 2600 m long. Flying
lap time has proven to be a useful tool to evaluate
performance gain given by torque vectoring
implementation

As shown in Table Il, lap time decreased of 0.651
s. This result is to be considered satisfying as it was
obtained with the only torque vectoring application,
without modifying any characteristic of the vehicle.
Hereafter, some relevant plot is reported to better
highlight how TV improves lap time.

From now on, the graphs referred to the Racetrack
simulation have in abscissa the vehicle’s path instead
of simulation time, to better compare the two vehicles

along the track.
TABLE Il. LAP TIME IMPROVEMENT

- Lap A Lap
Driving Lateral Time Time Base | A% Base
mode PF
[s] [s]
Base 1,10 63,271 |0 0
With TV 1,16 62,620 |-0,651 -1,03

Studying the speed profile of the two vehicles, it is
clear how the controlled one has always higher speed
when entering a curve (each local minimum in Figure
7).
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Indeed, as explained when discussing the ramp
steer results, torque vectoring decreases the
understeering behavior and enhances the response of
the vehicle. The driver can therefore enter the curve
faster, applying a smaller steering angle and gaining
higher lateral acceleration, as shown in Figure 8 and
Figure 9.

V. MODEL VALIDATION ON STATIC SIMULATOR

The model was validated on a static driving
simulator at VI-Grade head office in Udine. The
purposes of the driving session at the simulator mainly
consisted in: Full Simulink model validation;
Subjective evaluation of the vehicle’s behavior

depending on the active controller; Comparison
between virtual and real driver driving style.

This reveals to be helpful in exploring vehicle’s
working conditions not always analyzed with a virtual
driver. Apart from responsive pedals and steering
wheel, the simulator is equipped with an active seat:
the belt and the seat itself are used to exert inputs on
the driver to simulate the longitudinal and lateral
acceleration respectively.

Torque vectoring was tested to subjectively
evaluate its effect on vehicle’s behaviour and,
afterwards, the PID related controller was re-
calibrated trying to improve the vehicle’s response
based on driver's feeling. During the simulator
session, the data was logged in Matlab to be then
compared with the virtual driver results. First of all, the
throttle demand and brake demand of the virtual driver
are compared to those of the real driver, to highlight
the different driving style.

The real driver approaches the curves at lower
speed. This can be noted in Figure 10 where the two
speed profiles are compared. The real driver starts
braking earlier and its brake demand is completely
different from the virtual driver one.
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Fig. 10. Speed profiles (red: virtual driver, blue: real driver)

Analyzing the torque vectoring influence on
vehicle’s behavior, mainly three aspects were noticed:
the vehicle is more oversteering and therefore reactive
when entering a curve; it is more difficult to predict
when the vehicle is reaching its limit (oversteering); if
braking during cornering, torque vectoring helps in
stabilizing the vehicle avoiding oversteering.

The comparison between the speed profiles and
steering wheel demands of the real driver with and
without torque vectoring are here reported to support
the analysis. Figure 11 highlights the higher speed of
the vehicle equipped with torque vectoring when
entering a curve.

Apart from the direct effect of torque vectoring on
dynamics, the increased performance is also
consequence of an improved driver’s feeling linked to
a more responsive vehicle. The steering angles of the
two simulations case, represented in Figure 12, are
almost similar; however, considering the higher speed
of controlled model during cornering, the resulting



lateral acceleration is higher. As explained during
ramp steer, this behavior implies a more oversteering
vehicle.
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Fig. 11. Speed profiles (red: TV OFF, blue: TV ON)
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The PID gains related to torque vectoring controller
were modified to analyze their influence on vehicle
response. The comparison is based on steering wheel
angles because, being steering an input to the system,
it represents the reaction of the driver to the different
vehicle response.
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In Figure 13, two simulations having different
torque vectoring proportional and integral gains are
compared.

Red line is the proportional gain set to zero and
integral gain increased ten times with respect to the

original and the blue line the proportional gain
increased five times and integral gain kept equal to the
original.

Having a too large integral gain resulted in a highly
oversteering vehicle with a more invasive but less
reactive torque vectoring; the driver therefore sensed
the car as extremely unstable during cornering.

In Figure 13 this instability is highlighted at a path
between 1400 m and 1600 m during which the driver
counter steers to correct vehicle behavior and avoid
instability. Energy saving algorithms (regenerative
braking, power efficiency optimization and slip
reduction algorithms) were tested to subjectively
evaluate their effect on driver’s feeling. No differences
were noticed by the driver in vehicle’s behavior neither
in acceleration/braking nor during cornering.

VI. CONCLUSIONS

The objective of this paper was to develop an
electric powertrain and an innovative control algorithm
to highlight the potential of Full Electric Vehicles
equipped with in-wheel motors. The performance
increase achieved through the controller application
was evaluated both from the dynamic and energetic
point of view. Starting from the idea of torque vectoring
to enhance vehicle dynamics, a more complete control
design including also energy optimization protocols
was developed. The controller was evaluated based
on two maneuvers: Ramp steer to study torque
vectoring performance in a standard steady state
maneuver; Racetrack lap time to evaluate the
interaction between torque vectoring and energy
algorithms in a high-performance maneuver. Ramp
steer maneuver shows a decreased understeering
behavior of the vehicle, and a linear relationship
between steering angle and lateral acceleration up to
the adherence limit.

The interaction between the controllers was tested
in the racetrack lap. Torque vectoring allowed a
reduction in lap time of 0.651 s (approx. 1%). Both
regenerative  braking and power efficiency
optimization protocols decreased vehicle’s energy
consumption up to 20.9% globally.

The influence of torque vectoring on driver’s feeling
was clearly noticeable during the driving session on
the static simulator. The less understeering vehicle
proved to be more agile when entering the curve and
the steering response was highly improved. Energy
optimization protocols’ impact on vehicle’s response
was also evaluated during the driving session and
considered not relevant.
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