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Abstract

he emergence of new electric vehicle (EV) corner
concepts with in-wheel motors offers numerous
opportunities to improve handling, comfort, and
stability. This study investigates the potential of control-
ling the vehicle's corner positioning by changing wheel
toe and camber angles. A high-fidelity simulation envi-
ronment was used to evaluate the proposed solution.
The effects of the placement of the corresponding

Introduction

he automotive industry is facing challenging and

inspiring developments in terms of new sustainable

vehicle concepts and automation. The elimination
of the internal combustion engine requires the develop-
ment of new powertrain solutions, with a focus on elec-
trification. A variant, where electrification enables a
redesign of vehicle architecture, is the integration of
in-wheel motors (IWMs) as part of an active corner
solution. Vehicles equipped with IWMs demonstrate
significantly improved propulsion and braking capabilities
while increasing stability and optimizing power consump-
tion, bringing further benefits to handling, stability and
comfort improvement [1].

The handling and comfort features of EVs are
becoming increasingly important in the case of auto-
mated mobility. This is due to the fact that passengers
have the opportunity to engage in various activities during
their journey, such as working on a laptop or reading a
book [2]. Achieving a ride comfort akin to that of a train
journey is highly desirable to ensure passenger comfort
in vehicles [3]. To improve the comfort of the occupants,
different solutions can be used. One such approach is to
use light alloy and carbon fiber parts to reduce the
unsprung masses; however, with an IWM, the unsprung
masses remain higher than for the conventional vehicle
design [4]. Therefore, additional engineering solutions for
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actuators and the actuation point on the force required
during cornering were investigated. The results demon-
strate that the toe angle, compared to the camber angle,
offers more effect for improving the vehicle dynamics.
The developed direct yaw rate control with four toe
actuators improves stability, has a positive effect on
comfort, and contributes to the development of new
active corner architectures for electric and automated
vehicles.

corners are required. So far, the most analyzed solution
has been semi-active and active suspension systems [5,
6]. This solution can be adopted without significant modi-
fications in vehicle design, and together can significantly
improve both handling and comfort. Several semi/active
suspension control solutions have been developed so far
for vehicles with IWMs [7, 8, 9]. In all these studies only
objective metrics have been used for vehicle dynamics
evaluation. It is a limiting factor as subjective measures
remain an essential aspect of comfort assessment [10].
As subjective studies cannot be applied in the simulation
environment, the solution could be the adaptation of
difference thresholds (DTs) - the minimum change in the
magnitude of the whole-body vibration required for the
occupant to perceive the change in magnitude [11].

This paper investigates the new design of EVs with
active corner positioning to improve stability and comfort.
Active corner positioning includes control of toe and
camber angles, assessment is performed using both
objective metrics and DT. The next sections of the paper
include (Il) a brief analysis of the state of the art, (lll) the
impact of toe and camber angles on vehicle dynamics
and identification of the most preferred design, (IV) a
vehicle model for defining reference parameters used for
control, development of the controller for active corner
positioning, and (V) the results of a simulation study
demonstrating the operation of the active corner.
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Despite the widespread opinion that increased unsprung
mass will have adverse effects on vehicle dynamics,
experimental investigations showed that the effects are
not as significant as expected [12]. The results obtained
have shown the benefits of IWMs by improving most of
the vehicle performance criteria and corners may become
an essential part of the next generation of electric vehicles.
As the current ride comfort level of a conventional vehicle
is not enough [2], additional measures for ride comfort
improvement need to be taken into account while
designing EVs with corners [13].

Wheel corner modules may incorporate semi/active
damping and wheel positioning actuators. This way
stability and comfort are enhanced and wheel toe, camber
angles are adjusted actively while driving [14, 15]. The
approach is based on the fact that the magnitude of the
tire lateral force depends on the wheel slip and camber
angles, vertical load, tire inflation pressure, and mechanical
properties of the tire [16]. When the tire has no slip angle,
the lateral force generated depends solely on the camber
angle of the wheels, called camber thrust. Camber angle
varies with suspension travel, steering wheel angle, and
rubber bushing deformation [17]. The toe angle is
expressed as the difference between the values of vehicle
track width measured at the inner and outer edges of
the tire. The value of static toe angle depends on various
vehicle suspension characteristics: Ackermann or inverse
Ackermann geometry, steering, roll behavior, compliance,
and camber angle. Toe angle affects three main charac-
teristics: tire wear, straight-line stability, and vehicle
controllability during cornering [15]. Wheel camber and
toe angles are presented in the Figure 1.

Various solutions exist for active wheel positioning.
One notable approach is outlined in [18]. It introduces a
rule-based camber control strategy. This strategy employs
the steering angle as an input for camber control, while
also considering lateral acceleration as a primary factor.
The study reveals that increasing the camber angle of
the wheels during higher lateral acceleration scenarios
can lead to a reduction in energy consumption. In the
pursuit of enhancing vehicle path tracking and yaw
stability, another innovative system, detailed in [19], intro-
duces an active camber control system. This system
operates within the framework of model predictive
control (MPC) and employs a simulation environment that
utilizes a planar vehicle model and a modified Dugoff tire
model. The results demonstrate a 9% increase in vehicle
passing speed, coupled with improved tire friction utiliza-
tion and reduced path tracking errors during double lane
change (DLC) maneuver. Furthermore, the exploration of
dynamic camber and toe control, as presented in [20],
involves the use of a proportional integral derivative (PID)
controller. Such an approach effectively reduces the
vertical acceleration of the sprung mass, as an objective
metric root mean square (RMS) value is used. RMS of
vertical acceleration serves as a crucial metric for defining
ride comfort. Finally, rear axle toe control, 2 common
technique in rear-wheel steering, emerges as a significant

m Wheel camber and toe angles
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contributor to enhancing a vehicle's lateral and yaw
motion, as highlighted in [21]. A variety of actuators have
been designed for wheel positioning control. They can
be categorized based on their functionality, with central
placement employing one actuator per axis and dual
featuring a separate actuator for each wheel on the axis.
In terms of operational principles, these actuators can
be either electric, such as the solutions offered by ZF, or
hydraulic, as proposed by Bosch. In summary, these
various approaches showcase the diverse strategies
employed in the realm of active wheel positioning, each
offering unigue advantages and insights into improving
vehicle performance and comfort.

The objective of this study was to determine the
required specifications for the actuators and to analyze
the potential benefits of active control of camber and toe
angles for vehicle dynamics. At the beginning, the CAD
design of the corner architecture and the possibility of
incorporating actuators are analyzed. Then, the simula-
tions were performed to determine the effects of camber
and toe changes focusing on assessment of vehicle
comfort, and stability. Thorough evaluation of the active
corner positioning system using both objective metrics
and DTs has been performed. This combined assessment
approach provides a more holistic understanding of the
system's performance and its impact on the user's experi-
ence. Finally, a control strategy for the selected wheel
positioning technology was developed and tested in a
simulation environment.

Main contributions of this work are:

e New corner design is proposed and pathways for
active wheel positioning have been defined.

e Enhanced control strategy for active corner
positioning is designed to improve the performance
of the active corner positioning system.
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The Concept of Corner
Positioning

To improve vehicle dynamics, the influence of toe and
camber angles is analyzed. The location of the actuation
point and the wheel pivot point (Eigure 2) plays a crucial
role in determining the force required for the system to
function properly. This force requirement corresponds to
the load on the chassis and body connection points; in
addition, large actuation forces cause increased energy
consumption. The multibody simulation analysis for
camber angle variation has shown that the pivot point at
the tire contact patch (Figure 2 a) is less affected by the
vertical motion of the wheel, allowing wider camber and
toe adjustment. In this case, a smaller actuation force is
required [22]. In contrast, the pivot point on an axis plane
(Eigure 2 b) requires more space for the actuator and a
higher actuation force.

Due to suspension kinematics and compliance, toe,
camber angle, and track are being changed as the wheel
moves vertically. This should be considered when devel-
oping corner designs and mathematical models for simu-
lations. SUV vehicle was selected as a reference and new
corners were designed. Main vehicle parameters are
provided in Table 1. The suspension of the selected vehicle
features a relatively simple design and high efficiency.

m Wheel pivot point position (shown by red dot): a)
wheel road contact point; b) wheel hub center point

2

TABLE 1 Vehicle parameters

Wheelbase 2675 m
Distance between front axle and COG 1439 m
Distance between rear axle and COG 1236 m
Height of COG above ground 065 m
Track width 1625 m
Vehicle mass 2302 kg
Total unsprung mass 285 kg
Tire size 235/55/R19
Yaw inertia 3231 kgm?

m Designed SUV (a) front and (b) rear corners with
IWMs

The new design of the front and rear corners is shown
in Figure 3. The new design increases unsprung mass by
48% at the front corners and 46% at the rear corners.
The use of lightweight solutions reduced the masses by
14% and 9%, respectively. However, reducing the mass to
the initial values (compared to a conventional powertrain)
is insufficient and requires a high level of effort [4].

To explore the performance of SUV vehicle, a high-
fidelity model with new corners and an experimentally
validated FTire tire model was created in MSC Adams
Car [23]. The results of the parallel wheel travel test are
shown in Figure 4. The outcome of these tests were
kinematics and compliance look-up tables which later are
incorporated into high-fidelity vehicle models realized in
IPG Carmaker software.

A. Camber and Toe Impact on
Vehicle Dynamics

Simulations were performed to capture the working force
moments, with the camber actuator experiencing an
overturning moment Mx and the self-aligning moment
Mz for the toe. All the properties of the original compo-
nents were taken from the reference vehicle, while the
properties of the modified and redesigned parts were
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m Impact of vertical wheel travel on the toe and
camber angles: a) front corner; b) rear corner
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taken from the CAD models after topology optimization.
Several test maneuvers, such as Sine with Dwell, single
and DLC, constant radius cornering, fish-hook and riding
on rough roads, were performed at different speeds to
define the loads that the actuators must produce.

The simulations showed that the maximum moment
around the X-axis was 353 Nm and the camber actuator
was positioned at the upper mount of the damper, resulting
in a height of 1031 mm. It follows that the minimum force
for the camber actuator is 343 N. However, such an
actuator arrangement would require significant changes
to the vehicle design. The total actuator travel required to
achieve camber changes in the interval [-6° +6°] is 220 mm.
Further increasing the camber angle would require the use
of a tire with a rounded shape to reduce wear and provide
a better grip. If the same wheel pivot point is chosen, the
height on which the toe actuator force acts is between 91
and 103 mm. From the simulations, the highest value of
the M, moment is 182 Nm. This results in a total actuating

force of 2000 N. The requirements for the toe actuator
travel results from the kinematics of the wheel suspension
and should be around 100 mm, while using with camber
actuator. If only toe actuators are used the displacement
is decreased to around 20 mm

According to the simulations performed, the toe
control showed more promising results compared to the
camber angle control. Camber variation produced roll
increase, and as a result the largest RMS of sideslip angle,
lateral acceleration and tire lateral forces. Varying the toe
angle is much more effective than the camber; it does
not require significant changes to the vehicle and can
be controlled over a wide range with conventional tires,
while the camber angle can only be adjusted over a range
of [-6°, +6°].

B. Vehicle with Active Toe
Positioning

This subsection introduces the overall wheel positioning
control system architecture and provides governing equa-
tions. Figure 5 presents a simplified outline of the control
structure. The reference yaw rate is calculated by consid-
ering the measured road wheel angles on both the front
and rear axles, as well as estimates of vehicle speed and
the maximum friction coefficient.

The bicycle vehicle model (Figure 6) was used to
develop wheel positioning control.

For conventional vehicles, the dependence on front-
wheel steering can be expressed as follows [24]:

2
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m Bicycle model for 4-wheel steering vehicle
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where | — vehicle base [m]; R — trajectory radius [m];
m — vehicle mass [kg]; /¢, — distance from the center of
gravity to the front/rear axle [m]; C, ~tire cornering stiff-
ness for front and rear axle [N/rad]; V- vehicle velocity
[m/s].

Eq. (1) can be rewritten as

5= [\’, " KUSVJW; @

where K, — understeer gradient [rad - s>/m]; w — yaw
rate [rad/s].

In the case of the toe control, the steering effect takes
place on both the front and rear axles. In such a case, Eq.
(2) can be rewritten [24]:

5=5-6 = [\’/ " KUSV]l//. 3)

Structurally, steering is implemented by four addi-
tional toe actuators on each wheel. With such an archi-
tecture, vehicle control can be improved. A reference yaw
rate for a steady-state case is calculated from (3):

Vier = v (5:‘ - 5r); (4)

I+ K, V2

The estimated (available) friction is needed to
constrain the desired steady-state response, which can
be selected based on the friction utilized. The maximum
reference yaw rate can be determined as follows [25]:

Wimax = 0.85’”79; (5)

where u is the maximal friction coefficient, which can
be estimated through different technigues, for example,
using deep neural networks and computer vision, as
shown in [26]. The saturated reference yaw rate
is described:

Yrers |V ref

il//max 1 \Wrer

S l//max (6)

Vsat = .
> !//max

The saturated steady-state response cannot describe
the dynamic behavior of the vehicle. Therefore, the
second-order transfer function can be used for
this purpose:

2
1
wo( +2'S) . @

Vied = 2 5. 2
S 4 2EWes + W

where w, — natural frequency; and & — damping ratio.
Yaw rate error is defined as:

Verror = Wref,.d — Wactuals (8)

where v, 1S the actual yaw rate of the vehicle.
When v, increases up to the threshold, the yaw rate
control is activated.

The positioning of the rear wheel can be imple-
mented by proportional control, as shown in [23]:

5, =k (V)5 (t); 9)

where k(V) is a velocity-dependent proportional rear-
wheel steering gain according to the front-wheel
steering. In existing solutions for vehicles with a 4-wheel
steering, the steering logic depends on the vehicle
speed: at speeds below 40-60 km/h, the rear wheel is
turned in the opposite direction to the front wheel
(better maneuverability achieved); at speeds above 60
km/h, the wheels are turned in the same direction
(better handling and stability) [24]. In this paper k(V) was
developed using the methodology presented in [24], it
is presented in Figure 7.

The requirements for the controller were determined
by the industry's need for low computational power and
high robustness. PI control was proposed:

t
Aé‘f = Kpl//error + Ki jWerrordt; (10)
0

Velocity-dependent proportional rear-wheel
steering gain according to vehicle velocity

0.5
S 0
1

3 .05

0 50 100 150

Vehicle veloceity, km'h
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The proportional gain Kj, is velocity-dependent gain
and is calculated using Egs. (4) and (9):

|
Verror [V + Kusvj
= . (1)

AN (R0

Integral gain K; is based on the integration of yaw
rate error and it's magnitude.

For the realization of the toe control for the front and
rear axles as the most promising wheel positioning tech-
nique, a vehicle model was developed in IPG Carmaker,
validated using field test data [27], modified according to
the new corners design and combined with MATLAB/
Simulink.

A. Positioning System Using Four
Toe Actuators

Direct yaw rate control was implemented by using 4 toe
actuators as part of the wheel positioning system. The
Sine with Dwell (ISO 19365:2016) test was used to evaluate
the proposed control system.

The vehicle speed is set to be 100 km/h, and the
results are shown in Figure 8. It can be seen that the
vehicle with passive corners is unstable during the indi-
cated maneuver, and the yaw rate increases up to -1.06
rad/s.

It can be also observed that the yaw rate for the
vehicle with the four wheels active toe control system
switched on does not exceed -0.36 rad/s. Rear axle active
toe control also helps to keep the vehicle stable
during maneuver.

m Vehicle yaw rate for the Sine with Dwell
maneuver

Yaw rate, rad/s

20 22 24 26 28 30
Time, s

Vehicle with passive corners
Four wheel toe control

Rear axle toe control

Y] Vehicle trajectory (a) and velocity (b) for Sine with
Dwell maneuver
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Furthermore, Figure 9 shows the trajectory and
speed of the vehicle for the same maneuver. It can
be seen that the vehicle with passive corners could not
maintain the desired speed during the maneuver, while
the vehicle with active corners could hold the required
speed. Also, the passive corner based vehicle spins out
at the end of the maneuver, hence there is such a signifi-
cant difference in the trajectories (Figure 9a).

In addition, a simulation of DLC maneuver (ISO 3888-
1:2018) was performed, its results are shown in (Figure
10). It can be observed that the vehicle with a passive
corner design cannot perform a maneuver without exiting
the barrier (Eigure 10 b).

During a DLC maneuver vehicle speed was 80 km/h
and the steering wheel input is following a predetermined
sequence which is kept the same for both cases. As can
be seen from Figure 10 (a) vehicle with passive corners
achieved higher yaw rates compared to the vehicle with
the active ones. In Figure 10 (b) vehicle trajectory is
presented. The vehicle with passive corner design leaves
the track in order to maintain the desired velocity. The
proposed active toe control allows the vehicle to complete
the maneuver within the road boundaries while main-
taining the speed.

On the next step, the variations in sprung mass accel-
erations where investigated. In Figure 11, we present the
initial results of the Sine with Dwell maneuver, revealing
a noteworthy decrease in both lateral and vertical accel-
eration values. Specifically, the RMS for vertical accelera-
tion, during the time span from 22 to 35 seconds, shifted
from 0.46 m/s? to 0.20 m/s?, marking a substantial 56.5%



m Vehicle yaw rate for double lane-change

maneuver: yaw rate (a) and trajectory (b)
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m Accelerations achieved during double lane
change: lateral (a) and vertical acceleration (b) of sprung mass
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reduction. Similar analyses were conducted for the DLC
maneuver, with results illustrated in Figure 12. Here, the
RMS for vertical acceleration, within the time span from
9 to 18 seconds, underwent a significant change from
011 m/s? to 0.04 m/s?, signifying a remarkable 63.4%
decrease. It's important to note that literature typically
provides difference thresholds for sinusoidal and random
stimuli, which, under most adverse conditions, do not
exceed 20% [10,11].

It's worth mentioning that acceleration measure-
ments in this study consider the center of gravity of the
vehicle, as opposed to the occupant's seating position, as
is common in literature. However, the observed differ-
ences are substantial enough to indicate that occupants
are likely to perceive the improvements. Consequently, it
can be confidently asserted that the proposed active toe
control system for vehicle corners not only enhances
vehicle stability but also augments comfort levels. It is
anticipated that the maximum impact of this technology
will be realized with the development of an integrated
chassis control system.

Conclusions

In this study, we introduced a novel vehicle corner archi-
tecture encompassing both the front and rear axles, with
a particular focus on analyzing wheel positioning systems.
Our findings reveal that the impact of active camber angle
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adjustment is constrained by tire geometry, resulting in
only marginal increases in lateral force. Additionally, imple-
menting such adjustments would require substantial
actuator displacement, exceeding 200 mm for passenger
cars, potentially leading to packaging challenges.

Conversely, toe angle adjustment yields a more
substantial increase in tire lateral force and offers a wider
range of adjustability. Importantly, integrating toe actua-
tors into the vehicle's design does not necessitate complex
modifications.

To enhance direct yaw rate control, we proposed the
integration of toe actuators on both the front and rear
axles. This approach can serve as a viable alternative to
conventional dynamic control systems that rely on
braking forces or be employed in conjunction with
braking and propulsion systems. Achieved results indicate
that the vehicle successfully executed maneuvers with
the proposed control strategy, exhibiting minimal trajec-
tory and velocity deviations. Furthermore, the implemen-
tation significantly reduced the yaw rate in both scenarios,
contributing to improved vehicle performance
and stability.

Notably, the active wheel positioning system led to
reduced lateral and vertical accelerations during maneu-
vers. The notable decrease in the RMS of vertical accel-
eration surpasses the defined difference threshold, signi-
fying a perceptible improvement in occupant comfort
during extreme maneuvers.
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Definitions/Abbreviations

EV - electric vehicle

IWM - in-wheel motor

DT - difference threshold

MPC - model predictive control
DLC - double lane change

PID - Proportional integral derivative controller
RMS - Root mean square

CAD - Computer-aided design
SUV - Sport utility vehicle

DSC - Dynamic Stability Control
COG - Centre of gravity position
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