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ABSTRACT

The thesis deals with the design and analysis of a new type of adaptive speed
controller and robust trajectory tracking system for in-wheel electric vehicles. The
purpose of the adaptive speed controller is to design a velocity trajectory for the
vehicle/driver, with which several predefined performance criteria can be fulfilled
simultaneously. The purpose of the longitudinal/lateral control is to achieve such
distribution between the actuators of the vehicle, by which the energy optimal veloc-
ity and road trajectory tracking is robust even during failures in the vehicle system.
This requires the definition and proper weighting of safety, efficiency and comfort
performances. Optimum velocity planning and trajectory tracking are implemented
using vehicle electronic equipment (measuring system, communication elements, ac-
tuators) that provide historical and real-time information about vehicle, infrastruc-
ture, traffic and driver. The operation of the developed systems is demonstrated in
CarSim and TruckSim vehicle dynamics programs and VISSIM microscopic traffic
simulation environment, but some real life road tests have also been carried out to
test certain functions.

The scientific results included in the dissertation were brought to the professional
public through international journals and conference articles.

Keywords: in-wheel vehicle control, adaptive speed control, reconfiguration con-
trol, fault tolerant control, energy optimal control, LPV control.



ÖSSZEFOGLALÓ

Az értekezés egy új típusú adaptív sebességszabályozó valamint robusztus trajek-
tória követő rendszer tervezésére és elemzésére dolgoz ki módszereket kerékagymo-
toros jármű számára. Az adaptív sebességszabályozó célja egy olyan sebesség trajek-
tória tervezése a jármű/járművezető számára, mellyel több előre definiált mi-nőségi
kritérium egyidejűleg teljesíthetővé válik. A longitudinális/laterális irányítás célja
a kerékagymotoros jármű beavatkozói közötti olyan elosztás megvalósítása, mely az
energia optimális sebesség és pályakövetés mellett a járműrendszerben bekö-vetkező
meghibásodásokkal szemben is robusztus. Ehhez a biztonsági, gazdaságossági és
a kényelmi performanciák definiálása és megfelelő súlyozása szükséges. Az opti-
mális sebesség tervezése és a trajektória követő irányítás megvalósítása a jármű
elektronikus fedélzeti berendezéseinek (mérőrendszer, kommunikációs elemek, bea-
vatkozók) segítségével történik, melyek historikus és valós idejű információkat szol-
gáltatnak a járműre, az infrastruktúrára, a forgalomra, valamint a járművezetőre
vonatkozóan. A kidolgozott rendszerek működése CarSim és TruckSim járműdi-
namikai programokban, illetve VISSIM mikroszkópikus forgalmi szimulációs környe-
zetben kerülnek bemutatásra, de valós közúti mérésekben is sor került egyes funkciók
tesztelésére.

Az értekezésben foglalt tudományos eredmények nemzetközi folyóiratés konfer-
enciacikkeken keresztül kerültek a szakmai nyilvánosság elé.

Kulcsszavak: kerékagymotoros járműirányítás, adaptív sebességszabályozás, rekon-
figuráló irányítás, hibatűrő irányítás, energia optimális irányítás, LPV szabályozás.
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1. INTRODUCTION AND MOTIVATION

1.1 Motivation

As interest in environmentally friendly transportation is increasingly growing,
electric vehicles receive more and more attention from researchers and car compa-
nies as well. Specifically, in-wheel electric vehicles have several benefits compared
to conventional vehicles and other types of electric vehicles as well. The compact
design of the wheel hub motors and the lack of powertrain components such as
gearbox, differential and drive shaft makes it possible to create spacious cabin for
passengers, while the weight of the vehicle can be reduced as well. Due to the di-
rect link of the hub motors with the wheels of the vehicle, mechanical losses can
be reduced significantly. Hence, the advantages provided by in-wheel motor driven
electric vehicles are broad, since such architecture enables to design more effective
vehicle dynamic controllers as proposed by [113, 134, 19]. From a vehicle dynamics
point of view, the independently controllable in-wheel motors creates an opportu-
nity to design new types of vehicle controllers. Especially, the capabilities of a
four-wheel independently-actuated (4WIA) electric vehicle enables novel techniques
to improve safety and economy at the same time. Recent studies have shown that
production technologies of in-wheel motors have improved greatly, thus lower manu-
facturing costs can be achieved, see [8]. Hence, several automotive companies focus
on the development of in-wheel driven electric vehicles, but also the hybridization
of conventional vehicles with in-wheel motors is an emerging field, see [83].

One of the main focus of this thesis is the design of a high-level fault tolerant
control for 4WIA electric vehicles based on Linear Parameter Varying (LPV) frame-
work. The advantage of the presented method is that fault of one or more electric
motors or the steer-by-wire steering system can be handled in the same control
scheme, see [MG15b, GBM+15, MGN17a, MG14b, GBS+14, MNG14, GBM+14].

Another challenging task of electric vehicle design is to enhance the range of the
vehicle, since charging of the battery is time consuming and the infrastructure is less
developed. For this reason, researchers and industrial companies have been focusing
on improving the batteries as one of the key element of electric vehicles. The other
main subject of this thesis is the design of control methods enhancing the efficiency
of 4WIA electric vehicles based on control reconfiguration. For this purpose, a local
control method is designed on the basis of the previously mentioned fault-tolerant
reconfiguration LPV control, focusing on augmenting the high-level control signal
allocation with energy efficiency considerations. Previous research already addressed
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the minimization of cornering energy through constrained optimization and the con-
sideration of road characteristics, see [MG16a, MGN16, MGN17b, MG18, MGB19].
Although these methods have proven to increase the battery state-of-charge (SOC)
and the range of the 4WIA vehicle in simulation environment, the computationally
cumbersome optimization method is hard to implement. Hence, in the thesis the
reconfiguration is based on preliminary analysis conducted with a 4WIA vehicle
consisting battery and motor model with the consideration of regenerative braking
[GMB20].

Next, an adaptive look-ahead cruise control is introduced for enhancing energy
efficiency of the 4WIA vehicle, using global information about the infrastructure
and vehicle environment. Cruise control systems automatically maintain steady
speed set by the driver, while adaptive systems enhance conventional cruise control
systems by enabling the vehicle to follow preceding vehicles automatically at a safe
distance. However these controllers are only able to consider instantaneous effects of
road and traffic conditions, since they do not have information about the oncoming
road sections. Assuming that information about the road and vehicle environment is
available using on-board devices or cloud infrastructure, an energy optimal velocity
can be designed for the vehicle, by which the number of unnecessary accelerations
and brakings can be reduced. Consequently, energy required by the actuators and
fuel consumption can be reduced.

A speed design method considering terrain characteristics, velocity regulations
and traveling time was proposed by [88]. Several studies have been conducted on
this look-ahead algorithm, for example considering the effects of the tuning param-
eters were analyzed in [89]. , while safe cornering considerations has been inves-
tigated in [MeG14, MG13b]. It has been shown, that the velocity proposed by
the automatic system may interfere with the velocity selected by the driver, see
[MNG12a, MNG13]. As the driver only has visual information about the oncoming
road during the journey, only a shorter distance ahead is visible compared to the
automatic system, since the latter has road information about the entire journey.
The driver’s behavior in term of velocity selection depends on instantaneous effects,
such as disturbances acting on the vehicle, the traffic situations etc. In this thesis
a new method is presented, where driver behavior is incorporated in the velocity
trajectory design. For the realistic mapping of the driver behavior, a hardware-in-
the-loop simulation system is used. Since testing embedded control systems on real
vehicles may depend on the availability of prototype vehicles, automotive companies
tend to use more and more vehicle simulators in order to execute typical test scenar-
ios, see [121]. Thus, in this thesis a hardware-in-the-loop (HIL) simulator based on
a real vehicle is used [MNG18, MBNG17], where a high-accuracy validated simula-
tion software is attached to several hardware components. This simulator has been
used to set up longitudinal and lateral driver models based on driver experiments,
see [MeG14, MG15a, MG16b]. With measured data of both the automatic system
and the driver the velocity selection can be compared as well as the total energy
consumption. With the information gained on simulator studies, longitudinal driver
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model has been set up and incorporated in the velocity design process.
Moreover, since the velocity profile of the look-ahead controlled vehicle can de-

viate greatly from that given by a conventional cruise control or a driver, the effect
on the traffic flow may be adverse in certain situations. For example, the unique
velocity selection of a look-ahead controlled vehicle may alter the motion of sur-
rounding vehicles. Thus, due to the difference in velocity selection compared to
uncontrolled vehicles which motion can be described by classical car following and
lane changing models as proposed by [46, 38], harmful oscillations can develop in
the traffic flow. Thus, it is important to analyze the effect of the look-ahead control
on the traffic flow by considering the ratio of the look-ahead vehicles in the road
network, traffic density and the energy-scaling parameter of the proposed optimiza-
tion algorithm. The analysis is carried out both in the Matlab environment and
in the VISSIM microscopic traffic simulation environment, see [MNBG15, NGM16].
Incorporating traffic information gained by floating car data (FCD) systems in the
velocity planning process of the look-ahead cruise control system is also possible, see
[MG13c, MG13b]. By this means, the energy optimal velocity profile of the vehicle
can be in coherence with the oncoming traffic augmenting the functionality of the
look-ahead method.

1.2 Literature overview

In the in-wheel motor system, electric motors are built into the hub of the wheels
and they are driven directly. An appropriately balanced in-wheel system is able to
improve the yaw dynamics of the vehicle by adapting road conditions. By using
integrated vehicle control the operations of the in-wheel motors can be designed.
Integrated vehicle control methods has been researched by several authors recently
[27, 109, 135, 32]. The main advantage of integrated control is the coordinated
control of vehicle subsystems with respect to the coupling of vehicle dynamics. By
integrated control of steering, braking, suspension the conflicts among these sub-
systems can be avoided by the supervision of a central controller. One of the most
important task in vehicle control is to preserve yaw stability during cornering in
order to avoid skidding of the vehicle. In the research papers and industrial practice
differential braking is the most popular way to realize yaw stability of the vehicle,
although this can be achieved by active torque distribution [137] and active steer-
ing [141] as well. Integrated control that cooperates four wheel steering and yaw
moment control to improve the vehicle handling performance and stability has also
been researched [59, 128].

Due to the complexity and dynamic behavior of in-wheel vehicles equipped with
four independent electric hub motors even more attention is required on fault-
tolerant control design, since a faulty hub motor can degrade the performance or
even destabilize the motion of 4WIA vehicles. Fault detection and fault-tolerant con-
trol strategies for ground vehicles has been broadly studied, see [10, 61]. Some of the
research focuses on the fault-tolerant design of wheel hub motor itself to guarantee
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a high-torque density and the capability to achieve an adequate level of performance
following a failure, as proposed by [53]. The performance of in-wheel motors may
degrade due to mechanical failures, overheating, or faults connected to the motor
control system. In [127] a fault-tolerant control system was designed to accommo-
date hub motor faults by automatically reallocating the control effort among other
healthy wheels. Here, a sliding mode high-level controller and a quadratic program-
ming allocation method handled the distribution of wheel torques. Another sliding
mode control has been developed by [73] to deal with a faulty in-wheel motor by re-
arranging steering geometry depending on the location of the fault. [51] proposed a
fault-tolerant control based on the estimation of the maximum transmissible torque
for each wheels. Also, the steer-by-wire steering system failures can be handled
more effectively in a 4WIA vehicle by using differential drive assisted steering, as
presented by [49]. A robustH∞ yaw rate tracking controller based on the well-known
bicycle model was presented in [60] considering the performance degradation of the
active steering system and the in-wheel motors. In [87] the integration of in-wheel
motors to different kind of suspension systems were analyzed. High performance
wheel slip control has been designed by several authors, see [19, 104]. Rollover
avoidance control for in-wheel vehicles has also been studied, see [65]. Also, the use
of supplementary energy sources such as solar panels are becoming widespread, as
the recuperation of the vehicle motion energy has also been investigated broadly, see
[102, 95]. It has been shown, that 4WIA electric vehicles can not only provide better
performance in vehicle dynamics aspects, but their efficiency can also be enhanced
with energy-optimal wheel-torque distribution, see [20, 125]. These methods mainly
focus on considering the specific characteristics of the electric motors. As the oper-
ation of the hub motors can be controlled and monitored more precisely and faster
compared to conventional electric drivelines, regenerative braking can be realized
more efficiently, see [124, 104]. On the other hand, the significant mass of the wheel
hub motor can adversely affect ride comfort and road stability of the vehicle. An
active suspension control of in-wheel vehicles has been developed to eliminate the
vertical vibrations of the sprung mass, see[126]. A semi-active suspension control
solution using electronic adjustable damper has been introduced in [92], where the
presented method had been realized in a HIL environment.

Look-ahead cruise control methods considering forward road conditions such as
road slopes have been studied by several authors. An advisory system for speed
optimization of a city bus using offline dynamic programming has been presented
in [93]. Approximating residual cost and selecting the horizon length has been
analyzed in [44]. [68] presented a method based on a Markov chain model. In [56]
it has been shown, that in case of an engine with significantly non-linear fuel map,
fuel saving can be obtained by varying the velocity of the vehicle in coherence with
forward road conditions. [100] proposed a look-ahead control strategy for trucks
defined as an open-loop, finite-horizon optimal control problem solved repetitively.
Most of above methods are computationally cumbersome and are not applicable on
recent on-board units. Hence, an analytical solution for the look-ahead optimization
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problem which can be implementable on recently available on-board units have been
presented in [96] and compared to the solution of dynamic programming algorithm.
In [45] the approach was evaluated in real experiments where the road slope was
estimated by the method in [106]. A cloud-based advisory velocity optimization
method has also been introduced in [33], where cloud computing has been used to
solve the computation-intensive calculations of the dynamic programming algorithm.

Modeling the vehicle, driver has been studied broadly by several researchers and
automotive companies as well, since understanding driver behavior is one of the key
element in driver assistance and autonomous system design. [66] developed a hybrid
driver model, in which the discrete event system theory is combined with the classi-
cal control theory. In the driver model visual perception was divided into two classes,
i.e., the traffic-relevant and the vehicle-relevant factors. Multiple driver models were
constructed for the driver assistance systems by [36]. Based on the inverse of the
bicycle model and the proposed voting and switching rule the necessary steering
operation was calculated. A simple control oriented model was introduced by [47],
where high and low-frequency elements were distinguished. However, transfer func-
tion models are only capable of defining driver behavior under small perturbations
[122]. Neural network model, fuzzy logic and genetic algorithm approaches of the
driver models were also widely used, see e.g., [63]. A car-following driver model in the
model-tracking problem was formulated and identified and a quadratic cost function
was minimized in [16]. The results of the identification method were validated by
using real freeway measurements. Different driver models and driver/vehicle/road
interactions were reviewed by [40]. A framework of controlling a system with mul-
tiple interactive control loops including a continuously activated primary loop and
discretely activated secondary loops was proposed by [78]. In the primary loop
there was the driver while in the secondary loops there were the electronic devices.
Weather conditions were also considered in the modeling of the driver, see [48].
Parameters of a driver model is estimated by using driving simulator experiences
and measurements. An identification method for a human driving model based on
measured car-following data was presented in [72]. Here a Gipps model was imple-
mented in the simulator for verification purposes and the proposed method was used
for collision warning and avoidance systems. [132] introduced queuing networks for
modeling driver performance and mental workload. [82] presented a driver model
combining the driver-vehicle system and identifying both lateral and longitudinal
models. For capturing the prediction ability of the driver in the sense of scanning
the future road path, several preview models have been introduced. A verified model
in which the driver reacts like a preview optimal controller was proposed by [81].
This model has been extended by [122] to give additional flexibility to represent
different types of drivers. Decreasing certain parameters (preview time, visual per-
ception, control gains) of an optimal preview controller and increasing others such as
reaction time showed to model well the performance deviation of an impaired driver
[71]. The relationship between preview length and steering gain was examined for
different drivers by [101]. An optimal control method and a Lyapunov-Krasovskii
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functional approach was proposed by [58] to define a mathematical driver model con-
sidering preview information of the path. A non-linear mathematical driver model
for steering control was also introduced by [110], where the model was derived from
linear discrete time preview control theory. A combined driver-vehicle model by [24]
investigated the influence of steering torque feedback and neuromuscular dynamics.
A two-level approach was presented by [29] with a feed-forward and compensatory
closed loop control to model the steering behavior of the driver. A race driver
model was set up by [14]. The optimal trajectory was planned with an algorithm
determining the best compromise between the shortest track and the track with
the minimum curvature. A driver model addressing the driver’s behavior in a pre-
accident situation was proposed by [62] and the model parameters were identified by
track tests. A real-time identification method was introduced by [118], where yaw
angle feedback was used for steering manipulation after prefiltering the measure-
ment data. Observable driving signals can be divided into three major groups [86]:
driver related (pedal and steering usage, eye and body movements, etc...), vehicle
related (velocity, acceleration, engine speed, yaw rate, etc..) or vehicle-environment
related (vehicle position in lane, following distance, yaw angle, etc...). Note, that
several experiments are based on using driving signals from different groups listed
above, measured with different type of sensors. Driver behavior can be monitored
directly by using on-board electronic devices, such as video cameras [52, 84]. By
this mean, the body posture, eye and hand movements can be examined directly
in order to classify drivers or to recognize dangerous driving situations. A number
of studies has shown that inertial senors in smartphones can also provide data to
detect driving events [108] and even to classify drivers [112]. Moreover, vehicle CAN
bus information can also be used to derive data regarding driver behavior. In [18]
a classification method was introduced to identify driver behavior (quiet, normal,
aggressive) in stop and go urban environment using vehicle data (throttle opening
angle, brake circuit pressure, vehicle speed) and obstacle data measured by radar. A
driving style recognition method with supervised learning (SVM) technique has been
presented by [79], using inertial sensor data via CAN bus. Longitudinal accelerom-
eter and gyro data was used for driver classification. In [22] steering wheel angle,
brake status, acceleration status, and vehicle speed gained from the vehicle CAN
bus was used to categorize driving events, identify driver distraction and behavior
characteristics using Hidden Markov Models. In [57] the driver safety classification
(timid, cautious, conservative, neutral, assertive, aggressive) was based on vehicle
data gained by devices using CAN bus and OBD-II information as well as GPS data.
Vehicle velocity, acceleration, jerk, engine speed data had been collected for every
test driver on their routes and threshold values had been given to determine the
number of violations in order to categorize the drivers. Note, that advanced driving
simulators can also be applicable in driver behavior classification [55, 34].

From the literature overview, research gaps had been identified for the 4WIA ve-
hicles: an integrated, reconfigurable control structure is necessary to realize the fault
tolerant and energy optimal criteria, which is in the focus of recent studies. In the
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thesis, these goals are met by focusing on the advantages of the 4WIA architecture
from a control point of view, namely:

• In-wheel motors can be controlled precisely with very little reaction time for
both torque and speed reference signals. The possibility of controlling each
wheels of the vehicle quickly and accurately enables to design high-performance
control systems.

• The efficiency of regenerative braking can be increased with the independent
operation of the wheels.

• By the knowledge of the exact motor torques, the force between the wheel and
the road can be estimated simply, as well as the adhesion coefficient.

Thus, the following research topics had been identified:

• Reconfigurable control of the over actuated in-wheel vehicle. The vehicle is
controlled by the four hub motors and the steer-by-wire steering system. In
case of steering failure the control should be reconfigured in order to stabilize
the vehicle with torque vectoring. On the other hand, a faulty in-wheel motor
can be compensated with additional steering intervention.

• Reconfiguration of high-level control signals can also influence the battery
SOC, thus the range of the electric 4WIA vehicle. High-level control allocation
should be designed considering road characteristics and vehicle dynamics to
enhance battery SOC.

• Appropriate allocation of the high-level control signals is necessary to achieve
better traction by considering pitch and roll dynamics. Hence, an optimiza-
tion procedure has to be designed based on the on-board acceleration mea-
surements.

• Consideration of oncoming road conditions and vehicle environment is nec-
essary to further enhance the energy efficiency of the 4WIA vehicle, while
increasing the comfort of the passengers as well.



2. FAULT-TOLERANT INTEGRATED CONTROL DESIGN FOR
IN-WHEEL MOTOR VEHICLES

The chapter deals with the fault-tolerant velocity and path tracking control de-
sign for a four-wheel independently-actuated (4WIA) electric vehicle. The designed
integrated vehicle control strategy enables to combine and supervise all control com-
ponents affecting vehicle dynamics responses. The system is designed such way that
the effects of a control subsystem on other vehicle functions are taken into considera-
tion in the design process by selecting among the various performance specifications.

The purpose of the proposed method is to ensure stability of the 4WIA vehicle
in the event of a fault or performance degradation related to the in-wheel electric
motors or the steer-by-wire steering system. In case the demanded yawing torque
cannot be realized with the four in-wheel motors due to actuator failure, the high
level controller reconfigures and more steering is applied to stabilize vehicle motion.
On the other hand, during a fault event in the steer-by-wire steering system, the
high level controller reconfigures to apply more yawing torque for the vehicle.

On the level of the individual vehicle components the control problem is formu-
lated and solved by a unified modeling and design method provided by the linear
parameter varying (LPV) framework. The LPV framework allows us to take into
consideration the nonlinear effects in the state space description while maintaining
much of the possibilities of the robust linear design. The requested global behavior
is achieved by a judicious interplay between the individual components guaranteed
by an integrated control mechanism. The main novelty of the proposed method lies
in the high-level LPV control reconfiguration strategy based on the specific design
of weighting functions handling actuator selection.

2.1 Control-oriented model of the vehicle

The goal of the design is to ensure trajectory and velocity tracking for the 4WIA
vehicle taking longitudinal and lateral dynamics into account, while neglecting the
vertical behavior of the vehicle. Thus, for the modeling of the 4WIA vehicle dynam-
ics, the well known two-wheeled bicycle model is used, see Figure 2.1. The motion
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equations in the planar plane can be written as follows:

Jψ̈ = c1l1α1 − c2l2α2 +Mz (2.1a)

mξ̇(ψ̇ + β̇) = c1α1 + c2α2 (2.1b)

mξ̈ = Fl − Fr (2.1c)

where m is the mass, J is the yaw-inertia of the vehicle, c1 and c2 are corner-
ing stiffness of the tires on the front and rear axle which can be identified [94].
The distances measured from the center of gravity to the front and rear axes are
represented with l1 and l2. The side slip angles of the front and rear wheels are
α1 = δ − β − ψ̇l1/ξ̇ and α2 = −β + ψ̇l2/ξ̇. The yaw rate of the vehicle is expressed
with ψ̇, while the vehicle side-slip angle is β and ξ is the longitudinal displacement
of the 4WIA vehicle.

α1

α2

βv

l1

l2

Xgl

Ygl

Xv

Yv

ψ

yv

ygl

Mz

v1

v2

δ

Fig. 2.1: Single track bicycle model

The high-level control inputs of the vehicle system are the following: longitudinal
force Fl, yaw moment Mz generated by torque vectoring of the in-wheel motors,
steering angle δ of the front wheels. In the design of the trajectory and velocity
tracking controller, disturbance forces affecting the longitudinal dynamics are also
considered. Namely, the aerodynamic drag, the slope of the road, the wheel rolling
resistance and the cornering resistance are also considered as:

Fr = 0.5CdηAF ξ̇
2 +mg sinαs +mgf cosαs + (2.2)

+2Fyf sin(α1 + δ) + 2Fyr sin(α2)
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where Cd is the aerodynamic drag coefficient, η is the air density, AF is the
contact surface of the vehicle, αs describes the road inclination angle, f is the
road friction coefficient connected to rolling resistance, while g is the gravitational
constant. Note, that Fyf = c1α1 and Fyr = c2α2 are the lateral tyre forces on the
front and rear axle.

The system matrices depend on the velocity of the vehicle ξ̇ nonlinearly. It is
assumed that the velocity is available, i.e., it is measured or estimated, see e.g [114].
Using a scheduling vector ρ1 with the scheduling variable ρ1 = ξ̇ the nonlinear model
is transformed into an LPV model.

The state-space representation of the LPV model can be written as follows:

ẋ = A(ρ1)x+B1w +B2(ρ1)u (2.3)

where

A =


0 0 0 0
1 0 0 0

0 0
c1l21−c2l22

Jξ̇

c2l2−c1l1
J

0 0 −c1l1+c2l2
mξ̇2

− 1 −c1−c2
mξ̇

 , B1 =


−1
m

0
0
0

 , B2 =


1
m

0 0
0 0 0
0 c1l1

J
1
J

0 c1
mξ̇

0


The state vector x =

[
ξ̇ ξ ψ̇ β

]T
contains the vehicle velocity, the displace-

ment, the yaw rate and the side-slip angle. Note, that the control inputs defined
above are given in the input vector u =

[
Fl δ Mz

]T , while the measured outputs
are the velocity and the yaw rate represented by y =

[
ξ̇ ψ̇

]T
. The disturbances of

the system are described by w =
[
Fd
]T .

2.2 High-level controller design

For the nonlinear model of the 4WIA vehicle listed in Section 2.1 a gain schedul-
ing LPV controller is necessary to guarantee a global solution. The reference sig-
nals for the autonomous vehicle to follow are the reference velocity ξ̇ref and yaw
rate ψ̇ref . The reference yaw rate is calculated based on the road curvature as
ψ̇ref = ξ̇ref/Rroad, while the reference velocity is set in coherence with the speed
limits for the given road. Note that the proposed control system may also operate
without autonomous functionality, in which case the reference signals are set by the
driver. In latter case, the reference yaw rate is given by the driver steering inter-
vention δd as follows [103]: ψ̇ref = v/d · e− t

τ · δd, where τ is the time constant, d is a
parameter depending on the vehicle geometry and velocity.

The two signals are put in a reference vector R = [ξ̇ref ψ̇ref ]T . Thus, the control
task is to follow the signals given in vector R, for which two optimization criterion
must be satisfied at the same time. Both the velocity error zξ̇ = |ξ̇ref − ξ̇| and yaw
rate error zψ̇ = |ψ̇ref − ψ̇| must be minimized with the consideration of the opti-
mization criterion zξ̇ → 0 and zψ̇ → 0. These are represented with the performance
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vector z1 =
[
zξ̇ zψ̇

]T , while the limitation of the control inputs connected to the
physical set-up of the in-wheel motors and steering system are defined by a second
performance vector z2 =

[
Fl δ Mz

]T .
The proposed high level controller is based on the closed-loop P-K-∆ architec-

ture, as depicted in Figure 2.2. Here, P is the augmented plant in which uncertainties
given by ∆ are taken into consideration and K is the controller.

G(ρ1)

K(ρ1)

F

W

W

W

W

W

u y

d

u

p

a

n

P

K R

w

wn

z

z

1

2

ρ1
b

b

b

b

Fig. 2.2: Closed-loop interconnection structure

The design is based on selecting relevant weighting functions representing control
objectives, disturbances, sensor noises. The purpose of weighting function Wp is
to ensure a tradeoff between the performances defined in z1, serving as penalty
functions, i.e. weights should be large where small signals are desired and small
where large performance outputs can be tolerated. The purpose of the weighting
functions Ww and Wn is to reflect the disturbance and sensor noises, and are chosen
in a linear and proportional form. The uncertainties of the system (unmodelled
dynamics, uncertain parameters) are handled by the ∆ block, whereas the neglected
dynamics is represented by the weighting function Wu. Three weighting functions
are applied for the proper intervention of the actuators, represented by Wa. Note,
that these weighting functions are given in a second-order proportional form as
follows:

Wp = ϑ
κ2s

2 + κs+ 1

T1s2 + T2s+ 1
(2.4)

where ϑ, κ1,2 and T1,2 are designed parameters.
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Fig. 2.3: Bode plot of the weighting functions

The Bode plot of some of the important designed weighting functions are shown
in Figure 2.3.

The LPV performance problem is to select the parameter-varying controller such
way, that the quadratic stability of the resulting closed-loop system is guaranteed
and that the induced L2 norm from the disturbance ω to the performances z is less
than the value γ, see [11, 98]. Thus, the minimization task is defined as:

inf
K

sup
%∈FP

sup
‖w‖2 6=0,w∈L2

‖z‖2
‖w‖2

≤ γ. (2.5)

where w is the disturbance, ∆ stands for the unmodelled dynamic of the vehicle
system. The solution of an LPV problem is governed by the set of infinite dimen-
sional LMIs being satisfied for all ρ ∈ FP , thus it is a convex problem. In practice,
this problem is set up by gridding the parameter space and solving the set of LMIs
that hold on the subset of FP . When the LPV controller has been synthesized, the
relation between the state, or output, and the parameter is used in the LPV con-
troller, such that a nonlinear controller is obtained, see [133]. Thus, a Linear Matrix
Inequalities (LMIs) based solution is given for the quadratic LPV γ-performance
problem, thus a feedback gain is computed for each vertex. The LPV control K(%)
is constructed such way, that the global gain is a convex combination of the local
ones.

2.3 Control implementation

The reconfigurable control system is implemented in a hierarchical structure.
The design of the multi-layer, reconfigurable control system can be seen in Figure
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2.4.

Fig. 2.4: Hierarchical structure of the control system

The purpose of the high-level controller in the first layer is to calculate the control
inputs using the measured signals and the scheduling variable ρ2. The purpose of
wheel force distribution in the second layer is to distribute the longitudinal force
and the yaw moment desired by the LPV control between the four in-wheel electric
motors. In order to define the wheel torques, a dynamic allocation method is used
combining details presented in [139] and [113]. The pitch dynamics of the vehicle is
considered assuming the longitudinal acceleration to be measured. Thus, the front
and rear axle loads can be expressed as:

Fzf =
mgl2 −maxh

(l1 + l2)
, Fzr =

mgl1 +maxh

(l1 + l2)
,

where h is the height of the center of gravity and ax is the longitudinal acceleration.
Accordingly, the load transfer distribution between the front and rear axles can be
written as:

Fzf
Fzr

=
mgl2 −maxh
mgl1 +maxh

= κ

The longitudinal force can be expressed by the axle load Fi = µFzi, where µ is
the longitudinal adhesion coefficient. In order to distribute the longitudinal load
transfers, the coefficient κ is introduced: Ff/Fr = κ. Consequently, the following
expressions are applied: FrL = κFfL, FrR = κFfR.

Assuming δ to be small, the longitudinal force Fl given by the high-level controller
must satisfy the following equation:

Fl = FfL + FfR + FrL + FrR

where Fij i ∈ [f = front, r = rear], j ∈ [L = left, R = right] are the longitudinal
wheel forces of the front and rear wheels on the left and right. The required yaw
moment Mz, which must be realized with the differential drive/brake torques of the
in-wheel motors, is as follows:

Mz = (−FfL + FfR)
bf
2

+ (−FrL + FrR)
br
2

(2.6)
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Consequently, the longitudinal force and the yaw moment are expressed as fol-
lows:

Fl = (FfL + FfR)

(
1 +

1

κ

)
Mz = (−FfL + FfR)

(
bf
2

+
1

κ

br
2

)
Rearranging these equations the wheel forces are as:

FfL =
Fl

2
(
1 + 1

κ

) − Mz

bf + 1
κ
br
, FrL =

1

κ
FfL,

FfR =
Fl

2
(
1 + 1

κ

) +
Mz

bf + 1
κ
br
, FrR =

1

κ
FfR

Finally, the torques to be generated by the in-wheel motors can be expressed as
Tij = ReffFij.

Finally, the third layer contains the specific low-level controllers of the steer-by-
wire steering system and the four electric in-wheel motors of the vehicle, transform-
ing the control signals into real physical parameters. In the design of the low-level
controllers the specific nonlinear properties of the actuator must be taken into con-
sideration. In the steering system, the electric servomotor moving the rack is most
commonly operated with Pulse Width Modulated (PWM) signal. Depending on the
construction of the in-wheel hub, the electric engine can be controlled with PWM
signals. Note that in some constructions of in-wheel motors the steering and braking
actuators are all integrated in the wheel as well, and controlled by the drive-by-wire
system. Here, the steering is modeled as a first order system as discussed in [116].
Considering the much faster torque response of the in-wheel motors compared to
the dynamic response of the wheels, it can be modeled as a second-order system (see
[115]) given by the following transfer function:

Tmij (s) =
Tij(s)(1 + η)

1 + 2ζ + 2ζ2
(2.7)

where Tij are the prescribed torques, Tmij are the real output torques of the
motors, while ζ and η are design parameters considering the response time and
steady state error of the electric motors assumed to be measured by experiments.

2.4 Simulation results

Simulation has been performed in CarSim with a small 4WIA vehicle equipped
with four in-wheel motors and a steer-by-wire steering system. The physical param-
eters of the electric hub motors based on specifications given by [130] are shown in
Table 2.1.
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Tab. 2.1: Electric motor specifications
Parameter Value Unit
Total motor mass 34 kg
Peak output power 75 kW
Continuous output power 54 kW
Peak output torque 1000 Nm
Continuous output torque 650 Nm
Nominal input voltage range 200− 400 V dc

Tab. 2.2: Parameters of the 4WIA vehicle
Parameter Value Unit
Vehicle mass (m) 830 kg
Yaw moment of inertia (J) 1110.9 kgm2

Distance from C.G to front axle (l1) 1.103 m
Distance from C.G to rear axle (l2) 1.244 m
Tread front (bf ) 1.416 m
Tread rear (br) 1.375 m
Height of COG (hCOG) 0.54 m
Cornering stiffness front (c1) 22 kN/rad
Cornering stiffness rear (c2) 85 kN/rad
Aerodynamic drag co-efficient (cw) 0.343 −
Front contact surface (A) 1.6 m2

Other physical parameters of the 4WIA vehicle including mass, aerodynamic
coefficient, suspension geometry and wheel cornering stiffness are those of a conven-
tional A-Class vehicle, see Table 2.2.

In the simulation example the task for the in-wheel vehicle is to follow the S-
Turn shown in Figure 2.5. The trajectory tracking is defined by a reference yaw rate
and reference velocity given by the calculated road curvature and speed limit, see
Figure 2.6. As depicted in Figure 2.6 (a), the reference yaw rate given by the road
curvature has relatively big overshoots at the entry and exit of the curves, which
implies overshoots in the actuator signals as well. Note, that during the simulations
an initial velocity equal to the speed limit is set for the vehicle.

The simulation example presents the operation of the in-wheel electric vehicle.
The reference yaw rate and velocity are generated by both in-wheel electric motors
and steering. The designed high-level control signals, i.e., the longitudinal forces,
the yaw moment and the steering angle, are presented in Figure 2.7 (a)...Figure 2.7
(c), while the implemented low-level control signals, i.e., the in-wheel electric motor
torques and steer angle are in Figure 2.8 (a) and Figure 2.8 (b) . The steering angle
is in the ± 2.5 deg interval, the longitudinal forces are below 550 N, the yaw moment
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Fig. 2.6: Reference signals

is in the ± 1000 Nm interval, while the electric motor torques are between -100 Nm
and +200 Nm. Note, that due to the abrupt change in the reference yaw rate at
the entry and exit of the curve, the steering angle and yaw moment intervention
has also relatively big overshoots. This phenomenon can be handled by smoothing
of the road reference, or altering of the reference signal. Hence, in Chapter 3 the
high-level LPV controller is reformulated, and lateral error from the road reference
data points are used in the lateral control design.

During maneuvers the vehicle slips increase both in the longitudinal and the
lateral directions. The longitudinal wheel slips are below 0.02 and lateral side-slip
angles are below 2.5 deg, which are illustrated in Figure 2.9 (a) and Figure 2.9 (c),
respectively. The performance signals, i.e., the yaw-rate error and the velocity error,
are shown in Figure 2.9 (b) and Figure 2.9 (e), respectively. The lateral deviation
from the centerline of the road during the maneuver is within 0.3 m, which is also
acceptable, see Figure 2.9 (d).
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Fig. 2.7: High-level control signals
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Fig. 2.8: Low-level control signals
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Fig. 2.9: Performances of the in-wheel electric vehicle

.
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2.5 Reconfigurable fault-tolerant controller design

Note, that another scheduling variable ρ2 is also introduced responsible for the
high level control allocation between steering intervention and yaw moment genera-
tion. The goal of the integrated design is to determine the value of ρ2 such way, that
safety of the 4WIA vehicle can be guaranteed even under actuator failures. Thus, a
real-time calculation is carried out to define ρMz

2 and ρδ2, while a decision logic sets
the value of ρ2 considering priorities.
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Fig. 2.10: Closed-loop interconnection structure

The main focus of the investigation is connected to the weighting function Wa,
responsible for the control reconfiguration between actuators. The goal of the design
is to ensure an optimal split between steering and torque vectoring for the 4WIA
vehicle. These criterion are realized by the scheduling parameter ρ2 ∈ [0.01, 1],
which holds for the scaling of the actuators, see the modified closed-loop P-K-∆
architecture depicted in Figure 2.10 Thus, the weighting function of the steering
Waδ = (δmaxχ1)/(ρ2) and the differential torque generationWaMz = (ρ2)/(Mzmaxχ2)
are dependent on ρ2, with δmax and Mzmax representing the maximal steering angle
and yaw moment, χ1 and χ2 are design parameters tuned to achieve an appropriate
control reallocation. The consideration of safety are implemented by the defining
the value of ρ2 based on the calculated parameters ρMz

2 and ρδ2.

2.5.1 Consideration of fault events

The reconfiguration method in case of a faulty in-wheel electric motor is based
on the specific property of the in-wheel motor construction. The fast and accurate
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torque generation of the electric motors and the direct link to the wheels enables to
give a precise estimation of the transmitted longitudinal wheel forces for each wheels
of the 4WIA vehicle. For this purpose, the wheel dynamics must be considered, given
as follows:

Jijω̇ij = Tmotorij −ReffF
trans
ij , (2.8)

where Jij i ∈ [f = front, r = rear], j ∈ [L = left, R = right] is the wheel
inertia, ω̇ij is the measured angular acceleration, Reff is the effective rolling radius
of the wheels, Tmotorij is the torque produced by the in-wheel engines, which can be
measured. Thus, assuming no wheel slip the transmitted longitudinal drive or brake
force F trans

ij can be calculated directly rearranging (2.8). When longitudinal wheel
slip λ occurs, the friction force F trans

ij can still be estimated as described in [50] by
considering the relation of the friction coefficient and wheel slip µ− λ given by the
Pacejka Magic Formula, see [97].

Thus, by using the estimated transmitted torque of each wheels T transij = ReffF
trans
ij

and assuming small steering angle δ of the front wheels the transmitted yaw moment
of the in-wheel vehicle can be given as follows:

M trans
z =

(−T transfL + T transfR

Reff

)
bf
2

+

(
−T transrL + T transrR

Reff

)
br
2

(2.9)

where bf and br are the front and rear track.
Hence, the relation of the desired yaw moment given by the high level controller

Mz and the achieved yaw momentM trans
z of the 4WIA vehicle serves as the indicator

for the vehicle dynamic state related to the trajectory tracking task. For example,
when the transmitted yaw moment M trans

z becomes significantly smaller than the
prescribed value Mz, an internal failure has occurred in one of the electric motors.
Thus, the cornering maneuver can be safely evaluated by using more steering and
less yaw moment, therefore the negative effect of a wheel slip or motor failure can be
eliminated. Hence, one of the aim of the reconfiguration presented in the paper is
to reallocate the high level control signals in such cases, by introducing a scheduling
variable ρMz

2 as follows:

ρMz
2 =

∣∣∣∣ |Mz −M trans
z |

Mz

∣∣∣∣ (2.10)

Accordingly, in case the vehicle is able to transmit the prescribed yaw moment
during a cornering maneuver, the value of ρMz

2 remains small and the value of ρ2
responsible for the high level control allocation is that set to a default value ρdefault2

representing an optimal balance between steering and yaw moment generation. In
case of a faulty electric motor, the value of ρMz

2 increases and the default split
between steering and yaw moment generation is overwritten by the safety critical
distribution with altering the value of ρ2 to be equal with ρMz

2 . Thus, with modifying
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the weighting function Wa of the LPV controller as shown in Figure 2.11, steering
intervention becomes more pronounced to overcome the effect of lateral dynamic
performance degradation due to faulty electric motor.

Fig. 2.11: Bode plot of the weighting functions

Fault tolerant control methods for steer-by-wire steering systems has already
been presented by researchers, see [117, 140]. Although faulty steering occurs rarely
compared to the performance degradation related to the in-wheel motors, present
paper also deals with such event to guarantee vehicle stability. Here, the aim of the
fault tolerant design is to substitute the effect of the steering in case of a fault event
by reconfiguring the high-level controller, with which additional differential torque is
generated by the in-wheel motors. The fault of the steering is assumed to be detected
by FDI, as proposed by [54]. When the fault is detected, the scheduling variable
ρδ2 = 0 is applied overwriting the default value ρdef2 . Thus, weighting function Wa

of the LPV controller is modified such way, that the high-level controller prescribes
solely yaw moment signal for the 4WIA vehicle. Hence, in case of a steering system
failure, the cornering maneuvers is evaluated using only the precise torque vectoring
ability of the in-wheel vehicle.

Thus, ρ2 is defined as follows:

ρ2 =


ρdef2 , if ρdef2 > ρMz

2 and ρδ2 = 1

ρMz
2 , if ρdef2 ≤ ρMz

2 and ρδ2 = 1
ρδ2, if ρδ2 = 0

 (2.11)

2.6 Control implementation

The fault tolerant reconfigurable controller design of the in-wheel vehicle is im-
plemented in a hierarchical structure. The multi-layer layout of the proposed control
scheme is shown in Figure 2.12.
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Fig. 2.12: Hierarchical structure of the reconfigurable control system

In the first layer the high-level LPV controller discussed in Section 2.2 calculates
the inputs of the 4WIA vehicle based on the reference signals. The reference yaw
rate is calculated based on the predefined trajectory given by the road map and the
reference velocity set in coherence with the speed limits for the given road, while
scheduling variable ρ2 is derived from the fault tolerant method presented earlier,
based on (2.11).

Note, that a first-order proportional filter and a hysteresis component are also
utilized in order to smooth the value of ρ2 and avoid chattering between controllers.
The output of the first layer are the high-level control signals, i.e the longitudinal
force Fl, the yaw moment Mz and the steering angle δ.

The task of the second layer is to distribute the control signals of the LPV
controller between the actuators of the in-wheel vehicle, i.e the steering system and
the in-wheel motors. Since the steering angle is straightforwardly applied, the main
objective of the dynamic allocation process is to define the appropriate drive and
brake torques for the in-wheel motors based on the high-level control signal Mz and
Fl. The dynamic allocation method is implemented in order to define the necessary
wheel forces Fij generated by the in-wheel motors. The realized yaw moment of the
vehicle can be written as:

∆Mz = (−FfL + FfR) · bf
2

+ (−FrL + FrR) · br
2

(2.12)

Here the optimization criterion is to minimize the difference between the desired
yaw moment Mz and the generated yaw moment ∆Mz, i.e function fopt defined as
follows:

fopt = Mz −∆Mz (2.13)

In the allocation process the vehicle roll and pitch dynamics are also considered
in order to avoid the skidding of the wheels during critical vehicle maneuvers. Given
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the longitudinal and lateral accelerations of the vehicle ax and ay can be measured
by low cost sensors like accelerometers, it is possible to calculate each wheel load
given by [67] as follows :

Fz,fL = m

(
l2g

L
− hax

L

)
·
(

0.5− hay
bfg

)
Fz,fR = m

(
l2g

L
− hax

L

)
·
(

0.5 +
hay
bfg

)
Fz,rL = m

(
l1g

L
+
hax
L

)
·
(

0.5− hay
brg

)
Fz,rR = m

(
l1g

L
+
hax
L

)
·
(

0.5 +
hay
brg

)
(2.14)

where L = l1 + l2, h is the height of the center of gravity, g is the gravitational
constant. Thus, the minimal and maximal longitudinal forces for the wheels of the
4WIA vehicle can be expressed as:

Fmax
ij = µFz,ij

Fmin
ij = −µFz,ij (2.15)

where µ is the road friction, which is possible to estimate as proposed by [42, 74, 2].
In order to perform velocity tracking of the 4WIA vehicle the sum of the wheel
forces must be equal to the longitudinal force Fl given by the high level controller.
Hence, following constraint must also be fulfilled:∑

Fij − Fl = 0 (2.16)

Hence, the control allocation leads to a constrained optimization problem, where
the objective function fopt = Mz − ∆Mz introduced in (2.13) must be minimized
with the constraint of lower and upper bounds given by (2.15) and the nonlinear
constraint given by (2.16). Note, that in order to eliminate saturation of wheel forces,
the initial conditions for Fij are set by a dynamic allocation method considering only
pitch dynamics, combining results presented in [139] and [113]. Thus, the front and
rear axle loads can be expressed as:

Fzf =
mgl2 −maxh

(l1 + l2)
, Fzr =

mgl1 +maxh

(l1 + l2)
, (2.17)

Accordingly, load distribution between the front and rear axles can be written
as:

Fzf
Fzr

=
mgl2 −maxh
mgl1 +maxh

= κ (2.18)

As Fi = µFzi, the following relationship is given: Ff/Fr = κ. Assuming δ to be small
and (2.16) and (2.12) to hold, rearranging above equations, the desired longitudinal
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wheel forces used as initial condition for the optimization method can be expressed
as follows:

F init
fL =

Fl

2
(
1 + 1

κ

) − Mz

bf + 1
κ
br
, F init

rL =

(
1

κ

)
FfL,

F init
fR =

Fl

2
(
1 + 1

κ

) +
Mz

bf + 1
κ
br
, F init

rR =

(
1

κ

)
FfR (2.19)

The solution of the optimization are the wheel forces Fij, which are transformed
into the corresponding in-wheel motor torques Tij = FijReff .

2.7 Simulation results

2.7.1 Fault in the in-wheel motor

The first simulation demonstrates the effectiveness of the proposed reconfigurable
control when an in-wheel motor failure has occurred. It is assumed that the front
electric motor at the left-hand-side has broken down, so that the electric motors
themselves are not able generate the required yaw moment. Consequently, in the
left bends the lateral error increases and the performance of the control system is
degraded. In the reconfigurable control the insufficient yaw moment is compensated
for by the steering system. The steering angle is increased in order to guarantee the
required lateral displacement.

The high-level control signals are illustrated in Figure 2.13 (a)...Figure 2.13 (c),
while the low-level wheel motor torques and steer angle are in Figure 2.14 (a) and
Figure 2.14 (b). The steering angle increases to the ± 3 deg interval, the longitudinal
forces tend to 1500 N, the yaw moment is between -500 Nm and 800 Nm. The electric
motor torques are usually within the -100 Nm and +200 Nm interval, however, the
rear motor on the left is increased to 250 Nm. During maneuvers the longitudinal
wheel slips are increased to 0.03, see Figures 2.15 (a). Although both the yaw-
rate error (see Figure 2.15 (b)) and the velocity error increase, they remain within
acceptable limits.
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Fig. 2.13: High-level control signals
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Fig. 2.15: Performances of the 4WIA vehicle when an in-wheel motor failure has occurred

2.7.2 Fault in the steering

In the third example, a fatal error has occurred in the operation of the steering
system, thus the vehicle operates only with the four in-wheel motors. The in-wheel
motors generate the required yaw moment for trajectory tracking in such a way that
the steering angle is substituted for. The high-level control signals are illustrated in
Figures 2.16 (a)...2.16 (c), while the low-level wheel clutch torques and steer angle
are in Figure 2.17 (a) and Figure 2.17 (b). The longitudinal forces tend to 600 N,
the yaw moment is in the ± 1000 Nm interval, while the electric motor torques are
in the ± 200 Nm interval.

During maneuvers the vehicle slips significantly increase both in the longitudinal
and lateral directions. The longitudinal wheel slips are between −0.07 and 0.02
and the lateral side-slip angles increase significantly to 4 deg, which are illustrated
in Figures 2.18 (a) and 2.18 (c), respectively. Although both the yaw-rate error
(see Figures 2.18 (b)) and the velocity error increase, they remain within acceptable
limits.
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Fig. 2.16: High-level control signals
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Fig. 2.18: Performances of 4WIA vehicle when a fatal error has occurred in the steering
system

. Next, an analysis has been carried out to examine the effect of a steering
failure, in which the steer-by-wire steering system stuck in a non-neutral position.
Hence, the cornering of the 4WIA vehicle becomes even more difficult using solely
differential torque generation. The former simulations have been reconstructed with
similar initial conditions, assuming the steering system to fail at different fixed
positions between 0 deg and 30 deg with 2.5 deg increments, i.e. δ ∈ [0, 30]. Two
cases have been selected to demonstrate the operation of the fault-tolerant system
in this case.

First, the steering system failure is assumed to results in a constant 5 deg steering
angle, as depicted in Figure 2.19 (b). It is well demonstrated in Figure 2.19 (a), that
wheel torque variation between left and right side of the vehicle increase significantly
between −500 Nm and 500 Nm on the straight section of the road, in order to
compensate for the fixed steering angle. Although longitudinal and lateral wheel
slip depicted in Figures 2.19 (a) and 2.19 (c) and yaw-rate error shown in Figure
and 2.19 (b) increase significantly compared to the case where the steering failure
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occurs in the neutral position, the vehicle remains stable and the trajectory tracking
is accomplished. Note, that performances of the 4WIA vehicle decrease more at the
second curve, where the fixed steering angle acts against the cornering intention.
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Fig. 2.19: Performances of 4WIA vehicle steering system error of 5 deg
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Next, a failure is assumed where the fixed steering angle is increased to and
extreme 15 deg, as depicted in Figure 2.20 (b). Note, that this big steering angle
is typically applied for much sharper curves and lower velocities. As shown in
Figure 2.20 (a), that wheel torque variation between left and right side are also
between −500 Nm and 500 Nm on the straight section of the road, but with more
spikes compared to the former case. Longitudinal and lateral wheel slip depicted
in Figures 2.20 (a) and 2.20 (c) and yaw-rate error shown in Figure and 2.20 (b)
increase in the second curve compared to the former case, stability of the vehicle is
still preserved despite the impaired trajectory tracking. The analysis highlighted,
that the vehicle only lost stability in the presented challenging simulation case at
a fixed steering angle of around 17 deg, which steering angle is typically applied
only in parking maneuvers or at intersections. Thus, the presented reconfiguration
method is suitable to handle failures of the steering system in most of the realistic
driving scenarios.
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.

Thesis 1
A new robust velocity and road trajectory tracking control strategy has been

developed for four-wheel independently-actuated (4WIA) vehicles based on the LPV
framework. A novel optimal wheel torque distribution method has been introduced
with the consideration of actual vehicle dynamics in order to maximize the traction
of the vehicle. A high-level control reconfiguration method has been introduced with
the aim to handle faults of the in-wheel motors or the steering system.



3. ENERGY OPTIMAL CONTROL DESIGN FOR IN-WHEEL
MOTOR VEHICLES

As for all battery electric vehicles, limited range is one of the most crucial aspect
for in-wheel vehicle operation. Hence, several methods have been presented for range
extension of 4WIA vehicles, see [124, 104, 102]. Most of these methods are based on
more effective regenerative braking of in-wheel vehicles [125], multi-objective opti-
mization for wheel torque distribution [20], or methods to integrate supplementary
energy sources for electric vehicles [95]. In this chapter, a method is presented with
the aim to establish an energy optimal distribution between torque vectoring and
steering intervention during the high-level lateral control design. Note, that for a
global energy optimal control solution, the consideration of disturbances such as
wind, road slopes, traffic environment also has to be investigated, which is the main
topic of Chapter 4. One of the biggest advantage of the presented method, is that it
enables energy optimal actuator selection based on results of extensive prior analy-
sis, thus the amount of on-line calculation can be reduced, moreover, it only requires
easily accessible road and vehicle velocity data.

Hence, the objective is to design a novel fault-tolerant and energy efficient torque
distribution method for an autonomous 4WIA electric vehicle with four in-wheel
independently controlled hub motors. During normal operating conditions, the pre-
sented high-level reconfigurable controller and the low-level wheel torque optimiza-
tion method enables the in-wheel vehicle to establish better energy efficiency. Hence,
in normal operating conditions battery state-of-charge values increase compared to
the conventional control methods, thus bigger range can be achieved for the electric
vehicle. The designed integrated vehicle control strategy enables to combine and su-
pervise all control components affecting vehicle dynamics responses. Hence, in this
case the demanded yawing torque cannot be realized with the four in-wheel motors
due to the actuator failure or performance degradation, the high-level controller re-
configures to apply more steering in order to stabilize the vehicle on the predefined
trajectory. On the other hand, during a fault event in the steer-by-wire steering
system, the high-level controller also reconfigures to apply more yawing torque for
the vehicle.

The main goal of the design is to maximize the battery state-of-charge (SOC) to
enhance the range of the autonomous electric vehicle, while preserving safe motion in
case of a fault event. Previous research has already shown that significant amount of
energy can be saved by proper actuator selection. In [MG16a] it has been shown, that
with a reconfiguration strategy aiming to minimizing cornering resistance through
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online optimization, battery SOC can be enhanced. Moreover, adapting road slope
characteristics in the reconfiguration design may also have a positive effect on battery
SOC, see [MG18, MGB19].

Here, the presented method is based on a lane-tracking reconfigurable LPV con-
troller, where the high-level control allocation between steering intervention and yaw
moment generation aims to maximize battery SOC. A lithium-ion battery model and
a permanent magnet synchronous motor (PMSM) model with regenerative braking
ability has been implemented in order to simulate the operation of the 4WIA electric
vehicle and to calculate battery SOC. The control reconfiguration is based on prelim-
inary analysis of the electric motor and battery system for different road conditions
and vehicle states, with the consideration of regenerative braking. Also, a multi-
objective low-level in-wheel motor torque optimization has been designed to consider
electric motor efficiency characteristics along with safety aspects of the vehicle mo-
tion. Finally, the presented reconfigurable control approach has been validated in
a real-data driving scenario in CarSim simulation environment. The chapter deals
with robust velocity and path tracking control design for 4WIA electric vehicle, with
a reconfiguration strategy aiming to maximize battery state of charge (SOC). The
high-level reconfiguration control of the 4WIA is based on the LPV method detailed
earlier in the thesis, while the cornering resistance minimization and wheel torque
allocation are based on constrained optimization techniques.

3.1 Battery and motor model

A battery, which is the main element of electric vehicles, stores a great amount of
energy to be released when it is necessary. The battery allows regenerative braking
and supplements a slow dynamic energy source [119]. A lithium-ion battery (Li-
Ion) is a rechargeable battery in which lithium ions move from the negative to the
positive electrode. Li-Ion batteries use intercalated lithium compound as electrode
material. The Lithium-Ion battery has a number of advantages compared to the
other battery types [43] :

• Increased nominal voltage

• High efficiency and energy density

• High resistance for external conditions

• Small size and specific weight.

• Maintenance is not required

• Fast, more efficient charging and increased lifetime.

Li-Ion batteries must not be completely discharged and this is their most im-
portant disadvantage. Completely discharging reduces the lifetime of the battery.
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Hence, discharging the battery with high current is harmful and dangerous. The
main reason for the preference of Li-Ion batteries in the automotive market is energy
density. Currently, they are preponderant for portable electric devices, cell phones
and laptops as mobile power sources [26].

3.1.1 Battery Pack

Several widespread battery models can be found in the literature, including de-
tailed models containing chemical reactions and simplified equivalent circuits and
polynomial models. In [5] the detailed chemical reactions are collected in a state-
space model for NiMH batteries. In [80] a detailed algorithm for the estimation of
NiMH battery SOC can be found, which method can also be adapted to lead-acid
and Li-ion batteries as well. A generic battery model of Simulink, which is based
on the model of Shepherd [111] under the Simscape library is used for the Li-ion
battery pack model. The SimPowerSystems battery model provides current, voltage
and state of charge (SOC) data from m output and possibly modifies many prefer-
ences easily such as battery type, nominal voltage, rated capacity, battery response
time, maximum capacity, nominal discharge voltage etc. Note, that temperature
and aging effects are not considered for the sake of simplicity.

The battery charge and discharge are based on the Shepherd model, which can
be formulated as described in (3.2) for charge, and (3.1) for discharge.

f1(it, i
∗, i) = E0 −K.

Q

Q− it
.i∗ −K. Q

Q− it
.it + A. exp(−B.it) (3.1)

f2(it, i
∗, i) = E0 −K.

Q

it + 0.1.Q
.i∗ −K. Q

Q− it
.it + A. exp(−B.it) (3.2)

where i is battery current, it is extracted capacity, i∗ is low frequency current dy-
namics, E0 is constant voltage, K is polarization constant, Q is maximum battery
capacity, A is exponential voltage and B is exponential capacity. In the battery cell
model, the nominal voltage of the battery is 400 V, rated capacity is 58.5 Ah, initial
SOC is 80 % and battery response time is 30s.

A DC/DC converter is a circuit which is able to convert DC voltage to other DC
voltage value.There are different kinds of DC/DC converters, including the Buck
Converter, the Boost Converter, and the Buck-Boost Converter. In this model, a
Buck Converter is used. A Buck Converter is useful for steping down the voltage
value, so the output voltage will be decreased [25]. The output of the battery is
connected to the DC/DC converter to convert 400 V to 500 V, which is the working
voltage of the in-wheel motor model. A DC/DC converter is used for the energy
flow from battery to vehicle and vehicle to battery (in the case of negative torque).

3.1.2 Motor Model

Permanent Magnet Synchronous Motor (PMSM) is an electrical machine that
has the stator phase windings and rotor permanent magnets. Three-phase stator
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windings create a turning magnetic field through the three-phase AC [9].
Rotor is furnished by superior permanent magnet in surface or within ferromag-

netic materials, for example, neodymium iron, boron or uncommon earth magnetic
materials to acquire a solid magnetic field [9].

Permanent Magnet Synchronous Machine block from Simulink SimScape library
works in either generator or motor mode. The operating mode is determined by
the mechanical torque sign (positive for engine mode, negative for generator mode).
Regeneration energy can be applied because of these features in this study. Three
phases are used for this motor model.

The equations, which are located below, are expressed in the rotor reference
frame. All of value in the rotor reference frame are referred to the stator.

d

dt
id =

1

Ld
Vd −

R

Ld
id +

Lq
Ld
pwmiq

d

dt
id =

1

Ld
Vd −

R

Ld
id +

Lq
Ld
pwmiq −

λpwd
Lq

Te = 1.5p[λiq + (Ld − Lq)idiq]

(3.3)

where, Lq and Ld express inductances of q and d axis, R signifies resistance of
stator windings, iq and id are currents of axis of q and d, Vq and Vd are voltages of
q and d axis, wm is angular velocity of rotor, λ is flux induced amplitude by the
permanent magnets of the rotor in the stator phases p number of pole pairs and Te
expresses electromagnetic torque.

There is no variation in the phase inductance for a round motor. The inductances
of d and q are given by below formulas for salient round motor.

Lq = Ld =
Lab

2

Lq =
min(Lab)

2
Ld =

max(Lab)

2

(3.4)

For the mechanical system of 3 phases permanent magnet synchronous machine,
angular velocity of the rotor is expressed as follows:

d

dt
wm =

1

J
(Te − Tf − Fwm − Tm)

dθ

dt
= wm

(3.5)

where J combines the inertia of rotor and load, F combines viscous friction of
rotor and load, θ is rotor angular position, Tm is shaft mechanical torque, Tf is shaft
static friction torque and ωm is rotor’s angular velocity.

Simulink Simscape library is used for the inverter, PMSM, speed controller and
vector controller which are located in motor model. There are eight complete motor
models for simulation, four of them are for charging, while other four motors are
for the recharging process. In case of negative torque value in wheel; motor of this
wheel generates energy and effects for the SOC of Li-Ion battery.
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3.2 Fault-tolerant and Energy Optimal Control Synthesis

3.2.1 Control Architecture

The architecture of the multi-layer reconfiguration control method considering
energy optimality and fault-tolerant capabilities is shown in Figure 3.1.

Fig. 3.1: Architecture of the control system

In the first layer of the hierarchical structure the high-level LPV controller cal-
culates the inputs of the 4WIA vehicle based on multiple signals. Firstly, the path
of the vehicle is given by the predefined trajectory of the road map, while the ref-
erence velocities are also set in coherence with the speed limits for the given road.
Assuming ÿv lateral acceleration to be measured, ÿv = ξ̇(ψ̇ + β̇) can be formalized
next to (2.1). Hence, the state-space representation of the LPV model described in
(2.3) is augmented, thus x =

[
ξ̇ ξ ψ̇ β ẏv yv

]T
is the sate vector of the sys-

tem, while longitudinal velocity and lateral position are the measured outputs, i.e.
y =

[
ξ̇ yv

]T
.

Next, velocity error eξ̇ = ξ̇ref − ξ̇ and lateral deviation ey,v = yv,r − yv from the
reference values are calculated based on the vehicle current position (xgl,v; ygl,v) and
velocity ρ1 = ξ̇. Note, that in order to evaluate the error calculations, coordinate
transformation is needed between the word coordinate system (Xgl and Ygl) and the
vehicles own rotating coordinate system (Xv and Yv), see Figure 2.1. Here, it is as-
sumed that reference road coordinates xgl,r and ygl,r are given for the predefined path
of the vehicle. Thus, lateral position of the reference road in the coordinate system
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of the vehicle can be calculated as yv,r = −sin(ψ) xgl,r + cos(ψ) ygl,r. Hence, know-
ing the actual position of the vehicle using GPS positioning system, it is possible to
calculate the lateral error from the predefined reference path.

These error signals eξ̇ and ey,v along with scheduling variable ρ1 = ξ̇ and ρ2 are
fed to the LPV controller. Note that the value of ρ2 is determined by the results
of the energy optimal and fault tolerant reconfiguration introduced in Section 3.2.2
and Section 3.2.3.

For this purpose, a decision logic has been created by giving priority to the safety
of the in-wheel vehicle. Hence, ρ2 is defined as follows:

ρ2 =

{
ρe2, if ρs2 = 0
ρs2, if ρs2 6= 0

}
(3.6)

The second layer is responsible for the allocation of the high-level control sig-
nals, i.e. the longitudinal force, yaw moment and steering angle. The distribution
method is based on current vehicle dynamics in order to avoid wheel slip, the char-
acteristics of the in-wheel motors to maximize efficiency, and the detected faults are
also considered to guarantee the reference tracking of the vehicle in case of critical
performance degradation of an electric motor. The detailed description of the wheel
torque distribution method is given in Section 3.2.4.

The third layer models the operation of the low-level controllers, i.e. it represents
the tracking of the distributed electric motor torques and the prescribed steering
angle. Here, the dynamics of the steer-by-wire steering system is modeled as a first-
order system as proposed in [116]. The current control of the in-wheel hub motors
is simplified in this layer as proposed in [115], thus the following equation describes
the relation between the prescribed wheel torque and the generated torque:

Tmotor(s) =
T (s)(1 + η)

1 + 2ζ + 2ζ2
(3.7)

where Tmotor is the electric motor torque, T is the prescribed torque, while ζ and η
represent the dynamic response and steady state error of the electric hub motors.

3.2.2 Fault Tolerant Reconfiguration

Here, in order to eliminate or at least mitigate the effect of actuator failures
connected both to the the steer-by-wire steering system and the in-wheel motors,
a high-level control reallocation method is presented. In case of a faulty steering
system, the aim is to substitute for the effect of the steering by reconfiguring the
high-level controller to prescribe additional differential torque for the vehicle. The
fault of the steering system is assumed to be detected by FDI filters, as proposed
by [54]. When the fault is detected, the scheduling variable ρs2 = 0.01 is applied to
override the value of the actual ρ2. Thus, the high-level LPV controller is modified
in such way that it prescribes solely yaw moment signal for the 4WIA vehicle. Hence
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in case of a steering system failure, the cornering maneuvers are evaluated by using
only the precise torque vectoring ability of the vehicle.

The fault of one or more in-wheel motors is handled in a more complex manner.
The detection of in-wheel motor failures is also assumed to be done by FDI filters,
such as the Kalman filtering-based algorithm presented in [91]. In case of an in-wheel
motor failure, scheduling variable ρs2 = 1 is set to substitute for the actual ρ2 value.
Hence, weighting function Wa of the LPV controller is modified in such way that
the high-level controller prescribes solely steering intervention for the 4WIA vehicle
to evaluate the cornering maneuver. Note that in order to avoid unintentional yaw
moment generation, the wheel torque distribution algorithm discussed in Section
3.2.4 also needs to be modified to handle the fault of an in-wheel motor. Hence,
the upper and lower bounds given as constraints for the wheel torque optimization
method are modified in (3.10) for the faulty in-wheel motor.

The novelty of the presented approach lies in the high-level LPV control re-
configuration strategy based on the specific design of weighting functions handling
actuator selection. The proposed method enables the vehicle to dynamically mod-
ify the prescribed control values best suited for the actual vehicle state and the
corresponding priority regarding safety.

3.2.3 Energy Optimal Reconfiguration

The aim of energy optimal reconfiguration is to extend the range of the 4WIA
electric vehicle. For this purpose, different methods have already been introduced.
In [MG16a, MGN17b] the high-level control reconfiguration is based on the mini-
mization of cornering energy, not considering the battery state-of-charge and electric
motor characteristics. Hence, a lithium-ion battery model and a permanent magnet
synchronous motor (PMSM) model with regenerative braking ability have been im-
plemented in order to consider battery-state-of-charge in [MG18]. The simulation
results have shown that although both methods provide effective solutions to en-
hance efficiency, they should be coupled to maximize the range of the vehicle. For
this purpose, a novel approach is introduced, in which the scheduling variable ρs2
for the high-level control reconfiguration is designed in a way to consider battery
SOC variations for different bends and vehicle velocities. Hence, the goal has been
to create an energy efficiency map showing the optimal scheduling variable selection
for a given curve radius and vehicle velocity. The energy map has been identified
by simulation studies in a CarSim simulation environment, considering the battery
and motor model introduced in Section 3.1.

For the analysis, five different types of curves have been selected on the Wa-
terford Michigan race track with different curvature characteristics, see Figure 3.2.
Sharper bends and milder curves have also been considered in the analysis in order
to create a comprehensive energy efficiency map. Note that for the sake of simplic-
ity, the elevation of the road have not been considered in the analysis, and the road
adhesion has been assumed to be constant, representing that of dry asphalt. The



46 3. Energy optimal control design for in-wheel motor vehicles

Fig. 3.2: Selected curves for analysis

simulated 4WIA vehicle must perform trajectory tracking on each curve with veloc-
ities between 10 km/h and 60 km/h, while scheduling variable ρ2 ∈ [0.01, 1] is set to
different values representing different allocation between steering and yaw moment
generation. Meanwhile, battery characteristics, including battery State-of-Charge
(SOC) is monitored. For each simulation case, reduction of SOC values are com-
pared, see Figure 3.3. Here, Curve 1 in Figure 3.3 (a) represents the mildest curve,
while Curve 5 in Figure 3.3 (e) stands for the sharpest bend. From the simulation
results, the following conclusions can be drawn:

• While increasing vehicle velocity in the selected range, the battery state-of-
charge (SOC) decreases less in the selected curves. This phenomenon is due
to multiple causes: the electric in-wheel motors operate in a more efficient
revolution range, friction resistance is more optimal, etc.

• As the vehicle velocity increases, the selection of ρ2 ∈ [0.01, 1] has less effect
on the decrement of battery SOC. This phenomenon is more pronounced in
sharper curves.

• For smaller velocities under 40 km/h, choosing a larger ρ2 ≈ 1 value (selecting
steering over yaw-moment generation) results in better battery SOC, thus it
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is more energy optimal for the vehicle. Note that as the curves get sharper,
this phenomenon becomes less pronounced.

• For velocities between 45 and 55 km/h, depending on the curvature, the default
value of ρ2 = 1 must be reduced to 0.5 < ρ2 < 0.75 in order to enhance battery
SOC.

• For higher velocities between 55 and 65 km/h, as the curvature of the road
becomes greater (turns sharper), the value of ρ2 must be reduced even more
to realize maximal efficiency. Thus, for sharper curves in this velocity range,
larger yaw-moment generation results in more energy optimal motion for the
4WIA vehicle.

• The analysis also suggests that controlling the vehicle with solely torque vec-
toring (ρ2 ≈ 0.01) can adversely affect vehicle stability due to the large side-slip
values of the wheels and the corresponding non-linear effects ignored in vehicle
modeling detailed. Thus, in the reconfiguration design ρs2 = 0.25 is set as a
minimal value.

The results of the simulation studies are used to create a look-up table for the
online determination of ρs2 during the operation of the 4WIA vehicle. Hence, the
value of ρs2 is selected from the predefined energy efficiency map based on the cur-
rent vehicle velocity and road curvature. Note that road curvature can be easily
calculated based on the coordinates of the predefined path, as detailed in [MeG14].
By this means, the high-level controller can be reconfigured to adapt to road and
vehicle dynamic conditions, resulting in better overall efficiency and enhanced range
for the 4WIA vehicle.

3.2.4 Efficient Wheel Torque Distribution

An in-wheel electrical vehicle can be directly driven and hence, the clutch, the
transmission or other drive systems are not necessary. Therefore power train effi-
ciency is improved and control for each wheel is available [1]. Each in-wheel motor
drives the wheel independently, hence, the degrees of freedom of the driving force
distribution between the wheels increase [99]. The main aim of force distribution of
the in-wheel motor drive system is to improve the energy efficiency and performance
of the vehicle, such as dynamic performance, security, economy etc. The pattern
search algorithm is used to minimize the power consumption of motors while sat-
isfying the yaw moment and longitudinal force. The power of in-wheel motors are
directly related to their torque. Hence, the total power consumption of the in-wheel
motors Ptotal is calculated as [20]:

Ptotal =
∑
i=f,r
j=L,R

FijwijPin
Pij

(3.8)
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(a) Curve 1 (b) Curve 2

(c) Curve 3 (d) Curve 4

(e) Curve 5

Fig. 3.3: Energy Efficiency Map

where wij , i ∈ [f = front,r = rear], j ∈ [L= left,R = right] are the rotational speeds
of the motors and Pin is equalized input power, which is defined as the allocated
equalized power of one motor. It is calculated as total power consumption of motors
per motor equally.
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The maximum vertical wheel loads which can be transmited to Fz,ij , i ∈ [f =
front,r = rear], j ∈ [L = left,R = right] are calculated [67]:

Fz,ij = m

(
l[1;2]g

L
± hax

L

)(
0.5± hay

b[f ;r]g

)
(3.9)

where L = l1 + l2, h is the height of the mass center, ay and ax are lateral and
longitudinal accelerations measured by inertial sensors and g is the gravitational
constant. Note that the front wheel loads (i = f) are calculated by using l2 and bf
with a negative sign in the first bracket, whereas the rear wheel loads (i = r) are
calculated with l1 and br with positive sign in the first bracket. Moreover, left wheel
loads (j = L) are defined by a negative sign in the second bracket, while right wheel
loads (j = R) with a positive sign.

The maximum and minimum longitudinal traction wheel forces which are trans-
missible for each wheel are given as: |Fmax

ij | = µFz,ij and |Fmin
ij | = −µFz,ij. The

upper and lower bound can be expressed as:

−µFz,ij ≤ Fz,ij ≤ µFz,ij (3.10)

Note that in case of an in-wheel motor fault or performance degradation, the upper
and lower bounds are modified for the faulty motor to a limited value F lim

ij , in
coherence with the fault detected by FDI filters.

At the same time, Mz is the yaw moment which is given by the high-level con-
troller achieved by wheel forces generated by in-wheel motors. Therefore, the yaw
moment Mz

veh generated by the longitudinal wheel force Fij can be calculated as:

Mz
veh = (−FfL + FfR)

bf
2

+ (−FrL + FrR)
br
2

(3.11)

Two equalities need to satisfy the demands of the high-level controller, including
the desired longitudinal force reference and the yaw moment reference. Satisfying
the yaw moment requirement is expressed as:

Mz
veh = Mz (3.12)

Meanwhile, a nonlinear constraint is presented in order to ensure the performance
of velocity tracking. Therefore, the sum of the wheel forces must be equal to the
longitudinal force Fl which is given by the high-level controller:∑

Fij − Fl = 0 (3.13)

The objective function is:
J = min(Pcons − Ptotal) (3.14)

where Pcons is the total power consumption given by the battery model. Therefore,
the wheel force distribution optimization problem is solved, where the objective
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function given in Eq. 3.14 is minimized by the lower and upper bounds calculated
by 3.10 and Eq. 3.12 and Eq. 3.13 are satisfied. The methodology of the pattern
search algorithm is given in Figure 3.4 with formulas. Finally, the torques for the
in-wheel motors can be expressed as:

Tij = ReffFij (3.15)

Fig. 3.4: Pattern search algorithm methodology

3.3 Simulation results

The selected vehicle for the simulation is a small 4WIA vehicle, with the main
physical and dynamic parameters detailed earlier in Table 2.2.

The simulation task for the autonomous 4WIA vehicle is to follow the Waterford
Michigan race track. The geometry of the race track is shown in Figure 3.5. As
it can be seen in Figure 3.5(a) and Figure 3.5(b), the path of the vehicle contains
different types of bends and road slopes. Note that the reference velocity for the
autonomous 4WIA vehicle is also altered during the simulation, see Figure 3.5(c).

The goal of the simulation is to demonstrate the effectiveness of the proposed
fault-tolerant and energy optimal reconfiguration control method. Thus, two sim-
ulations are performed: in the first simulation the vehicle is controlled by a fixed
high-level controller setup of ρ2 = 0.5 and by an analytical wheel torque allocation
method presented in [GBM+15] (Normal case), while in the second simulation the
control is reconfigured based on the results of the battery SOC-based analysis and an
energy optimal torque allocation method detailed in the previous chapter (Energy
optimal case).



3.3. Simulation results 51

(a) Racetrack X-Y plane (b) Altitude

(c) Reference velocity

Fig. 3.5: Reference velocity and trajectory

Several vehicle dynamic signals can be measured in real vehicles using widespread
wheel speed sensors and a gyroscopes, thus vehicle velocity, yaw rate, longitudinal
and lateral accelerations are also measured in CarSim. As it can be seen in Figure
3.6(a) the autonomous 4WIA vehicle is subject to high lateral accelerations, as well
as high yaw rate values, see Figure 3.6(b).

The scheduling variables of the LPV controller are shown in Figure 3.7. Schedul-
ing variable ρ1 is the velocity of the 4WIA vehicle, and is similar in both cases, see
Figure 3.7(a). However, significant differences can be seen in choosing the scheduling
variable ρ2 as depicted in Figure 3.7(b), which is responsible for the split between
steering intervention and yaw-moment generation. In the default case (Normal), a
fix ρ2 = 0.5 is selected, which represents steering-oriented cornering supplemented
with remarkable torque vectoring. With the proposed reconfiguration considering
battery SOC based on the road curvature and vehicle velocity, ρ2 is altered in co-
herence with the vehicle state and the current curvature of the road.

The high-level control signals of the autonomous 4WIA vehicle are shown in
Figure 3.8 for both cases. Note that the longitudinal forces depicted in Figure 3.8(a)
in the normal and the energy optimal cases are similar to each other. On the other
hand, with the proposed energy optimal reconfiguration, steering is slightly more
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(a) Lateral acceleration (b) Yaw rate

Fig. 3.6: Dynamics of the 4WIA vehicle

(a) ρ1 (b) ρ2

Fig. 3.7: Scheduling variables of the LPV controller

pronounced in most corners, see Figure 3.8(b). Moreover, yaw-moment generation
has been significantly reduced, see Figure 3.8(c). Thus, it can be stated that for the
prescribed velocities on the selected road, the reconfiguration algorithm designs a
more steering-oriented actuator selection.

Correspondingly, the in-wheel brake and drive torques depicted in Figure 3.9(b)
in the energy optimal control are smaller than those in the normal control shown in
Figure 3.9(a).

The performances of the proposed method are shown in Figure 3.10. It is well
demonstrated that the 4WIA autonomous vehicle follows the prescribed altering
velocity profile with small deviations for both cases, see Figure 3.10(a). Despite the
challenging road environment of the racetrack with several different types of bends,
the 4WIA vehicle is able to follow the path with small lateral errors, see Figure
3.10(b). It is well demonstrated that the lateral error is also decreased by applying
the energy optimal reconfiguration control method and the wheel torque distribution
method considering roll and pitch dynamics of the vehicle. Finally, the efficiency of
the proposed method is demonstrated by comparing battery SOC values, as depicted
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(a) Longitudinal force (b) Steering angle

(c) Yaw moment

Fig. 3.8: High-level control signals

(a) Without reconfiguration (b) With energy optimal reconfiguration

Fig. 3.9: In-wheel clutch torques

in Figure 3.10(c). With the proposed energy optimal reconfiguration method, the
initial SOC value of 80 % has dropped down to only around 79.4 %, while in the
normal case battery SOC value decreased to around 79.2 %.
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(a) Velocity error (b) Lateral error

(c) Battery SOC

Fig. 3.10: Performances of different methods

Thesis 2
A reconfigurable trajectory tracking control design method has been presented

for autonomous in-wheel electric vehicles with independently-controlled hub motors
and steer-by-wire steering system. The high-level control reconfiguration has been
implemented through the design of a scheduling variable using the LPV framework
in order to deal with fault events, while in normal operating conditions the objective
of the reconfiguration is to maximize battery state-of-charge (SOC), thus enhancing
range of the vehicle. The energy optimal control reconfiguration has been designed
based on the results of preliminary simulations with high-fidelity vehicle and elec-
trical models on different road conditions.



4. VELOCITY DESIGN BASED ON ENVIRONMENT, TRAFFIC,
DRIVER REQUIREMENTS WHILE GUARANTEEING ROAD

SAFETY

The goal of the velocity design for the 4WIA vehicle is to find an optimal balance
energy consumption, travel time, and comfort of the driver and passengers. In
addition to terrain information and speed limits, traffic dynamic data is also used
in the velocity planning. Latter information may include local data from the vehicle
environment measured by vehicle sensors, or global data from the traffic control
center. The behavior of the driver is also taken into account by applying results
gained by simulator tests or by already existing driver models, in order to enhance
passenger comfort. Moreover, in order to improve safety of the journey the curvature
and adhesion coefficient of the road is also considered to avoid skidding or rollover
of the controlled vehicle. Hence, the proposed look-ahead velocity control method
provides an optimal speed for the 4WIA vehicle considering driver behavior, while
taking into account future environmental and traffic parameters as well.

Most of the previous studies in look-ahead control uses model predictive control
(MPC) approaches. This is based on the fact that the path in front of the vehicle is
divided as a function of time, taking into account a recorded fixed time step, over a
finite horizon. Along this horizon, the system is discretized, by which the target state
of the system can be calculated with given intervention signals and conversely, the
control design problem consists in what sequence of intervention signals is required
to be generated for a known target state in order for the system to reach the target
state from the initial value, taking into account a finite horizon.

In [12], a controller is designed on the basis of a hybrid model, i.e. a model
involving continuous and discrete states. The hybridity of the system is created by
an army of affine linear functions per section, since the nonlinearity of the wheel-
ground force relationship can be modeled as a function of longitudinal creep in this
way. Furthermore, restrictive conditions can be included in the MPC control, in
this case these limitations apply to the magnitude of the driving torque and its rate
of change. As a result, the paper presents a robust traction design algorithm where
robustness is analyzed in real-world tests. In [75] a two-tier management design is
introduced. The low-level controller is designed to handle nonlinearities in vehicle
and powertrain dynamics (torque characteristics of an internal combustion engine,
variable transmission position, parabolic nature of air resistance), while the high-
level MPC controller ensures minimal speed tracking error. This high-level controller
is responsible for reducing fuel consumption as well as adapting to oncoming vehicles
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in addition to minimal tracking error. The comfort and safety criteria are met by
the constraint conditions built into the quadratic programming algorithm used in
the MPC procedure. [64] solves a speed tracking problem in which the desired
longitudinal acceleration of the vehicle is the intervention signal, all in an integrated
transverse longitudinal control scheme. In design, MPC formalism involves the
physical limitations of control signals through constraints. [3] presents a robust
time-varying MPC design procedure for solving a trajectory tracking problem. The
strength of the method is that it requires little computation. Robustness against
finite uncertainties and noises (topography, sensor noises) can be used to provide
robustness. The interesting thing about the research is that the control is designed
based on an anholonomic model and actually implements position tracking instead
of speed tracking. Finally, in contrast to previous solutions, [107] provides separate
solutions. The control design is based on the nonlinear MPC method, where the
nonlinearity results from the dynamics of the internal combustion engine. In this
procedure, a specified torque demand is calculated based on the desired vehicle speed
and must be guaranteed by the MPC controller. Although the engine model used is
extremely complex, the description of the vehicle model is relatively simple.

In the thesis, a look-ahead longitudinal control is implemented for the 4WIA
electric vehicle, by which an energy optimal velocity is given considering driver
behavior, road curvature and traffic environment as well. Moreover, a hierarchical
control approach is introduced with a speed analysis layer using on-board vehicle
sensors, by which a cyber attack on the high-level velocity signal calculated in the
cloud can be handled safely. Note, that although the proposed velocity design
method can be applied for conventional vehicles as well, it is also necessary for the
4WIA battery electric vehicle to further improve energy efficiency and safety. Also,
the selected velocity reference signal has an effect on the actuator selection of the
4WIA vehicle, as different velocities for given road curvatures may result in control
reconfiguration, as detailed in Chapter 3.

The introduced look-ahead method for individual automated 4WIA vehicle can
effect the traffic flow, as it has been studied already, see [90, 6]. As the percentage of
automated vehicles with look-ahead cruise control increase in the traffic, it becomes
more and more important to handle interactions between human driven and auto-
mated vehicles. These mixed traffic situations and adaptation strategies, along with
connected automated vehicle controls are in the focus of several studies, however, in
the thesis only individual vehicle controls are discussed.

4.1 Relation between velocity and road slopes

The relationship between optimal velocity and road inclinations has been intro-
duced in [88]. The route of the in-wheel vehicle can be divided into n sections using
n + 1 number of points as Figure 4.1 shows. The division of the route is not nec-
essarily of equal length. The rates of the inclinations of the road and those of the
speed limits are assumed to be known at the endpoints of each section. The velocity
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at section point j should reach a predefined reference velocity v2ref,j j ∈ [1, n], which
is usually the speed limit. It is also an important goal to track the momentary value
of the velocity, which is formalized in the following form: ξ̇20 → v2ref,0. The velocity
of the nth section point is the following:

ξ̇2n = ξ̇20 +
2

m
s1Fl1 −

2

m

n∑
i=1

siFdi (4.1)

The Fdi disturbance force can be divided in two parts: the first part is the force
resistance from road slope Fdi,r = mg sinαi, while the second part Fdi,o contains all
of the other resistances such as rolling resistance, aerodynamic forces etc.

0 4321 5 6 n

vref0 vref1

original reference velocities:

vref2 vref3 vref4 vref5 vref6 vrefn

modified reference velocity:

ξ̇0

α1

α1

α4

Fl1

s1 s2

s3

Fig. 4.1: Division of predicted road

Velocities of the in-wheel vehicle at section points are calculated from (4.1) in
the following way:

ξ̇20 = v2ref,0 (4.2a)

ξ̇20 +
2

m
s1(Fl1 − Fd1,o) = v2ref,1 +

2

m
s1Fd1,r (4.2b)

ξ̇20 +
2

m
s1(Fl1 − Fd1,o) = v2ref,2 +

2

m

2∑
i=1

siFdi,r (4.2c)

...

ξ̇20 +
2

m
s1(Fl1 − Fd1,o) = v2ref,n +

2

m

n∑
i=1

siFdi,r (4.2d)

In the next step a weight Q is applied to the momentary (initial) velocity and weights
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γ1, γ2, ..., γn are applied to the reference velocities of the road sections in advance.

Qξ̇20 = Qv2ref,0 (4.3a)

γ1ξ̇
2
0 +

2

m
s1γ1(Fl1 − Fd1,o) = γ1v

2
ref,1 +

2

m
s1γ1Fd1,r (4.3b)

γ2ξ̇
2
0 +

2

m
s1γ2(Fl1 − Fd1,o) = γ2v

2
ref,2 +

2

m

2∑
i=1

siγnFdi,r (4.3c)

...

γnξ̇
2
0 +

2

m
s1γn(Fl1 − Fd1,o) = γnv

2
ref,n +

2

m

n∑
i=1

siγnFdi,r (4.3d)

The weights should sum up to one, i.e., γ1 + γ2 + ... + γn + Q = 1. While the
weights γi represent the rate of the road conditions, weightQ determines the tracking
requirement of the momentary reference velocity vref,0.

Note that weights have an important role in control design. By making an
appropriate selection of the weights Q and γi the importance of the road condition
is considered. For example when Q = 1 and γi = 0, i ∈ [1, n] the control task is
simplified to a simple cruise control problem without any consideration of the road
conditions. In the case of using equivalent weights, i.e., Q = γ1 = γ2 = ... = γn, the
predicted road conditions are considered with the same importance.

Taking the weights into consideration the following formula is yielded:

ξ̇20+
2s1
m

(1−Q)(Fl1 − Fd1,o) = ϑ (4.4)

where value ϑ depends on the predicted road slopes, the reference velocities and the
prediction weights

ϑ = Qv2ref,0 +
n∑
i=1

γiv
2
ref,i +

2

m

n∑
i=1

(siFdi,r

n∑
j=i

γj). (4.5)

In the final step a control-oriented vehicle model, in which reference velocities and
weights are taken into consideration, is constructed. The momentary acceleration
of the in-wheel vehicle is expressed in the following way: ξ̈0 = (Fl − Fd,o − Fd1,r)/m
where Fd1,r = mg sinα. Equation (4.4) is rearranged:

ξ̇0 = λ (4.6)

where the parameter λ is calculated in the following way based on the designed ϑ:

λ =

√
ϑ− 2s1(1−Q)(ξ̈0 + gsinα) (4.7)
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Consequently, the road conditions can be considered by velocity tracking. The
momentary velocity of the in-wheel vehicle ξ̇ should be equal to parameter λ, which
contains the road information. The calculation of λ requires the measurement of
the longitudinal acceleration ξ̈0.

The aim of the control design is to minimize the longitudinal force in order
to reduce the energy required by traveling. The longitudinal force (Fl1) can be
expressed as the linear function of weights Q and γi based on equation (4.6):

Fl1 = β0(Q) + β1(Q)γ1 + β2(Q)γ2 + . . .+ βn(Q)γn (4.8)

where βi are the coefficients of γi, and they depend on prediction weight Q. In
practice, a quadratic form is used. This minimization problem is met by the trans-
formation of the quadratic form with the following constrains:

F̄ 2
l1(Q, γi) = (β0(Q) + β1(Q)γ1 + . . .+ βn(Q)γn)2

0 ≤ Q, γi ≤ 1 and Q+
∑

γi = 1 (4.9)

This task is a nonlinear optimization problem because of the prediction weights.
Its solution is found in [37].

Consequently, the optimization procedure calculates the weighting factors Q, γi
during the journey, with which the in-wheel vehicle achieves the minimum longitu-
dinal forces.

In the method the balance between the minimization of the driveline actuation
and the traveling time is formulated in the prediction weights such as

Q = R1Q̄+R2Q̆ = 1−R1(1− Q̄) (4.10a)
γi = R1γ̄i +R2γ̆i = R1γ̄i, i ∈ {1, .., n} (4.10b)

where Q̄, γ̄i are the weights of the energy-optimal cruising, while Q̆, γ̆i are related to
the time-optimal cruising.

The weight R1 ∈ [0; 1] in (4.10) guarantees a balance between the defined criteria.
In case of R1 = 1 the weights Q̄, γ̄i are preferred. This selection of weights leads
to a speed profile resulting in low energy consumption, however the speed can vary
significantly. In case of R1 = 0 weights Q̆, γ̆i are preferred, which means that
vhigh = vref,0. In this case, the vehicle strictly follows the values of the maximum
speed limit. Thus, the increasing of R1 leads to increasing speed variation and lower
energy consumption, while the reduction of R1 results in reduction of traveling time.

4.2 Incorporation of driver in the velocity design

On a given route, the velocity proposed by the look-ahead control system may
differ greatly from the velocity selected by the human driver. This is due to the fact
that besides the different behaviors in terms of following the speed limit, the driver
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has limited and inaccurate information about the forthcoming road section. The
driver’s vision and the estimation of the road inclination ahead are both limited,
thus an optimal velocity is hard if not impossible to reach. On the other hand,
the automatic system can select velocity in coherence with the oncoming road, for
example moderate the velocity in advance of a slope or a speed limit sign. As for all
automatic driving aids, the proposed adaptive cruise control system must provide
a comfortable feel for the vehicle’s driver and passengers. For enhancing passenger
comfort the automatic system’s weighting can be tuned to be closer to that of the
human driver’s. In this way, a good balance can be achieved between economy and
passenger comfort. In the thesis two method is introduced to compare drivers with
the look-ahead cruise control system, and incorporate the driver behavior in the
control design.

In the thesis the driver behavior is also taken into consideration by using a
hardware-in-the-loop simulation environment. In the next subsection this simulation
environment is presented. In this system the driver signals are considered as real
measurements of the driving simulator.

4.2.1 Simulation environment for driver modeling

Figure 4.2 shows the simulator, which includes a real car and a simulation envi-
ronment. The specialty of the system is that the driver’s simulator cabin is set up
on the basis of a real car and the simulator can be converted to a conventional road
vehicle with a single switch. During the construction of the simulator the challenge
was to keep the original vehicle functions intact while implementing simulation func-
tions. For this reason the control of the vehicle’s communication network has been
taken over by the simulator unit.

The simulation environment contains several important components such as a
HMI (Human Machine Interface), a high-accuracy validated simulation software
operated on a PC and a visual system with real-time graphics. The specific signals
(the position of the accelerator and the brake pedal a long with the steering angle)
are read through the CAN network by using standard communication interface.
The driver can induce various vehicle maneuvers by using the steering wheel and
the accelerator/brake pedals of the car. Based on the excitations the validated
simulation software generates the signals of the vehicle during simulation.

The Driving Simulator of CarSim shows the vehicle maneuvers by real-time
graphics projected in front of the vehicle and it provides the signals during the
journey. The standing vehicle can be driven almost exactly the same way as on a
test track: there is engine sound and screech while skidding; the dash panel displays
the current speed and revolution and one can shift gears just like in real life.

Various journey scenarios can be generated by the simulation system. The ad-
vantage of the system is that besides measuring various signals, i.e., the steering
angle, the positions of the accelerator and the brake pedal or the gear level, in prin-
ciple any signals can be monitored during the simulations. In this way signals, which
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Simulation softwares

Driver in Audi TT

Simulator PC

Fig. 4.2: Architecture of driving simulator

are not measurable in practice, can be achieved for identification purposes.
In the test scenarios various transportational routes with real data can be loaded

in the Driving Simulator. The data contains both the terrain characteristics and
geographical information such as height data, speed limits. In the simulation pro-
cedure the driver is able to drive along the road section while the vehicle signals are
measured, saved and post-processed. Based the responses of different drivers to the
effects of disturbances, speed limits, road slopes can be analyzed. The scheme of
the driver measurements is shown in Figure 4.3. With the proposed scheme driver
models can be set up for different driver behaviors using identification methods, see
[MeG14], [118, 69, 123].

4.2.2 Optimization method

Unlike the automatic cruise control system, the human driver only has visual
information about the road. The driver’s visual perception of the road ahead is
much shorter than the road known by the automatic system, and the human driver
can only approximate the road inclinations. In a conventional vehicle without cruise
control the driver selects the vehicle’s velocity based on the road and traffic con-
ditions. For another vehicle, in which the proposed look-ahead method is applied,
the selected velocities are calculated based on the optimization procedure. In the
method the weighting factors are also the results of the optimization procedure.

However, based on the relationship between the weighting factors and the se-
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Fig. 4.3: Scheme of the driver categorization and model identification

lected velocities, the weighting factors set by the human driver intensively can be
calculated from a conventionally-driven vehicle as well. Measuring the driver’s veloc-
ity, acceleration and position data on a given road (with known terrain characteris-
tics), it is possible to regressively calculate the weighting factors. In this manner the
weighting factors are compared to the weights calculated by the automatic system,
thus the latter can be modified to adapt to the driver’s behavior. Moreover, the
weights of various drivers can also be compared to each other and to the automatic
system as well.

The regressive calculation of the driver’s weight is derived as follows [MNG12c,
MNG12a]. Equations in (4.2) contain the velocities of the in-wheel vehicle at section
points i = [0, 1 . . . n]. These equations are multiplied by weighting factors Q, γi. The
right-hand side of these equations can be written as:

ϑ = Qv2ref,0 + ΩΓ (4.11)

where

Ω =


v2ref,1 + 2

m
s1Fd1,r

v2ref,2 + 2
m

∑2
i=1 siFdi,r

...
v2ref,n + 2

m

∑n
i=1 siFdi,r


T

,

Γ =
[
γ1 . . . γn

]T
The left hand side of (4.2) can be transformed using the following relation be-
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tween acceleration and the forces acting on the in-wheel vehicle:

ξ̈0 = (Fl − Fd,o − Fd1,r)/m (4.13)

where Fd1,r = mg sinα. After organizing equation (4.6) and substituting the above
formula, the following equation is derived to determine the velocity of the in-wheel
vehicle:

ϑ = ξ̇20 + 2s1(1−Q)(ξ̈0 + gsinα) (4.14)

Next equations (4.11) and (4.14) are combined:

ξ̇20 + 2s1(1−Q)(ξ̈0 + gsinα) = Qv2ref,0 + ΩΓ (4.15)

Note that in the above equation ξ̇0, ξ̈0 and α are measured signals of the driver’s
simulation, while ϑ is calculated with the unknown weighting parameters. The
optimization task is to minimize function f defined with equation (4.15) as follows:

f = ξ̇0 −
√
Qv2ref,0 + ΩΓ− 2s1(1−Q)(ξ̈0 + gsinα) (4.16)

with the constraints Q+
∑
γi = 1 and 0 < Q, γi < 1.

The determination of the possible weights of the driver is evaluated as follows:
First, weight Q is set to a constant. Second, the matrix Γ is computed with the
above defined optimization procedure, using the measured signals from the driver’s
simulation. Third, the computed Q, γi is applied to simulate vehicle dynamics using
the driver model. Fourth, the measured and simulated signals are compared. All
of these steps are accomplished for different Q values. Finally, the set Q, γi, which
minimizes the differences between the measurement and the simulation, is chosen.
Note that value of Q can be dynamically changing during the travel of the in-wheel
vehicle, but for numerical reasons we assume Q to be constant.

4.2.3 Driver model

Another method for the reconstruction of the driver’s weight selection is the
following. It is assumed that in the velocity selection process the driver tries to
follow the regulated maximum velocity, and only considers instantaneous effects
such as disturbances acting on the in-wheel vehicle, where γi values are chosen to be
zero. For the further analysis, a driver model introduced in [17] is used to capture
the behavior of the driver in terms of following the desired velocity. This linearized
model assumes that the driver perceives and operates only on forward velocity, and
the dynamic model of the in-wheel vehicle is known. The scheme of this driver
model is shown in Figure 4.4. In this model, the driver uses the accelerator pedal
for speed regulation, and tries to maintain a constant speed in the presence of speed
disturbances resulting from road slopes, aerodynamic and road resistances.

In this driver model Yu represents the transfer function of the driver, while Y u
δ

is a transfer function of the in-wheel vehicle relating forward speed to accelerator
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Fig. 4.4: Model for velocity control

pedal position. This can be approximated by:

Y u
δ =

Ku
δ

(Tus+ 1)
(4.17)

where Tu is a time constant associated with the change of vehicle speed, while Ku
δ

is associated with the accelerator pedal sensitivity. For the simulation in Carsim,
the above transfer function is used with Tu = 10 and Ku

δ = 1. The following model
is used to capture the driver’s behavior:

Yu = Ku(
1

s
+ TL)e−sτ (4.18)

A representative set of driver parameters is used for the simulation: Ku = 0.3 ;
TL = 12; τ = 1.7.

For the consideration of the driver behavior, the speed selection algorithm is
modified in such a way that weight Q is substituted for by the weight that the driver
would have used at the same road section. The calculation of the driver weight Qd

is as follows: by ignoring the road information, the values of γi are presumed to
be zero. Thus in the mapping of the drivers’ possible weight selection, the problem
is simplified to the calculation of the constantly changing Qd weight, which can
be calculated on-board during the journey of the in-wheel vehicle. Assuming that
the in-wheel vehicle dynamics and the driver’s function are known along with the
actual reference speed and the road slope, it is possible to calculate the speed which
the driver would have chosen in the presence of the actual disturbances. Then, by
measuring the actual acceleration of the in-wheel vehicle, it is possible to calculate
weighting function Qd which the driver would use if it were an automatic system.
Note that by this method, the driver’s behavior in terms of following the actual
reference speed is mapped.

The calculation method is derived as follows: After organizing equation (4.6) and
substituting ξ̈0 = (Fl−Fd,o−Fd1,r)/m the following equation is derived to determine
the speed of the in-wheel vehicle:

ϑ = ξ̇20 + 2s1(1−Q)(ξ̈0 + gsinα) (4.19)
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Next equations (4.5) and (4.14) are combined, assuming γi to be zero:

ξ̇20 + 2s1(1−Q)(ξ̈0 + gsinα) = Qv2ref,0 (4.20)

Rearranging the equation, weight Qd can be expressed as follows:

Qd =
ξ̇20 + 2s1ξ̈0 + 2s1gsinα

v2ref,0 + 2s1ξ̈0 + 2s1gsinα
(4.21)

where ξ̇, ξ̈ are calculated with the above driver model, α and vref,0 are road infor-
mation assumed to be known.

The automatic look-ahead system can be modified by selecting the Qd values
calculated by using the driver model. In this way, the optimization process of the
look-ahead system can adopt the Qd values that the driver may have used in the
same section of the route in order to determine γi weights. By this method, the
speed profile and the traveling time will be closer to that of the human driver. The
consideration of the road slope will still be captured in the cruise control with a
smaller weight, thus the energy consumption will be lower than those with a human
driver’s.

4.2.4 Simulation results

In this section the previously detailed methods are examined with real data
motorway simulation in CarSim environment. The terrain characteristics and geo-
graphical information are those of the M1 Hungarian highway between Tatabánya
and Budapest in a 56 km long section with several slopes and uphills (see Figure
4.5).The regulated maximal velocity is 130 km/h, but the road section contains
other speed limits as well (e.g. 80 km/h or 100 km/h). The look-ahead distance
has been set to L = 500 m divided into n = 10 sections. Note, that the operation of
the look-ahead control is influenced by the parameter settings, as analyzed in [89].

Optimization results

For the validation of the above described optimization procedure the following
experiment was carried out. The in-wheel vehicle using an automatic look-ahead
system was simulated on the Budapest-Tatabánya path, with the Q weight set to
zero. In order to carry out the calculation it is necessary to measure the velocity (ξ̇0)
and the longitudinal accelerations of the vehicle (ξ̈0) as well as the momentary road
inclinations α. Next the regressive calculation of the look-ahead system’s Γ weights
was evaluated with the optimization procedure detailed in the previous chapter of
this paper. Then the simulation was rerun by substituting the calculated gamma
values for those calculated by the look-ahead procedure.

For the determination of the driver’s weights, the Q value was first set to 1 and
the vehicle simulation was evaluated with this single weight factor. Then weight Q
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Fig. 4.5: Terrain characteristics

was decreased by a constant and the simulation was evaluated with the calculated
Γ values. The decreasing of the weight Q was repeated until the square difference
of the original velocity profile and the simulated velocity profile was minimal. The
results imply that the driver uses a weight selection of Qd ≈ 0.8, thus in the behavior
of the driver the minimization of the traveling time is of high importance, while the
weighting of the road slope and velocity regulation are minimal compared to the
automatic system.

After the identification of the driver’s weights, the look-ahead cruise control can
be tuned to better fit the behavior of a human driver enhancing the comfort level
of the system in this manner. The realization of the driver’s behavior adaptation in
the automatic system can be carried out by different methods. The simplest way
is to adopt the driver’s weighting function parameters Q for the automatic system,
and let the look-ahead optimization method calculate the optimal Γ values with this
fix parameter. In this case, the automatic system will degrade in terms of energy
efficiency, but the traveling time will be closer to that of the human driver’s.The
consideration of the road slope will still be captured in the cruise control with a
smaller weight, thus the energy consumption will be lower than that of a human
driver’s.

Results with driver model

With the above detailed driver model,the actual velocity of the in-wheel vehicle
is calculated during the operation of the look-ahead system. With the calculated
velocity and acceleration data Qd weights are defined and added to the optimization
process of the automatic system as an initial condition. In Figure 4.6(a) the velocity
of the original automatic system and the velocity of modified system are compared,
together with the velocity profile of the driver model. As it can be seen, the velocity
profile of the original look-ahead system and that of the modified system differ
greatly, the latter profile being closer to that suggested by the driver model. Note
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that by limiting the driver model suggested Qd weight, which is in the domain
Qd ∈ [0, 1], the abrupt behavior of the driver has been smoothen by the automatic
system. However, the tendency of the velocity may be more comfortable to the
driver and the passengers.
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Fig. 4.6: Velocity profile of original and modified system

4.3 Considering safe cornering in the velocity design

In order to improve the safety of the journey the maximum safe cornering veloc-
ities must also be taken into consideration to design a velocity trajectory which is
consistent with further road conditions. Thus, curvature of the road and adhesion
coefficient must be incorporated in the design process. In a less structured envi-
ronment (rural roads, mountain roads with hairpin turns, etc.) where the speed
limits are not necessarily consistent with the curvature of the road, it is important
to consider the maximum velocity that the in-wheel vehicle is capable of in a curve
without the danger of skidding or rolling over. Hereinafter this velocity is referred
to as the maximum safe cornering velocity, which depends on several factors, such
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as the adhesion of the road surface, the quality of the tires or the road holding of
the vehicle.

For the determination of the maximum safe cornering velocity different methods
can be applied. Using a complex vehicle model is not feasible for calculating the
desired velocity in advance, since the states and control inputs of the vehicle are
unknown. Thus, in the calculation of the maximum safe cornering velocity more
straightforward methods are used.

4.3.1 Calculation of safe cornering velocity

Government transportation agencies have been evaluating several studies in the
field of highway road planning in respect to horizontal curve design. Road design
manuals determine a minimum curve radius for a predefined velocity, road superel-
evation and adhesion coefficient, see [120, 39]. The calculation is based on assuming
the in-wheel vehicle to move on a circular path, where the vehicle is subject to cen-
trifugal force that acts away from the center of the curve as illustrated in Figure
4.7, see [85]. The slip angle β is assumed to be small enough for the lateral force to
point along the path radius, and the longitudinal acceleration is also small enough
not to degrade the lateral friction of the in-wheel vehicle considerably.

Fig. 4.7: Counterbalancing side forces in cornering maneuver

The mass of the in-wheel vehicle m along with the road superelevation (cross
slope) ε and the side friction between the tire and the road surface µ counterbalance
the centrifugal force. Assuming that there is the same µ at each wheel of the in-wheel
vehicle the sum of the lateral forces is:

∑
Fy = mg(µ + ε), where g = 9.81m/s2 is

the gravitational constant. At cornering the vehicle dynamics is described by the
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equilibrium of the two forces:

m
v2

R
= mg(µ+ ε), (4.22)

where R is the radius of the curve. Assuming that the road geometry is known by
on-board devices such as GPS, it is possible to calculate a safe cornering velocity
by rearranging (4.22). Thus, the following relationship holds for the maximum safe
cornering velocity regarding the danger of skidding out of the corner:

vskid =
√
Rg(µ+ ε). (4.23)

Note, that (4.23) is also used in crash reconstruction and is referred to as the
Critical Speed Formula (CSF), see [13, 70]. In the so-called yaw mark method the
critical speed of the vehicle is determined by using the calculated radius of the
vehicle path from the tire skid marks left on the road.

In the calculation of the safe cornering velocity the value of the side friction
factor µ plays a major role. This factor depends on the quality and texture of the
road, the weather conditions, the velocity of the in-wheel vehicle and several other
factors. The estimation of µ has been presented by several papers, see e.g. [42, 74, 2].
However, these estimations are based on instant measurements, thus they are not
valid for look-ahead control design, where the friction of future road sections should
be estimated.

As an alternative to estimating the coefficient of adhesion which can greatly vary
on the weather changes, a more conservative approach is also given to determine
safe cornering speed based on the relationships used in road design. In road design
handbooks the value of the friction factor is given in look-up tables as a function of
the design speed, and it is limited in order to determine a comfortable side friction
for the passengers of the vehicles. For the calculation of safe cornering velocity
these friction values give a very conservative result, which can be applied in case of
extreme weather conditions.

A method to evaluate side friction in horizontal curves using supply-demand
concepts has been presented by [28]. Here the side friction has an exponential
relation with the design speed as follows: µ = Fo,v exp (v − vskid)/Sp, where Fo,v and
Sp are constant values depending on the texture of the pavement. Note that Fo,v is
the estimated reference friction at a measurement speed of v. Thus, the maximum
safe cornering speed can be determined on a given road surface along with the side
friction factor, as it is illustrated in Figure 4.8. The intersections of the supply and
demand curves give the safe cornering velocities and the corresponding maximum
side frictions. Note that whereas the friction supply only depends on the velocity of
the in-wheel vehicle, the friction demand is a function of the velocity and the curve
radius as well.

The relationship between the curve radius and safe cornering velocity can be
observed in Figure 4.9. The data points of the diagram are given by the intersections
of the supply and demand curves. It shows that the safe cornering velocity increases
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with the curve radius. However, the relationship is not linear, i.e by increasing an
already big cornering radius results in only moderated growth of the safe cornering
velocity.

Rollover danger estimation and prevention control methods have already been
studied by several authors, see [23, 30]. Assuming a rigid vehicle model and using
small angle approximation for superelevation (sin ε ≈ ε, cos ε ≈ 1), a moment equa-
tion can be written for the outside tires of the in-wheel vehicle during cornering as
follows:

m
v2

R
h−mgεh+ Fzib−mg

b

2
= 0 (4.24)

where h is the height of the center of gravity, b is the track width, Fzi is the load of
the inside wheel at cornering, see Figure 4.10.

The stability limit occurs at the point when the load Fzi reaches zero, which
means the in-wheel vehicle can no longer maintain equilibrium in the roll plane.
Thus by reorganizing (4.10) and substituting Fzi = 0 the rollover threshold is given
as follows:

vroll =

√
Rg

2h
(b+ 2εh) (4.25)

Thus, to ensure safe cornering of the in-wheel vehicle without the danger of
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skidding or rollover, its velocity has to be chosen to meet the two constraints defined
by (4.23) and (4.25).

4.3.2 Road curve radius calculation

Another important task is to calculate the radius of curves ahead of the vehicle
in order to define the safe cornering velocities in advance. As the main focus of
the thesis is the velocity selection, here a brief method is detailed which gives a
good approximation of the road curvature based on available data points of the
road centerline. Note, that estimation of road curvature based on raw GPS data
has been studied more detailed in [76].

The road ahead of the in-wheel vehicle can be divided into n number of sections.
The goal is to calculate the curve radius at each n section points ahead to determine
the safe cornering velocities corresponding to the curve radius. The calculation
of the cornering radius Rj j ∈ [1, n] is as follows. It is assumed that the global
trajectory coordinates x and y of the in-wheel vehicle path are known. Considering
a sufficiently small distance the trajectory of the in-wheel vehicle around a section
point can be regarded as an arc, as it is shown in Figure 4.11. The arc can be
divided into k data points.

The length of the arc can be approximated by summing up the distances between
data points: sj =

∑k
i=1 si, j ∈ [1, n]. These distances are calculated as: si =
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Fig. 4.10: Forces affecting the in-wheel vehicle roll motion

√
(xi − xi−1)2 + (yi − yi−1)2, i ∈ [2, k]. The length of the chord dj is calculated as

follows: dj =
√

(xk − x1)2 + (yk − y1)2, j ∈ [1, n].
Knowing the length sj and dj, j ∈ [1, n] it is possible to calculate a reasonable

estimation of the curve radius Rj. Note that the length of the arc must be chosen
carefully. A too short section with fewer data points may give an unacceptable
approximation of the radius. On the other hand a too big distance can be inappro-
priate as well, since then the section may not be approximated by a single arc. The
number of data points selected is also important, and by increasing the number k,
the accuracy of the following calculation can be enhanced. The angle of the arc ϕj
is as follows ϕj = sj/Rj, j ∈ [1, n]. The length of the chord dj is also expressed as
a function of the radius: dj = 2Rj sin(ϕj/2). Expressing the radius Rj the following
equation is derived: Rj = dj/2/ sin(sj/2/Rj).

This expression can be transformed by introducing xj = sj/2Rj and using the
Taylor series for the approximation of the sinxj function, i.e., sin(xj) ∼= xj − x3j/6.
Then the following expression is gained for the radius: Rj =

√
s3j/24/(sj − dj).The

curve radius Rj, j ∈ [1, n] can be calculated at each section point ahead of the
in-wheel vehicle path. The calculation method is validated through a simulation
environment. Here, the in-wheel vehicle follows the desired path while the curve
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Fig. 4.11: The arc of the in-wheel vehicle path

radius is being measured and at the same time the calculation method is running
giving a close approximation of the real value. The comparison of the real and the
calculated radius is shown in Figure 4.12.
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Fig. 4.12: Validation of the calculation method
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By calculating the radius of the curve safe cornering velocity can be determined
by using (4.23) and (4.25). This velocity can be considered as the maximum velocity
that the in-wheel vehicle is capable of in a corner without the danger of slipping
and leaving the track or rolling over. It is important to state that in severe weather
conditions this safe velocity may be smaller than that of the speed limit, thus the
consideration of the maximum safety velocity in the cruise control design is essential.

4.3.3 Look-ahead control considering efficiency and safe cornering

The look-ahead control method already presented defined the path ahead of the
in-wheel vehicle divided into n number of sections. It is assumed that the road
inclination rates and the speed limits are known for all of these sections by using
on-board devices such as GPS. The speed of the in-wheel vehicle at section point
i ∈ [1, n] should reach a predefined reference speed vref,i , which is the speed limit
on the section. The maximum cornering velocity for each section can be calculated
knowing the designed path of the in-wheel vehicle. If the speed limit vref,i at section
point i exceeds the safe cornering velocity then it is substituted with the smallest
value concerning skidding or rollover, i.e.,

vsaferef,i = min(vref,i; vskid,i; vroll,i).

Thus in the calculation of the optimal velocity in (4.6) ϑ is modified as follows:

ϑ = Q(vref,0)
2 +

n∑
i=1

γi(v
safe
ref,i)

2 +
2

m

n∑
i=1

(siFdi,r

n∑
j=i

γj). (4.26)

With the consideration of the maximum safe cornering velocity in the look-ahead
design process, the journey of the in-wheel vehicle along the designed path is both
energy efficient and safe.

4.4 Considering traffic in the velocity design

The aim of this chapter is to incorporate traffic information gained by floating
car data (FCD) in the velocity planning process of the look-ahead cruise control
system. By this means, the energy optimal velocity profile of the in-wheel vehicle
can be in coherence with the oncoming traffic augmenting the functionality of the
look-ahead method.

As on-board electronic devices such as GPS systems are becoming increasingly
popular in today’s vehicles, the possibility of gaining useful information about vehi-
cles on the road network to improve short and long term predictions of traffic data
is getting increasingly desirable. The main idea of FCD systems is to collect data
available by already existing on-board devices. The basic FCD collection system
records time and vehicle location provided by a GPS receiver or cellular data of
mobile phones, and uses a GSM/GPRS transmitter to send the information package
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to the central system for post-procession. If a sufficient number of vehicles (often
referred to as probe vehicles)are involved in the data collecting process this can be
used to detect congestion on given road sections and estimate the traffic flow speed.

In contrast with traditional and widespread fixed-point traffic data collection
technologies (video cameras, inductive loops, radar sensors, etc) floating cars act
as moving sensors traveling with the traffic stream. One of the biggest advantage
of the FCD system is that it does not require any additional instrument to be
set up and maintained on the road network, thus the cost of gathering real-time
traffic information makes it valuable to realize. If additional information is gained
from the vehicle electronic control unit (gear status, brake usage, revolutions per
minute, windshield wipers application, temperature, traction control, etc.), weather
conditions can be estimated and accident hazards can be detected as well. These
data are referred to as Extended Floating Car Data (xFCD). Several FCD research
projects have already been proposed by authors. The main contributions in the field
of FCD and xFCD data systems have been summarized by [7].

A method based on GPS floating-car data (FCD) to acquire traffic congestion
information is studied by [138]. Here data is generated by 500 taxis and after pre-
processing, map matching, travel speed estimation, and several other key steps, a
map which exhibits the traffic congestion distribution of the city is produced. A
traffic estimation method based on a large scale real-time FCD system was devel-
oped and operated along the Italian motorway network with a penetration level of
about 1.7 percent, as depicted by [35]. A historical floating car data based travel
time estimation for the traffic network links was presented by [31]. An extension of
the FCD principle was introduced by [105] with a novel approach based on a method
of indirect detection of traffic objects (cars, cyclists, pedestrians) using radio-based
Bluetooth/Wi-Fi technologies. The spatial structure and the interpolation of float-
ing car speeds were analyzed by exact floating car speed data of the study area
in Beijing, see [129]. The results showed that geostatistics as a new spatial anal-
ysis method can solve the spatial variability problems which traditional statistics
methods cannot.

4.4.1 Communication and data acquisition

Communication is an essential element of the FCD systems. The communication
is two ways: reporting data from the probe vehicles to the traffic information center
and transmitting processed data back to the drivers of the vehicles (see Figure 4.13).

During the data reporting of the FCD system time-relevant short messages are
sent containing traffic relevant information such as location, speed and direction
data. In the case of xFCD system other safety-related information collected by
the vehicle sensors and ECU can also be sent for post procession. However, these
data are outside the scope of this paper. Transmission delays of several minutes
are acceptable in the case of standard FCD messages. The frequency of the mes-
sages are much more important. Implicitly, shorter sampling period results in higher



76 4. Velocity design based on environment, traffic, driver requirements while guaranteeing road safety

Fig. 4.13: Composition of the floating-car system (based on [136])

data precision. [136] presented a theoretical method for floating-car sampling period
optimization: considering velocity as a stochastic signal its frequency spectrum is
analyzed using Fourier transformation and the optimal sampling frequency is de-
cided by the Shannon sampling theory. The result shows that the optimal sampling
frequency can achieve high data precision, which is suitable for practical applica-
tions.

The traffic stream must contain a certain number of probe vehicles as well in
order to obtain reliable information for traffic analysis. The so called penetration
level refers to the proportion of probe vehicles in traffic. Depending on the type
and quality of the data required, this proportion can vary from 1 to 5 percent [15].
Speed is one of the most important floating car data used in this paper to develop
a new look-ahead cruise control method. Accurate and reliable speed information is
possible when the proportion of floating cars is over 3 percent in the traffic [21].

Data reporting can be accomplished with different types of communication chan-
nels, including cellular data, GPRS, DSRC, or wireless hotspot technology [7]:

• DSRC beacons are operated by the governments of Japan and Europe for
their ITS information systems. This two-way short- to medium-range wireless
communication channel is specifically designed for automotive use and its main
function is electronic toll collection.

• Wireless hotspots are beginning to proliferate along the road network to serve
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professional truck drivers. The nature of the messages is not radically different
from that used for electronic payment.

• Cellular network-based data is provided by the switched on mobile phones of
the drivers and passengers of the probe vehicles. Triangulation and hand-over
data stored by the network operator are used for localization, which is less ac-
curate than GPS based systems. Thus, for reporting high data quality, several
devices need to be tracked and more complex algorithms must be used. How-
ever, in metropolitan areas, where congestions are frequent and the distance
between antennas is smaller, high data accuracy can be achieved. One of the
main advantages of this data reporting is that no extra hardware is needed
aboard in the probe vehicles.

• GPS-based FCD systems are the most common today. The GPS device re-
ceives the satellite signals to determine the location and speed of the probe
vehicle.

4.4.2 FCD acquisition of mean speed for road sections

The principle of FCD data acquisition is shown in Figure 4.14. The speed data
are recorded with a certain frequency using a GPS receiver or a cellular network
database and sent to the traffic information center where these data are analyzed
and statistically condensed with different algorithms. Every FCD message trans-
mitted contains the probe vehicles’ last-known positions for the evaluation of the
map matching process. The mean journey speed and the variation on the predefined
road sections can be calculated, which provides the basic information to augment
the look-ahead cruise control system described later.

The FCD algorithm can be divided in three steps [35]:

• Map matching for each positions using reported data. The most commonly
used map-matching algorithms are the algorithm of point-to-curve and the
algorithm of curve-to-curve [131]

• Routing (between subsequent positions) to determine the average speed along
the tracks.

• The link travel speed is estimated based on the GPS position speed and the
track average speed weighted exponentially with the GPS time distance for all
cars passing the links.

4.4.3 Look-ahead control considering traffic information based on the FCD system

Given the real time mean velocities of the road network sections by the FCD
system, there is an possibility to consider the oncoming traffic in the in-wheel vehicle
velocity design. If the forward traffic mean speed is considered, the look-ahead cruise
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Fig. 4.14: FCD vehicle speed acquisition (based on [15])

control operation can be more effective and comfortable for the driver. For example,
a cruise control system without the knowledge of oncoming traffic conditions must
be deactivated and braking must be applied before a congested road section, which
results in discomfort for the driver and an increase of the fuel consumption and
emission. A look-ahead cruise control considering traffic information gained by the
FCD system can adapt the real time (or even historical) data in the velocity design
of the in-wheel vehicle, thus the speed can be decreased in advance of a congestion
(or slower traffic flow) on the road.

Assuming that the in-wheel vehicle can receive traffic information from the FCD
system, there is a possibility to consider the mean speed of the traffic stream along
the designed path. Denoting the mean traffic velocities at each section point ahead
with vtraffic,i i ∈ [1, n], it is possible to modify the look-ahead control algorithm as
follows.

If the speed limit vref,i at section point i exceeds the traffic stream velocity
vtraffic,i, then the mean traffic velocity is substituted for the speed limit, i.e

vmodref,i = min(vref,i; vtraffic,i).

. Thus in the calculation of the optimal velocity λ in equation (4.6) from ϑ to ϑmod
is modified as follows:

ϑmod =Qv2ref,0 +
n∑
i=1

γimin(vref,i; vtraffic,i)
2 +

2

m

n∑
i=1

(siFdi,r

n∑
j=i

γj). (4.27)
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After adding design weights for the road sections the energy optimal momentary
velocity can be calculated using equation (4.6).

4.5 Hierarchical framework for automated 4WIA vehicles

A further challenge for cruise control systems of automated vehicles is posed
from the side of safety, since the computation of the energy-optimal speed profile
can require various signals of different sources, e.g. through communication with
roadside units, intelligent transportation systems or with a fleet management sys-
tems via internet. In case of a cyber attack some of these signals might be corrupted,
which can result in the risk of collision for the vehicles [41]. Therefore, information
from outer sources must be examined before their application in the cruise control
system.

The aim of this chapter is a design method for the cruise control of 4WIA auto-
mated vehicles. The proposed control system contains layers with different function-
alities, which are interconnected in a hierarchical structure. The reason for using
layers is to separate the functionalities which require different computation efforts.
The layer on the high-level computes a reference speed signal for the 4WIA vehicle,
which considers the economy and time performance requirements. It requires the
solution of a complex optimization problem, which is performed in a cloud with
low frequency. There are two further layers on the level of the vehicle, such as
the signal analysis and the local control layers. The purpose of the signal analysis
layer is to examine the feasibility of the reference speed regarding vehicle safety per-
formances. This layer is designed to require low computation effort and on-board
sensor measurements, thus analysis can be performed with high frequency. The pro-
posed hierarchical cruise control is able to handle the priorities between the various
performance requirements, thus safe motion of the vehicle is guaranteed under every
circumstances.

4.5.1 Hierarchical structure for eco-cruise control design

This Section proposes a hierarchical design method for the cruise control of 4WIA
automated vehicles. The aim of the hierarchy is to separate the consideration of the
various performances depending on their priorities. In the vehicle control the dif-
ferent performances are considered in different layers. The primary performance
requirements must be guaranteed during the entire motion of the vehicle. These
are the safety performances, such as maintaining distance from the preceding and
follower vehicles or keeping the vehicle speed in a given range. The secondary per-
formance requirements can be guaranteed in most of the time during the journey of
the vehicle. However, if the secondary and the primary performance requirements
are in conflict, the primary performances have priorities. Typical secondary perfor-
mance requirements are the minimization of the energy consumption, traveling time
and the comfort aspects of the motion.
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The proposed hierarchy contains three layers, which are illustrated in Figure
4.15. The layer on the high level processes the computation of the speed signal
vhigh. In the computation of vhigh the secondary performances, e.g. eco-driving
features are incorporated. Since the computation on the high level may require big
efforts, the computation process is recommended to be performed in a cloud with
low frequency. The computed vhigh is transmitted to the vehicle through internet
communication. There are two further layers in the vehicle level. The purpose of
the layers on the vehicle level is to guarantee the primary performances. Thus, the
required signals are measured by onboard sensors. The role of the speed analysis
layer is to examine vhigh from the aspect of the primary performances. If the primary
performance requirements can be guaranteed through vhigh, then it is transmitted
to the local control layer as vveh = vhigh. In contrast, if vhigh is inadequate, then
a speed value vveh is computed, with which the primary performance requirements
are guaranteed. The role of the local control layer is to guarantee the tracking of
vveh through the actuation in the driveline. Moreover, the interconnection in the
hierarchical structure through further signals is guaranteed, e.g. the transmission of
the speed signal ξ̇ or a tuning parameter ε.

speed analysis layer

local control layer

layer on the high level

vhigh

vveh

ε

ξ̇

Fig. 4.15: Hierarchical structure of the cruise control

In the practice of eco-driving it is necessary to find a balance between these two
scenarios through the appropriate selection of R1. The selection method is based
on the previously introduced performances of the eco-cruise control problem, such
as the performance of speed variation between limitations and the performance of
energy consumption minimization. It is defined by the bounds of the reference speed
variation as

vref,0 + ∆l,min ≤ vhigh ≤ vref,0 + ∆l,max, (4.28)

where ∆l,max,∆l,min predefined scalars are the bounds of the allowed reference speed
variation. (4.28) is a hard constraint in the selection of the R1, which must be always
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guaranteed.
The performance of the energy consumption minimization is maintained through

the maximization of R1. Nevertheless, during the maximization process the con-
straint (4.28) must be guaranteed. It leads to the optimization problem

maxR1 (4.29a)
subject to

vref,0 + ∆l,min ≤ vhigh ≤ vref,0 + ∆l,max. (4.29b)

Finally, the computation process of vhigh is performed as follows. Through
vref,i, αi the weights Q̄, γ̄i are computed using the quadratic optimization process
(4.9). After this computation it is necessary to find R1, which guarantees the pre-
defined constraint, see (4.29).

Although the resulting speed vhigh is able to guarantee secondary performances,
vhigh cannot be tracked by the vehicle if the primary performances are violated.
For example, in rush hour traffic the maximum speed limit might not be achieved
owing to the reduction of the traffic flow speed and the reduction of the distance
between the vehicles. Thus, vhigh is often overridden by the speed analysis layer.
Therefore, the level of secondary performances may be degraded. The degradation
can be avoided by the adaptation of vref,i to the current traffic flow.

4.5.2 Guaranteeing primary performances in the design of the vehicle motion
profile

This section proposes the design method for the layers of speed analysis, which
is responsible for guaranteeing the primary performances. The purpose of the layer
of speed analysis is to provide a reference speed vveh for the local control, with which
the primary performances can be guaranteed. The computation of vveh is based on
the analysis of vhigh, which is transmitted by the layer on the high level through
internet communication.

In the analysis the following conditions are checked.

1. The 4WIA automated vehicle must keep a safe distance dsafe from the preced-
ing vehicle. It results in the maximum of the reference speed.

2. The 4WIA automated vehicle must keep a safe distance dsafe from the follower
vehicle. It results in the minimum of the reference speed.

3. If further vehicles in the environment of the automated vehicle are not found,
the speed of the automated vehicle must be kept between vref,0 + ∆l,min and
vref,0 + ∆l,max.

The examination of the previous conditions requires the prediction of the forth-
coming distances from the preceding and follower vehicles.
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The prediction of the forthcoming distance dprec between the preceding vehi-
cle and the automated vehicle is formulated based on their accelerations d̈prec(t) =
η̈p(t) − ξ̈(t). In time T the distance between the vehicles assuming constant accel-
eration is computed as

dprec(T ) =
η̈p(0)T 2

2
− ξ̈(0)T 2

2
+ η̇p(0)T − ξ̇(0)T + dprec(0), (4.30)

where 0 represents the current time. Guaranteeing primary performance requirement
dprec(T ) ≤ dsafe leads to the relation

dsafe ≤
η̈p(0)T 2

2
− ξ̈(0)T 2

2
+ η̇p(0)T − ξ̇(0)T + dprec(0), (4.31)

The prediction requires information about the current acceleration η̈p(0) and speed
η̇p(0) of the preceding vehicle and the current distance dpprec(0). Although the mea-
surement of η̇p(0), dprec(0) can be carried out through the fusion of camera and radar,
the measurement of η̈p(0) may contain significant noise. Since the role of the layer is
to guarantee primary performances, the current acceleration is over-approximated
by a constant value, which is yielded by the worst-case scenario, i.e. maximum
braking. It is assumed that

amin ≤ η̈p(0), (4.32)

where amin represents the acceleration in the worst-case scenario. The value of amin
is a design parameter, which can be selected based on preliminary experimental
results. Using amin, (4.31) is computed as

dsafe ≤
aminT

2

2
− ξ̈(0)T 2

2
+ η̇p(0)T − ξ̇(0)T + dprec(0) (4.33)

and thus, the acceleration of the vehicle must be limited as

ξ̈(0) ≤ amin +
2η̇p(0)

T
− 2ξ̇(0)

T
+ 2

dprec(0)− dsafe
T 2

. (4.34)

The acceleration of the automated vehicle is formed as ξ̈(0) = ξ̇(T )−ξ̇(0)
T

, which means
that the required speed of the vehicle in T is computed as ξ̇(T ) = ξ̇(0) + ξ̈(0)T .
Assuming that the local control is able to guarantee accurate tracking vlow = ξ̇(T ),
the maximum of the reference speed is calculated as

vveh ≤ aminT + 2η̇p(0)− ξ̇(0) + 2
dprec(0)− dsafe

T
. (4.35)

Similarly, the predicted distance between the automated vehicle and the follower
vehicle dfoll can be derived from the second derivative of the distance between them
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as d̈foll = ξ̈− η̈f . The worst-case scenario is characterized by the maximum acceler-
ation amax of the follower vehicle through the expression amax ≥ η̈f (0), which leads
to the minimum of the reference speed as

vveh ≥ ξ̇(0)− amaxT + 2η̇f (0) + 2
dsafe − dprec(0)

T
. (4.36)

The process for the generation of vveh is as follows. If vveh = vhigh satisfies the
inequalities (4.35) and (4.36) then vveh with the value of vhigh can be applied to the
reference signal of the local controller.

The third primary performance requirement is that the speed of the vehicle must
be kept in a limited range of the current speed limit vref,0. Its value is identified
by the fusion of a camera-based sign recognition system [4] and a digital map [77].
Since the layer on the high level guarantees that vhigh is inside of the requested speed
range, if vveh = vhigh then the third primary performance requirement is guaranteed.

Although the value of vhigh can be applied for vveh, in several cases one of the
inequalities (4.35)-(4.36) is violated. In these cases it is necessary to select the value
for vveh close as possible to vhigh such that the primary performances are guaranteed
simultaneously. Thus, if vhigh fails to meet the inequalities (4.35)-(4.36), then the
following optimization process is performed:

min
vveh
|vveh − vhigh| (4.37a)

subject to

vveh ≤ aminT + 2η̇p(0)− ξ̇(0)

+ 2
dprec(0)− dsafe

T
, (4.37b)

vveh ≥ ξ̇(0)− amaxT + 2η̇f (0)

+ 2
dsafe − dprec(0)

T
, (4.37c)

vref,0 + ∆l,min ≤ vveh ≤ vref,0 + ∆l,max. (4.37d)

The solution to the optimization task (4.37) in practice can require low computa-
tional effort. It is necessary to compute the possible minimum and maximum values
of vveh based on the constraints (4.37)(b)-(d). Since vhigh is out of this speed range,
the lower or the upper bound of the range provides the solution to the minimization
task.

There are some special local traffic scenarios in which the optimization (4.37)
can be unfeasible. For example, vhigh = 88km/h, vref,0 + ∆l,min = 70km/h, vref,0 +
∆l,max = 95km/h and the vehicle is in a traffic jam, which means that the speed
can be between 20km/h . . . 30km/h due to the vehicle interdistance constraints. In
this case the constraints (4.37)(b)-(c) and (4.37)(d) are in contradiction. Since the
avoidance of the collision has the highest priority among all of the primary perfor-
mance requirements, vveh must be selected without the consideration of (4.37)(d).
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Furthermore, there can be other scenarios, when the required minimum speed from
(4.37)(c) is higher than the maximum speed from (4.37)(b), e.g. there is a fast vehi-
cle behind the controlled vehicle. This leads to an unfeasible optimization problem.
Since the controlled vehicle is mostly responsible for keeping a safe distance from the
preceding vehicle, in this scenario vveh must be selected without the consideration
of (4.37)(c).

4.5.3 Design of cyber attack with reinforcement learning

As detailed earlier, the main goal of the proposed hierarchical structure for 4WIA
is to handle a hostile cyber attack by preserving safe motion of vehicles, moreover
guaranteeing collision avoidance. In order to validate the effectiveness of the pro-
posed method detailed in Section 4.5.2, a cyber attack has been designed and applied
on the 4WIA vehicle as shown in Figure 4.16.

Fig. 4.16: Scheme of the proposed multi-layer controller considering cyber attacks

In this scheme, it is assumed that each vehicle obtains an optimal velocity vhigh
calculated in the cloud based on available road data, which they have to follow
to meet the requirements of the eco-driving features. However, since the prescribed
target velocity for the autonomous vehicles are sent through communication channels
which can be vulnerable to cyber attacks, the values of vhigh can be corrupted. The
aim of the cyber attack design is to select a velocity vhigh for each vehicle in a
manner, by which the possibility of collisions can be maximized. Hence, for this
purpose reinforcement learning procedure has been developed based on the dynamic
model of a vehicle platoon, where the vehicle agents have been trained to select a
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high-level velocity reference for each 4WIA vehicle to follow in order to maximize
the probability of a collision. Multiple deep deterministic policy gradient (DDPG)
agents have been trained during simulation for three ego vehicles following the lead
vehicle, as depicted in Figure 4.17 and in Figure 4.18. In the former case, agents
have been trained to achieve collision without the present of the low-level speed
analysis layer, while in the latter case the same training process has been evaluated
with the speed analysis layer built in the simulation.

Fig. 4.17: Architecture of the cyber attack reinforcement learning procedure

The lead vehicle follows a predefined velocity profile given by the eco-cruise
control system. The three agents have been trained to control the velocity of the
vehicles in a manner to generate catch-up collision in the vehicle string, which the
speed analysis layer is designed to prevent. The training models for the ego vehicles
has been set as follows:

• The velocity action signal from the agent to the environment (vehicle) is from
0 to 50 m/s.

• The observations from the environment are the following:

– Ego vehicle actual velocity: ξ̇(t)
– Velocity error from preceding vehicle: η̇p(t)− ξ̇(t)
– Integral of the velocity error from preceding vehicle:

∫
(η̇p(t)− ξ̇(t))dt

– Velocity error from following vehicle: ξ̇(t)− η̇f (t)
– Integral of the velocity error from following vehicle:

∫
(ξ̇(t)− η̇f (t))dt
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Fig. 4.18: Cyber attack reinforcement learning procedure with speed analysis

– Following vehicle actual velocity: η̇f (t)

The reward rt provided at every time step t, is rt = min (dprel, d
f
rel), where d

p
rel is the

relative distance from the preceding vehicle, while dfrel is the relative distance from
the following vehicle. Note, that the episode reward considered during training is
the cumulative value of rt. An example of the training process shown in Figure 4.18
regarding episode rewards for the three agents are depicted in Figure 4.19.

Initial positions and velocities have been defined for the vehicles along with
physical limitations of the vehicle dynamics, while the sample time of the simulation
has been set to Ts = 0.1 s. DDPG agents have been created separately for the three
follower vehicle using specified deterministic policy actor and Q-value function critic
representation and agent options. The structure of the actor-critic reinforcement
learning agent is depicted in Figure 4.20. The training for the three agents has been
set by the maximum episode number and a stopping condition regarding the episode
reward value. Note, by separating each vehicle agents, the designed attack can be
more specific for the location of the vehicle in the string, i.e. an agent is trained for
the follower of the leader, for the vehicle in between, and for the last vehicle in the
string without follower. During training, a DDPG agent updates the actor and critic
properties at each time step and stores past experiences using a circular experience
buffer, while action is chosen by the policy using a stochastic noise model at each
training step. Note, that the trainings are terminated when the relative distance
between vehicles become less than 0.
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(a) RL Agent 1

(b) RL Agent 2

(c) RL Agent 3

Fig. 4.19: Episode rewards of reinforcement learning agents

4.6 Simulation results

The simulation contains four vehicles which travel on a highway section. The
leader vehicle follows a velocity profile given by the eco-cruise control system, while
the following vehicles high-level velocity profiles are under a cyber attack from the
beginning of the journey. Note, that the three agents have been previously trained
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Fig. 4.20: Graph structure of the actor-critic RL agent

as depicted in Figure 4.18 for more than 1600 episodes. Next, simulations have
been evaluated without and with the low-level speed analysis detailed in Section
4.5.2 using amin = −3 m/s2, amax = 2 m/s2 and T = 0.5 s as parameters of the
algorithm. Note, that in the presented method safe spacing among vehicles are
calculated as a function of the actual vehicle velocities as dsafe = max(dmin, ξ̇ · tsafe)
with using tsafe = 2 s and dmin = 3 m in the simulation. It is well demonstrated
in Figure 4.21 (a), that under the cyber attack without guaranteed performances,
the velocities of the autonomous vehicles increase significantly due to the hostile
reference high-level speed signals depicted in Figure 4.21 (b). Hence, the second
autonomous vehicle collide with the leader vehicle under less than 10 seconds by
catching up, as demonstrated in Figure 4.21 (c) and Figure 4.21 (d).

Next, simulation was performed with the same initial conditions and trained
cyber attack agents applying the low-level speed analysis layer for the autonomous
vehicles. It is well demonstrated in Figure 4.22 (a), that velocity of the autonomous
vehicle string adapts to the leader vehicle speed, despite the corrupted high-level
velocity signals given by the agents shown in Figure 4.22 (b). Hence, collision of
vehicles are successfully avoided, as shown in Figure 4.22 (c). With lower velocities
spacing among autonomous vehicles are smaller, as shown in Figure 4.22 (d).
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(a) Velocity (b) High-level reference velocity

(c) Distance (d) Spacing

Fig. 4.21: Cyber attack results without guaranteed performances

.
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(a) Velocity (b) High-level reference velocity

(c) Distance (d) Spacing

Fig. 4.22: Cyber attack results with guaranteed performances

.
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.

Thesis 3
A multi-criteria design for the velocity control of 4WIA vehicle has been de-

veloped considering energy consumption, driver behavior, road characteristics and
traffic environment. The adaptation of the driver speed selection behavior in the
look-ahead control system has been implemented using longitudinal driver models.
The road characteristics has been built in the velocity design with a method esti-
mating safe cornering velocities for the vehicle considering dynamical constraints,
while traffic conditions are considered based on floating car data (FCD). A strategy
has also been proposed for the design of a fault-tolerant cruise control system for
4WIA automated vehicles, which has been able to provide guarantees on the perfor-
mances. The design has been performed in a hierarchical framework, whose layers
are related to a high-level cloud computation and the level of the vehicle. For the
validation of the fault-tolerant cruise control, a cyber attack has also been designed
using reinforcement learning technique, providing hostile attack on the reference ve-
locities of the 4WIA autonomous vehicles. It has been shown by several real data
simulations, that the proposed method is effective in guaranteeing the safety of the
4WIA automated vehicles.



5. CONCLUSIONS AND FURTHER RESEARCH

5.1 Conclusions

The thesis proposed an energy optimal and fault tolerant road trajectory and
velocity tracking LPV control method for in-wheel battery electric vehicles with in-
dependently controlled hub motors and steer-by-wire steering system. The proposed
road trajectory tracking strategy is based on a reconfiguration method, in which en-
ergy efficiency and safety of the four wheel independently actuated (4WIA) vehicle
are both considered.

The high-level control reconfiguration has been implemented through the design
of a scheduling variable using the LPV framework in order to deal with fault events
in the drive or steering system of the 4WIA vehicle, while in normal operating
conditions the objective is to maximize battery SOC, thus enhancing the range of
the in-wheel electric vehicle.

The energy optimal control reconfiguration has been designed based on the re-
sults of preliminary simulations with a high-fidelity vehicle and electrical models on
different road conditions. The low-level wheel torque distribution of the vehicle has
been evaluated using a novel constrained optimization technique with the consid-
eration of actual wheel loads to maximize the traction of the vehicle, based on the
measured longitudinal and lateral accelerations.

In order to further enhance safety, comfort and efficiency of the 4WIA vehicle, a
multi-criteria velocity control has been developed considering energy consumption,
driver behavior, road characteristics and traffic environment. The adaptation of the
driver speed selection behavior in the look-ahead velocity control system has been
implemented using longitudinal driver models.

The road characteristics has been built in the velocity design with a method
estimating safe cornering velocities for the vehicle considering dynamical constraints,
while traffic conditions are considered based on floating car data (FCD). A strategy
has also been proposed for the design of a fault-tolerant cruise control system for
connected automated vehicles, which has been able to provide guarantees on the
performances even in case of a cyber attack trained with reinforcement learning
technique.

The safety and efficiency of the proposed method has been demonstrated through
several simulations in CarSim environment, showing the significant energy saving
and fail-safe properties of the proposed method.
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5.2 New scientific results

Thesis 1. A new robust velocity and road trajectory tracking control strategy
has been developed for four-wheel independently-actuated (4WIA) vehicles based on
the LPV framework. A novel optimal wheel torque distribution method has been in-
troduced with the consideration of actual vehicle dynamics in order to maximize the
traction of the vehicle. A high-level control reconfiguration method has been intro-
duced with the aim to handle faults of the in-wheel motors or the steering system.

Related publications: [MGN17a, MG15b, GBM+15, MG14b, GBS+14, MNG14,
GBM+14]

Thesis 2. A reconfigurable trajectory tracking control design method has been
presented for autonomous in-wheel electric vehicles with independently-controlled hub
motors and steer-by-wire steering system. The high-level control reconfiguration has
been implemented through the design of a scheduling variable using the LPV frame-
work in order to deal with fault events, while in normal operating conditions the
objective of the reconfiguration is to maximize battery state-of-charge (SOC), thus
enhancing range of the vehicle. The energy optimal control reconfiguration has been
designed based on the results of preliminary simulations with high-fidelity vehicle and
electrical models on different road conditions.

Related publications: [GMB20, MGB19, MG18, MGN17b, MG16a, MGN16]

Thesis 3. A multi-criteria design for the velocity control of 4WIA vehicle has
been developed considering energy consumption, driver behavior, road characteristics
and traffic environment. The adaptation of the driver speed selection behavior in the
look-ahead control system has been implemented using longitudinal driver models.
The road characteristics has been built in the velocity design with a method esti-
mating safe cornering velocities for the vehicle considering dynamical constraints,
while traffic conditions are considered based on floating car data (FCD). Moreover,
the proposed method has been augmented for connected automated vehicle with the
design of a fault-tolerant cruise control in a hierarchical framework, ensuring safety
of the vehicle against possible cyber attacks.

Related publications: [SGK+18, MG16b, MG15a, MeG14, MG14a, MG13b, MNG12b,
MG13a, MG13c, MNG13, MNG12c, MNG12a, NMG21]
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5.3 Future research

Possible further research opportunities and challenges in the topic of indepen-
dently driven in-wheel vehicle control are suggested. The presented results of this
thesis can be extended in several ways.

• Robustness against multiple fault events can be further analyzed and handled,
see [MGN17a]. Failure or performance degradation of hub motors may be
addressed with recalibration of low-level wheel torque distribution.

• More detailed energy efficiency maps of the 4WIA vehicles can be generated
by considering other factors then road curvature and velocity. For example,
road elevation or road friction can also be considered in the analysis.

• Addressing control issues corresponding with the physical nature of the in-
wheel hub motors. For example, unsprung weight increment of in-wheel ve-
hicles may lead to rougher ride, but also elimination of the drive shafts may
result in freely rotating wheels.

• Analysis can be carried out on the effect of the proposed look-ahead controller
on traffic, see [NGM16].

• One of the main challenges in the future is to implement and validate the
presented algorithms on the SZTAKI and BME test vehicles.
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