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1 Motivation of fault-tolerant control design for
in-wheel electric vehicle

As interest in environmentally friendly transportation is increasingly grow-
ing, electric vehicles receive more and more attention from researchers

and car companies as well. Specifically, in-wheel electric vehicles have several
benefits compared to conventional vehicles and other types of electric vehi-
cles 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 vehi-
cle can be reduced as well. Due to the direct 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 not only enables to design more effective vehicle dy-
namic controllers as proposed by [14, 17, 3]. 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.

One of the main focus of the dissertation is the design of a high-level fault
tolerant control for 4WIA electric vehicles based on Linear Parameter Varying
(LPV) framework. 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, thus the design of control methods enhancing the efficiency of
4WIA electric vehicles based on control reconfiguration is also a key topic of
the dissertation. For this purpose, a local control method is designed on the
basis of the reconfiguration LPV control, focusing on augmenting the high-
level control signal allocation with energy efficiency considerations. Previ-
ous research already addressed the minimization of cornering energy through
constrained optimization and the consideration 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 dissertation the
reconfiguration is based on preliminary analysis conducted with a 4WIA vehi-
cle consisting battery and motor model with the consideration of regenerative
braking [GMB20].

Finally, an adaptive look-ahead cruise control is introduced for enhanc-
ing energy efficiency of the 4WIA vehicle using global information about the
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infrastructure and vehicle environment, assuming that these information are
available using on-board devices or cloud infrastructure. The speed design
method considering terrain characteristics, velocity regulations and traveling
time was proposed by [10]. In the dissertation methods have been developed
to consider the safe cornering of the 4WIA vehicle, see [MeG14, MG13b].
Moreover, the behavior and comfort of the driver has been also considered as
detailed in [MNG12a, MNG13], for which a hardware-in-the-loop (HIL) sim-
ulator based on a real vehicle is used [MNG18, MBNG17, MG15a, MG16b].

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 optimization
algorithm. This 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)
is also possible, see [MG13c, MG13b]. As several exogenous signals are used
in the adaptive cruise control design originated from a cloud, the reference
signals of automated vehicles can be corrupted through cyber attack. For this
purpose, in the dissertation a low-level speed analysis layer is also presented
which is capable of guaranteeing safety even under an extreme cyber attack,
see [NMG21]. The goal of this dissertation is to propose modeling and control
strategies for in-wheel vehicle electric autonomous vehicles.

2 Basic notions and applied methods

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 dynamics, the well known two-wheeled bicycle model is used,
see Figure 1. The motion equations in the planar plane can be written as
follows:

Jψ̈ = c1l1α1 − c2l2α2 +Mz (1a)

mξ̇(ψ̇ + β̇) = c1α1 + c2α2 (1b)

mξ̈ = Fl − Fr (1c)

where m is the mass, J is the yaw-inertia of the vehicle, c1 and c2 are
cornering stiffness of the tires on the front and rear axle which can be identified
[11]. 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
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vehicle is expressed with ψ̇, while the vehicle side-slip angle is β and ξ is the
longitudinal displacement of the 4WIA vehicle.
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Figure 1: Single track bicycle model

The high-level control inputs of the vehicle system are the following: lon-
gitudinal 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:

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

+2Fyf sin(α1 + δ) + 2Fyr sin(α2)

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 on the velocity of the vehicle ξ̇ non-
linearly. It is assumed that the velocity is available, i.e., it is measured or
estimated, see e.g [15]. Using a scheduling vector ρ1 with the scheduling
variable ρ1 = ξ̇ the nonlinear model is transformed into an LPV model.
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The state-space representation of the LPV model can be written as follows:

ẋ = A(ρ1)x+B1w +B2(ρ1)u (3)

where

A =


0 0 0 0
1 0 0 0

0 0
c1l

2
1−c2l

2
2

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

displacement, 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 LPV-based controller design
For the nonlinear model of the 4WIA vehicle a gain scheduling LPV con-

troller is necessary to guarantee a global solution. The reference signals for
the vehicle to follow are the reference velocity and yaw rate. With ξ̇ref no-
tating the reference 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 vec-
tor 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 optimization criterion zξ̇ → 0 and

zψ̇ → 0. These are represented with the performance 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-∆ ar-

chitecture, as depicted in Figure 2. Here, P is the augmented plant in which
uncertainties given by ∆ are taken into consideration and K is the controller.
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.

The design is based on selecting relevant weighting functions represent-
ing 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
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Figure 2: Closed-loop interconnection structure

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
(4)

where ϑ, κ1,2 and T1,2 are designed parameters.
The LPV performance problem is to select the parameter-varying con-

troller such way, that the quadratic stability of the resulting closed-loop sys-
tem is guaranteed and that the induced L2 norm from the disturbance ω to
the performances z is less than the value γ, see [2, 13]. Thus, the minimization
task is defined as:

inf
K

sup
%∈FP

sup
‖w‖2 6=0,w∈L2

‖z‖2
‖w‖2

≤ γ. (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 dimensional 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
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controller has been synthesized, the relation between the state, or output, and
the parameter is used in the LPV controller, such that a nonlinear controller
is obtained, see [16]. 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 Relation between velocity and road slopes
In the proposed concept the road section ahead of the vehicle is divided

into n number of segments. The reference speed of each segment is predefined,
vref,i, i ∈ {1, .., n}. Driving energy depends on road information such as
ascents and descents on the road, bends and local traffic information such
as the current speed, the traffic flow and the movement of the surrounding
vehicles. Although in the dissertation a brief introduction to the look-ahead
control is presented, a detailed description of the method can be found in [10].

Prediction weights Q, γi, i ∈ {1, .., n} are applied to all of the segments.
Their role is to define the importance of the segments in the design of the
vehicle speed. Weight Q determines the tracking requirement of the prede-
fined reference speed vref,0. The road slopes, aerodynamic forces and further
reference speeds are considered through γi weights.

The result of the look-ahead control is a speed profile which guarantees
a trade-off between energy consumption and traveling time, while the forth-
coming road slopes and speed limits are taken into consideration. The road
slopes αi are incorporated in the known longitudinal force resistances Fdi,r.
Simultaneously, the speed limits are considered in the reference speeds of the
sections vi. In order to take the road conditions into consideration in the con-
trol design, a speed tracking problem is deduced, such as ξ̇0 → vhigh, where

parameter vhigh is calculated as vhigh =
√
ϑ− 2s1(1−Q)(ξ̈0 + gsinα), where

ξ̈0 is the acceleration, s1 is the distance of the current interval, α is the current
road slope and ϑ incorporates the forthcoming information:

ϑ = Qv2ref,0 +

n∑
i=1

γiv
2
ref,i +

2

m

n∑
i=1

siFdi,r

n∑
j=i

γj . (6)

The design of the vehicle speed poses two secondary performance prob-
lems: the actuation of the driveline, i.e. the longitudinal control force, and
the traveling time must be minimized. The minimization of the longitudinal
control force F 2

l1 → min leads to a quadratic optimization problem, which is
solved by selecting the weights:

F̄ 2
l1 = (β0(Q̄) + β1(Q̄)γ̄1 + . . .+ βn(Q̄)γ̄n)2 → min (7)
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with the constrains 0 ≤ Q̄, γ̄i ≤ 1 and Q̄+
∑
γ̄i = 1. The minimization of the

traveling time can be formed as the minimization of the difference between
the current velocity and the reference velocity. It leads to the optimization
problem |vref,0 − ξ̇0| → min, whose optimal solution is achieved by selecting
the weights Q̆ = 1 and γ̆i = 0, i ∈ [1, n], since in this case the vehicle tracks
the predefined speed vref,0.

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

Q = R1Q̄+R2Q̆ = 1−R1(1− Q̄) (8a)
γi = R1γ̄i +R2γ̆i = R1γ̄i, i ∈ {1, .., n} (8b)

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

3 Theses of the dissertation

3.1 Fault-tolerant integrated control design for in-wheel
motor vehicles

The main focus is connected to the weighting function Wa, responsible for
the control reconfiguration between actuators. The goal of the design is to en-
sure an optimal split between steering and torque vectoring for the 4WIA ve-
hicle. These criterion are realized by the scheduling parameter ρ2 ∈ [0.01, 1],
which holds for the scaling of the actuators. Thus, the weighting function
of the steering Waδ = (δmaxχ1)/(ρ2) and the differential torque generation
WaMz = (ρ2)/(Mzmaxχ2) are dependent on ρ2, with δmax and Mzmax repre-
senting the maximal steering angle and yaw moment, χ1 and χ2 are design
parameters tuned to achieve an appropriate control reallocation. The consid-
eration of safety are implemented by the defining the value of ρ2 based on the
calculated parameters ρMz

2 and ρδ2.

3.1.1 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 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. The wheel dynamics is
considered as follows:

Jijω̇ij = Tmotorij −ReffF transij , (9)
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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 transij can be calculated directly rearranging
(9). When longitudinal wheel slip λ occurs, the friction force F transij can still
be estimated as described in [6] by considering the relation of the friction
coefficient and wheel slip µ−λ given by the Pacejka Magic Formula, see [12].

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 trans-

mitted 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

(10)

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 moment M trans
z of the 4WIA vehicle

serves as the indicator for the vehicle dynamic state related to the trajectory
tracking task by introducing a scheduling variable as follows:

ρMz
2 =

∣∣∣∣ |Mz −M trans
z |

Mz

∣∣∣∣ (11)

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 the weighting function Wa of the
LPV controller, steering intervention becomes more pronounced to overcome
the effect of lateral dynamic performance degradation due to faulty electric
motor. The fault of the steering is assumed to be detected by FDI, as proposed
by [7]. When the fault is detected, the scheduling variable ρδ2 = 0 is applied
overwriting the default value ρdef2 .

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

 (12)
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3.1.2 Control implementation

The fault tolerant reconfigurable controller design of the in-wheel vehicle
is implemented in a hierarchical structure. The multi-layer layout of the
proposed control scheme is shown in Figure 3.

Figure 3: 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 driver reference signals,
the measured vehicle signals regarding the velocity and yaw rate and the value
of scheduling variable ρ2.

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

(13)

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.
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In the allocation process the vehicle roll and pitch dynamics are also con-
sidered in order to avoid the skidding of the wheels during critical vehicle
maneuvers. Given 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 Fz,ij given by [8]. Thus, the minimal and max-
imal longitudinal forces for the wheels of the 4WIA vehicle can be expressed
as:

Fmaxij = µFz,ij

Fminij = −µFz,ij (14)

where µ is the road friction, which is possible to estimate as proposed by
[5, 9, 1]. 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 (15)

Hence, the control allocation leads to a constrained optimization problem,
where the objective function fopt must be minimized with the constraint of
lower and upper bounds given by (14) and the nonlinear constraint given by
(15). 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 [18] and [14]. Thus, the front
and rear axle loads can be expressed as:

Fzf =
mgl2 −maxh

(l1 + l2)
, Fzr =

mgl1 +maxh

(l1 + l2)
, (16)

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

Fzf
Fzr

=
mgl2 −maxh
mgl1 +maxh

= κ (17)

As Fi = µFzi, the following relationship is given: Ff/Fr = κ. Assuming δ to
be small and (15) and (13) to hold, rearranging above equations, the desired
longitudinal wheel forces used as initial condition for the optimization method
can be expressed as follows:

F initfL =
Fl

2
(
1 + 1

κ

) − Mz

bf + 1
κbr

, F initrL =

(
1

κ

)
FfL,

F initfR =
Fl

2
(
1 + 1

κ

) +
Mz

bf + 1
κbr

, F initrR =

(
1

κ

)
FfR (18)

The solution of the optimization are the wheel forces Fij , which are trans-
formed into the corresponding in-wheel motor torques Tij = FijReff .
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Thesis 1 A new robust velocity and road trajectory tracking control strat-
egy has been developed for four-wheel independently-actuated (4WIA) vehi-
cles 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 recon-
figuration method has been introduced 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]. For more details see Chapter 2. of the dissertation.

3.2 Energy optimal control design for in-wheel motor
vehicles

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 pre-
serving safe motion in case of a fault event. The presented method is based
on a lane-tracking reconfigurable LPV controller, 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 pre-
liminary 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 motion.

3.2.1 Control architecture

The architecture of the multi-layer reconfiguration control method consid-
ering energy optimality and fault-tolerant capabilities is shown in Figure 4.

In the first layer of the hierarchical structure the high-level LPV controller
calculates the inputs of the 4WIA vehicle based on multiple signals. Velocity
error eξ̇ = ξ̇ref − ξ̇ and lateral deviation ey,v = yv,r − yv from the refer-
ence values are calculated based on the vehicle current position (xgl,v; ygl,v)
and velocity ρ1 = ξ̇. 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.
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Figure 4: Architecture of the control system

For this purpose, a decision logic has been created by giving priority to
the safety of the in-wheel vehicle:

ρ2 =

{
ρe2, if ρs2 = 0
ρs2, if ρs2 6= 0

}
(19)

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.

For the analysis, five different types of curves have been selected on the
Waterford Michigan race track with different curvature characteristics.

The simulated 4WIA vehicle must perform trajectory tracking on each
curve with velocities 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 SOC is monitored. For each simulation case, reduction
of SOC values are compared, see Figure 5. Here, Curve 1 in Figure 5 (a)
represents the mildest curve, while Curve 5 in Figure 5 (e) stands for the
sharpest bend. 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
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(a) Curve 1 (b) Curve 2

(c) Curve 3 (d) Curve 4

(e) Curve 5

Figure 5: Energy Efficiency Map

4WIA vehicle.

Thesis 2 A reconfigurable trajectory tracking control design method has
been presented for autonomous in-wheel electric vehicles with independently-
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controlled hub motors and steer-by-wire steering system. The high-level con-
trol 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 maxi-
mize 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].
For more details see Chapter 3. of the dissertation.

3.3 Velocity design based on environment, traffic, driver
requirements while guaranteeing road safety

3.3.1 Driver modeling and driver behavior consideration 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. In the
thesis the driver behavior is also taken into consideration by using a hardware-
in-the-loop simulation environment, see Figure 6. Based on the relationship
between the weighting factors of the look-ahead cruise control and the selected
velocities, the weighting factors set by the human driver intensively can be
calculated from a conventionally-driven vehicle as well. Measuring the driver’s
velocity, acceleration and position data on a given road (with known terrain
characteristics), 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.

The regressive calculation of the driver’s weight is derived as follows [MNG12c,
MNG12a]. The right-hand side of equation (6) can be written as:

ϑ = Qv2ref,0 + ΩΓ (20)

where

Ω =


v2ref,1 + 2

ms1Fd1,r
v2ref,2 + 2

m

∑2
i=1 siFdi,r

...
v2ref,n + 2

m

∑n
i=1 siFdi,r


T

,

Γ =
[
γ1 . . . γn

]T
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Figure 6: Scheme of the driver categorization and model identification

The left hand side of (6) can be transformed using the following relation
between acceleration and the forces acting on the in-wheel vehicle: ξ̈0 =
(Fl − Fd,o − Fd1,r)/m, where Fd1,r = mg sinα. After organizing equation
(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).
Combining above equations :

ξ̇20 + 2s1(1−Q)(ξ̈0 + gsinα) = Qv2ref,0 + ΩΓ (22)

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 (22) as follows:

f = ξ̇0 −
√
Qv2ref,0 + ΩΓ− 2s1(1−Q)(ξ̈0 + gsinα) (23)

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

The determination of the possible weights of the driver is evaluated as fol-
lows: 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 simu-
lated signals are compared. All of these steps are accomplished for different
Q values. Finally, the set Q, γi, which minimizes the differences between the
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measurement and the simulation, is chosen. Note that value of Q can be dy-
namically changing during the travel of the in-wheel vehicle, but for numerical
reasons we assume Q to be constant.

After the identification of the driver’s weights, the look-ahead cruise con-
trol can be tuned to better fit the behavior of a human driver enhancing the
comfort level of the system in this manner. To adapt driver behavior the
driver’s weighting function parameters Qd for the automatic system, and let
the look-ahead optimization method calculate the optimal Γ values with this
fix parameter.

3.3.2 Considering safe cornering and traffic in the velocity design

In order to improve the safety of the journey the maximum safe cornering
velocities must also be taken into consideration to design a velocity trajectory
which is consistent with further road conditions. 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 ad-
vance, 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. In the calculation of the safe cornering velocity the value
of the side friction factor µ plays a major role. The estimation of µ has been
presented by several papers, see e.g. [5, 9, 1]. 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.
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 in-wheel vehicle.
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A method to evaluate side friction in horizontal curves using supply-
demand concepts has been presented by [4]. Here the side friction has an expo-
nential 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 pave-
ment. 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 7 (a). The intersections of the supply and demand curves give the safe
cornering velocities and the corresponding maximum side frictions.The rela-
tionship between the curve radius and safe cornering velocity can be observed
in Figure 7 (b). The data points of the diagram are given by the intersections
of the supply and demand curves.

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. The
mass of the in-wheel vehiclem 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 equilibrium of the two forces: m v2

R = mg(µ+ ε), 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.
Thus, the following relationship holds for the maximum safe cornering velocity
regarding the danger of skidding out of the corner: vskid =

√
Rg(µ+ ε). The

roll stability limit occurs at the point when the load Fzi reaches zero, thus
the rollover threshold is given as follows: vroll =

√
Rg
2h (b+ 2εh), where b is

the track of the vehicle and h is the height of the mass center.
The maximum cornering velocity for each section can be calculated know-

ing 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 small-
est value concerning skidding or rollover, hence vsaferef,i = min(vref,i; vskid,i; vroll,i).

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.
Thus, in the calculation of the optimal velocity λ in equation (6) from ϑ to
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ϑmod is modified as follows:

ϑmod =Qv2ref,0 +

n∑
i=1

γimin(vsaferef,i; vtraffic,i)
2 +

2

m

n∑
i=1

(siFdi,r

n∑
j=i

γj). (24)

3.3.3 Guaranteeing primary performances in the design for con-
nected vehicles

In case of connected automated vehicles using look-ahead cruise control, a
hierarchical structure is designed to guarantee safety requirements. A speed
analysis layer is proposed to provide a reference speed vveh for the local con-
trol, with which the safety performances can be guaranteed. The computation
of vveh is based on the analysis of the vhigh, which is transmitted by the layer
on the high level through internet communication. The examination of the
previous conditions requires the prediction of the forthcoming distances from
the preceding and follower vehicles. If vhigh is predicted to cause a dangerously
small spacing among the vehicles, then the following optimization process is
performed:

min
vveh

|vveh − vhigh| (25a)

subject to

vveh ≤ aminT + 2η̇p(0)− ξ̇(0)

+ 2
dprec(0)− dsafe

T
, (25b)

vveh ≥ ξ̇(0)− amaxT + 2η̇f (0)

+ 2
dsafe − dprec(0)

T
, (25c)

vref,0 + ∆l,min ≤ vveh ≤ vref,0 + ∆l,max (25d)

where amin and amax are design parameters for the worst case deceleration
of the preceding vehicle and acceleration of the follower vehicle, T is the
prediction time, dprec is the prediction of the forthcoming distance between
the preceding vehicle and the automated vehicle, dsafe is the safe distance,
η̇p(0) and η̇f (0) are the actual velocity of the preceding and follower vehicle
assumed to be measured through the fusion of camera and radar. The main
goal of the proposed hierarchical structure for connected automated vehicles
is to handle a hostile cyber attack by preserving safe motion of vehicles based
on solely vehicle sensors, e.g. guaranteeing collision avoidance. In order to
validate the effectiveness of the proposed method, a cyber attack has been
designed and applied on the connected automated vehicles as shown in Figure
8. In the thesis, the above speed analysis has been tested with designing an
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Figure 8: Scheme of the proposed multi-layer controller considering cyber
attacks

intelligent cyber attack using reinforcement learning methods, which has been
trained on real data reference speeds for the leader vehicle, while the follower
vehicle cyber attack agents has been trained individually to perform collision
with surrounding vehicles. It has been shown through several simulations,
that the proposed speed analysis layer is able to handle intelligent dynamic
cyber attacks.

Thesis 3 A multi-criteria design for the velocity control of 4WIA vehicle has
been developed considering energy consumption, driver behavior, road charac-
teristics and traffic environment. The adaptation of the driver speed selection
behavior in the look-ahead control system has been implemented using longi-
tudinal driver models. The road characteristics has been built in the velocity
design with a method estimating safe cornering velocities for the vehicle con-
sidering 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 con-
trol 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]. For more
details see Chapter 4. of the dissertation.
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4 Further challenges
Possible further research opportunities and challenges in the topic of inde-

pendently 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 gener-
ated 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 vehicles 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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