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Motivation of integrated vehicle control

n the last decade a great deal of new research and development has been
Ielectriﬁcation
carried out in the automotive industry [51]. The focus has been on the
of vehicle safety applications in co-operative systems, urban
mobility and transport, alternative fuels, the development of suitable materials, environmentally-friendly and eﬃcient manufacturing.
Within R&D activities Driver Assistance Systems (DAS) play an important role, since the requirements of vehicle systems have become more stringent. There has been a growing demand for vehicles with ever better driving
characteristics in which eﬃciency, safety, and performance are ensured. In
order to meet these requirements an increasing number of active components
with high versatility are applied. Several individual active control mechanisms
are applied in road vehicles to solve diﬀerent control tasks. In the operation
of integrated control systems interference or conﬂicts may occur between the
control components. The aim of integrated vehicle control is the coordination
of diﬀerent active components to reach an optimal actuation of the systems.
Diﬀerent actuators are interconnected by vehicle dynamic equations, e.g.
steering and diﬀerential braking. By using an integrated controller it is possible to handle these relationships together and create a balance between safety
and stability requirements.
The chassis of a vehicle does not have a symmetrical axle in the center of
mass. Therefore the inertial tensor of the vehicle chassis contains non-zero
elements in the oﬀ-diagonal; there are interconnections through displacements
and rotations. In case of integrated control the interconnections between the
chassis motions can be considered. The eﬃciency and actuation limits are
also diﬀerent, which must also be handled by the control.
Another important motivation for the integration of vehicle dynamic systems is the fault-tolerant control. Since some of the actuators have similar
inﬂuence on vehicle dynamics, it is possible to modify their control tasks. In
the integration of vehicle dynamic components it is possible to actuate several
systems simultaneously when a fault occurs. Despite an actuator fault event
it is possible to guarantee the stability of the entire system with another actuator. The integration of control systems ensures the management of resources
and it might also result in a fault-tolerant control solution.
The integrated control solution has a beneﬁcial eﬀect on the vehicle onboard communication. With a large number of independent controllers it
can be diﬃcult to control the network communication and the stability of
the controlled systems, consequently communication buses require switching
among controllers. The integrated control solutions allow an eﬃcient and
simpler communication network design.
In Hungary the Systems and Control Laboratory of the Institute for Computer Science and Control, Hungarian Academy of Sciences (MTA SZTAKI)
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and the Department of Control for Transportation and Vehicle Systems, Faculty of Transportation Engineering and Vehicle Engineering at Budapest University of Technology and Economics (BME) play a leading role in the research
of integrated vehicle systems. The thesis is connected to the activities of these
institutes.
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2.1

Basic notions and methods
Modeling of the lateral dynamics of vehicles

The analysis and control design in this thesis are based on the lateral
model of the vehicle. In the dissertation the bicycle model of the vehicle with
a linearized tyre model is used, see Figure 1. Since the vehicle is moving in
Yv

Ygl

l1
Mbr

l2

α1 + δ
Fl

β v
α2

yv

Xv

ygl
ψ

Xgl

Figure 1: Lateral dynamical model of vehicle
the entire plane of the road, lateral dynamics and the inﬂuence of longitudinal
dynamics must be taken into consideration [52]:
(
)
(
)
l1 ψ̇
l1 ψ̇
J ψ̈ = C1 l1 δ − β −
− C2 l2 −β +
+ Mbr
(1a)
v
v
(
)
(
)
l1 ψ̇
l1 ψ̇
+ C2 −β +
(1b)
mv(ψ̇ + β̇) = C1 δ − β −
v
v
where m is vehicle mass, J is the yaw-inertia of the chassis, l1 and l2 are
geometric parameters, C1 and C2 are the cornering stiﬀness of the linearized
tyre model, ψ̇ is yaw-rate of the vehicle, β is the side-slip angle and v is
longitudinal velocity. The actuators in the system are the front steering angle
δ and the brake yaw moment Mbr .
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According to (1) the motion equations of the vehicle are transformed into
a state space representation form
ẋ = A(ρ)x + B1 (ρ)w + B2 (ρ)u

(2)

[
]T
where the state vector of the system is x = ψ̇
β . When the brake control
is used the input of the system is u = ubr = Mbr and when the steering control
is used the input is u = ust = δ.
In the state space representation (2) the matrices A(ρ) and B(ρ) are parameter dependent. Using a scheduling vector ρ with the scheduling variable
ρ = v the nonlinear model is transformed into an LPV model. With the selection of the scheduling variable ρ the state space representation of the LPV
model is valid in the entire operating region of interest.

2.2

Linear Parameter Varying (LPV) systems

The fundamental concepts about LPV systems in the dissertation are summarized in the followings. The analysis and control design of LPV systems
are detailed in [53, 54, 55, 56].
Linear Parameter Varying (LPV) system
A continuous-time LPV system is formed as:
ẋ = A(ρ) + B1 (ρ)w + B2 (ρ)u
z = C1 (ρ)x + D11 (ρ)w + D12 (ρ)u

(3a)
(3b)

y = C2 (ρ)x + D21 (ρ)w + D22 (ρ)u

(3c)

where (3a) is the state equation, in which the dynamics of the system is
formulated. (3c) is the measurement equation, which contains the measured
signals y. (3b) is the performance equation, which has an important role in
the view of control design. The elements of parameter vector ρ are assumed
to be measurable and continuous in time.
Linear Matrix Inequalities (LMI)
A Linear Matrix Inequality (LMI) has the form [57]:
F (x) , F0 +

m
∑

x i Fi ≻ 0

(4)

i=1

where x ∈ Rm is the variable and the symmetric matrices Fi = FiT ∈ Rn×n ,
i = 0 . . . m are given. The aﬃne function F (x) must be positive deﬁnite, thus
v T F (x)v ≥ 0 for all non-zero v ∈ Rn .
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Purpose of LPV control design
The purpose of LPV control design is to guarantee the performances (3b)
and stability of the closed-loop system by an appropriate controller. The
scheme of control design is found in Figure 2. In the P K structure P (ρ)
represents the plant and K(ρ) is the parameter-dependent controller. The

w

z
P (ρ)
y

u
K(ρ)

Figure 2: PK control design structure
control design is based on the LPV method that uses parameter-dependent
Lyapunov functions, see [58, 53]. In case of LPV control the resulting closedloop system is quadratically stable and the induced L2 norm from w to z is
less than γ:
inf sup

sup

K ϱ∈FP ∥w∥ ̸=0,w∈L2
2

∥z∥2
∥w∥2

(5)

The existence of a controller that solves the quadratic LPV γ-performance
problem can be expressed as the feasibility of a set of Linear Matrix Inequalities (LMIs), which can be solved numerically.
The closed-loop LPV system is exponentially and asymptotically stable and
with its L2 -gain less than γ, if there exists an X(ρ) > 0 satisfying the following linear matrix inequality for all ρ :
 T

T
Acl X + XAcl + d/dt(X) XBcl γ −1 Ccl
T
T

Bcl
X
−I
γ −1 Dcl
<0
(6)
−1
−1
γ Ccl
γ Dcl
−I
If a solution exists, xT X(ρ)x is a parameter-dependent Lyapunov function for
the closed-loop system for all ρ. The proof is found in [59].
Note that other methods for stability and performances have also been proposed, see e.g. [53]. Since the constraints set by the LMIs are not ﬁnite, the
inﬁniteness of the constraints is relieved by a ﬁnite, suﬃciently ﬁne grid. To
specify the grid of the performance weights for the LPV design the scheduling
variables are deﬁned through lookup-tables. Gridding reﬂects the qualitative
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changes in the performance weights, i.e., the scheduling variables ρ. If the
rate bound on ρ is assumed a less conservative result for the class of systems
is yielded. Stability and performance are guaranteed by the design procedure,
see [54, 53].
Reachable sets of LPV systems
Given is a continuous-time LPV system ẋ = A(ρ)x + B(ρ)u with initial condition x(0) = 0. It is considered the set of reachable states with inputs u whose
components have unit-energy uT u ≤ 1 as [57]:
{
R,

x(T )

(x(t), u(t)) ẋ(t) = A(ρ)x(t) + B(ρ)u(t), x(0) = 0,
uT (t)u(t) ≤ 1,

T ≥0

}
(7)

Several computation methods of reachable sets have been developed. In the
dissertation
the
{
} ellipsoidal approximation of the reachable sets is applied ε =
ξ ξ T Xξ ≤ 1 [57, 60]. The ellipsoidal approximation of reachable sets leads
to an LMI condition:
[ T
]
A X(ρ) + X(ρ)A + αX(ρ) + Ẋ(ρ) X(ρ)B2
≤0
(8a)
B2T X(ρ)
−αI

3
3.1

X(ρ) > 0

(8b)

α≥0

(8c)

Theses of the Ph.D. dissertation
Analysis of steering and braking systems

The integrated control design requires a balance between the interventions of diﬀerent actuators, which raises several questions about their selection. The diﬃculty is that not only the control forces and moments must be
generated by the actuators, but priority must also be guaranteed by selecting the suitable control components. Nowadays in several automotive control
applications steering and diﬀerential braking are actuated to inﬂuence lateral
dynamics. However, δ and Mbr have similar inﬂuence on vehicle dynamics as
proposed in (1). In this thesis a new, theory-based actuator selection approach
is presented. The ultimate aim of the analysis is to provide an established
theoretical basis for the coordination of the actuators and priority between
them.
In the design of actuator selection strategy it is necessary to consider that
the actuations of the diﬀerent components have energy requirements. By
using diﬀerential braking the velocity of the vehicle is decreased, which must
be compensated for by the driveline with additional energy. Therefore the
6

use of diﬀerential braking must be avoided during acceleration and front-wheel
steering is preferred. During deceleration the brake is already being used, thus
the lateral dynamics is handled by the braking for practical reasons. Thus
diﬀerential braking is preferred, but close to the limit of tyre skidding, frontwheel steering must also be generated. The eﬀect of velocity on the weighting
factors is the consequence of the diﬀerence between the bandwidth values of
the actuators. According to the inertia of steering, the bandwidth of steering
is lower at each frequency than the bandwidth of diﬀerential braking. At
higher velocities it is recommended to use diﬀerential braking, while at lower
velocities the steering actuation is preferred for practical reasons [1, 2, 3].
The reachable sets show the operation regions of the vehicle system. The
sets show the similarities of the control systems, in which there is a possibility
for substituting an actuator for [another
] one. The LPV reachable sets of
each system in state space xT = ψ̇ β depending on velocity v have been
analyzed. The reachable sets of the vehicle systems are approximated by
using ellipsoidal forms. Diﬀerent types of vehicles and road surfaces µ are
used in the examinations. The intervention limits of actuators depend on
these factors signiﬁcantly and the relationships are shown [4].
The change of reachable sets of a heavy vehicle as an example is illustrated
in Figure 3. In excellent road (high µ) conditions the reachable set of the
steering system is larger than the entire reachable set of the braking system
according to both state variables in each scheduling variable. Consequently,
the steering system should be used at high µ values, since it includes the
reachable set of the brake system. However, at smaller adhesion coeﬃcients
both the volume and the rotation of elliptical cylinders change. In the case
of wet or dirty asphalt the brake system is more eﬀective than the steering.
Consequently, the braking system should be used at smaller µ values, since it
includes the reachable set of the steering system. Thus, the reconﬁguration
of the actuators is required by parameter variation.
A new actuator selection and intervention strategy has been developed
considering velocity, road adhesion coeﬃcient, actuation limits and longitudinal slip [5]. The operations of the actuators are based on a weighting strategy.
The weighting functions for the front wheel steering and the brake yaw moment are the following:
Wact,δ = ρst /δmax ,
Wact,M br = ρbr /Mbrmax ,

(9a)
(9b)

where ρst and ρbr are scheduling variables applied to the steering and the
brake control, δmax and Mbrmax determined by the constructional maximum
of the steering angle and that of the brake yaw moment. The weighting factors ρst and ρbr shown in Figure 4.
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(a) µ = 0.85

(b) µ = 0.6

(c) µ = 0.4

Figure 3: Analysis of reachable sets (blue: braking, yellow: steering)
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Figure 4: Selection of parameters ρst and ρbr
Thesis 1. A new actuator selection and intervention strategy has been developed in order to achieve a coordinated control of steering and braking. Using
reachable sets calculated by LPV methods the eﬀects of the steering angle and
the diﬀerential brake moment on lateral state variables and lateral dynamics
have been analyzed. In the method the dynamics and limits of the actuators

8

as well as the vehicle and road parameters are considered.
Related publications: [5, 1, 6, 2, 3, 4]. For more details see Chapter 2 of
the dissertation.

3.2

Design of variable-geometry suspension systems

The variable-geometry suspension system provides a new possibility in
DAS for enhancing road stability and safety. This system aﬀects critical
components such as the height of the roll center and the half track change.
The advantages of the variable-geometry suspension are the simple structure,
low energy consumption and low cost compared to other mechanical solutions
such as an active front wheel steering, see [61, 62, 14].
The construction of a double wishbone variable-geometry suspension is
illustrated in Figure 5(a). The physical input of variable-geometry suspension
is the lateral motion of the upper arm (A1 , A2 ). This motion results in the
modiﬁcation of the wheel camber angle γ and steering angle δc [13]. The
wheel camber angle has a nonlinear eﬀect on the lateral tyre force, see Figure
5(b). A linearized tyre model is formulated for control purposes, by which the
lateral dynamics of the vehicle is extended [7]:
(
)
(
)
l1 ψ̇
l1 ψ̇
J ψ̈ = C1 l1 δ − β −
− C2 l2 −β +
+ Mbr +C1,γ l1 γ
(10a)
v
v
)
)
(
(
l1 ψ̇
l1 ψ̇
mv(ψ̇ + β̇) = C1 δ − β −
+ C2 −β +
+C1,γ γ
(10b)
v
v
The nonlinear geometric models of the double wishbone and McPherson type
suspensions have been formulated. In this description the relationship between the displacement of A, T and the wheel camber angle is given [8, 9].
One of the most important parameters of the suspension is the height of the
roll center in the chassis, which is also determined by the actuation. Since the
height of the roll center aﬀects the roll of the chassis, it must be considered
in vehicle control. Thus, the relationship between control input and the roll
center must be formed.
The optimal design of a double-wishbone suspension construction has an
important role in vehicle dynamics, see [63]. The eﬀect of the suspension
mechanism on the control system is examined using the nonlinear model of the
suspension construction. In a real implementation the motion of A is realized
using an electro-hydraulic actuator [64, 65], whose dynamics is analyzed [8,
15]. The results of the analysis are used for the formulation of performances.
The performance objectives are deﬁned, such as the minimization of the roll
angle and the half-track change. An LPV-based iterative design of control
and construction has been developed, which is able to optimize suspension
9
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Figure 5: Variable-geometry suspension
parameters and performances simultaneously [10, 9]. The steps of the iterative
design are below.
• In the ﬁrst step the operator Tz,j (Φi ) norms in terms of performances in
Z1 are computed. Z1 is inﬂuenced by the controller, Φi are construction
variables. The results of these computations represent the fulﬁllment of
performance Z1 in the diﬀerent suspension constructions:
Jz,j (Φ1 . . . Φn ) = ∥Tz,j (Φ1 . . . Φn )∥,

j ∈ {1 . . . 4}.

(11)

• In the second step it is possible to compute the performances of Z2 in all
constructions. Z2 is inﬂuenced by Φi . Performances in Z2 have weights
in terms of minimization of both the chassis roll angle and the half-track
change. These performances must be normalized using the maximum
value of the performances and they are multiplied with Wp,k weights:
Jz,k (Φ1 . . . Φn ) = Wp,k · |zk (Φ1 . . . Φn )|/zk,max ,

k ∈ {5, 6}.

(12)

• In the third step these performance indexes are summarized, which results in a global cost for the fulﬁllment of Z1 and Z2 performances in
the diﬀerent suspension constructions. Finally, it is necessary to ﬁnd the
construction parameters Φi with which global cost can be minimized.
The formulated optimization task is the following
inf Jz (Φ1 . . . Φn )
∑
∑
Jz (Φ1 . . . Φn ) =
Jz,j (Φ1 . . . Φn ) +
Jz,k (Φ1 . . . Φn )
inf

Φ1 ∈Φ1 Φn ∈Φn

j

k
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(13a)
(13b)

The optimization algorithm for the solution is a subspace trust region method
and is based on the interior-reﬂective Newton method [66].
Although in the control design method several performances can be guaranteed, it is not possible to minimize all of them simultaneously. Since in the
control design of the variable-geometry suspension system the performance
requirements are in conﬂict, a balance must be achieved between them. For
this purpose parameter-dependent weighting functions are applied in variablegeometry suspension control design [11, 12].
Thesis 2. A new method has been developed in which the construction of a
variable-geometry suspension and the design of a robust suspension control are
performed simultaneously in order to enhance vehicle stability. The diﬀerent
constructions of the suspension system have been analyzed and the performance speciﬁcations have been formed. Since there is an interaction between
the construction design and the control design a balance must be achieved
between them by developing an optimization algorithm.
Related publications: [8, 9, 11, 13, 14, 12, 15, 7, 16]. For more details see
Chapter 3. of the dissertation.

3.3

Design of reconﬁgurable integrated vehicle control

The decentralized integrated vehicle control presented in the dissertation
is based on the results of the analyses of steering, diﬀerential braking and
variable-geometry suspension [17]. The architecture of the controlled supervisory system is shown in ﬁgure 6. The global control system contains all of
the actuator controllers and each has its own control task. The aim of integrated control is to guarantee stability, performances and the reconﬁguration
of actuators.
In the supervisory integrated control scheme each controlled subsystem has
its own LPV controller, and the scheduling variables of these LPV controllers
are selected by a supervisory logic. The control design is based on a weighting
strategy, which is formulated through a closed-loop interconnection structure.
The closed-loop interconnection structure of the steering and braking systems
is illustrated in Figure 7. Parameter-dependent weight Wact,i (ρ) inﬂuences
the intervention of the actuator during the limitation of control input u. The
weights Wact,i (ρ) are related to the actuator selection (9).
The designed LPV local controllers are able to guarantee the intervention
of actuators independently using weights ρst , ρbr , ρsusp , see Figure 6. The
weights are modiﬁed based on the actuator selection strategies.
The stability of the integrated global system can be proved during the
existence of the common Lyapunov function of the interconnected subsystems
[6, 18]. A reconﬁguration strategy is proposed, in which the actuator selection
strategy and priorities of actuators are incorporated. The operation limit of
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the integrated vehicle control is expanded by the consideration of reachable
set analysis [4]. In the reconﬁguration strategy the degradation of actuator
interventions and fault events are involved [19, 20].
The eﬃciency of the integrated vehicle control is illustrated through a
simulation, see Figure 8 (the further details of the simulation are found in
Chapter 1). In the example the vehicle using a supervisory control is compared to a vehicle without any control. The aim is to track the centerline of
the road at a given velocity. The scenario proposes that some vehicle dynamic
maneuvers cannot be performed without the integration of actuators. When
a steering system is used only, it is not able to guarantee trajectory tracking
in the ﬁrst critical bend, see Figure 8(a) (white vehicle: individual control,
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black vehicle: integrated control). The individual steering actuator is not
able to prevent the lane departure of the vehicle. In this bend the supervisory
integration of the steering and the brake ensures trajectory tracking with an
acceptable threshold. However, the individual brake control strategy is not
satisfactory, see the second dangerous bend in Figure 8(b). When a brake system is used only, it generates increased braking pressures to keep the vehicle
in the centerline. However, during braking the slip of the rear tyres increases,
which leads to a loss of stability. Therefore, neither of the individual control
strategies is acceptable. Besides, the integrated control results in small lateral
errors during the vehicle maneuvers.

(a) Critical curve - steering

(b) Critical curve - braking

Figure 8: Beneﬁt of integration at dangerous curves
Thesis 3. A decentralized integrated control method has been developed in
which the steering, the brake and the variable-geometry suspension system operate in cooperation. In the design of local controllers the performance speciﬁcations and priorities are formed in a parameter-dependent way and designed
by LPV methods. The quadratic stability of the integrated system is guaranteed by the existence of the common Lyapunov function. The design method of
the reconﬁgurable integrated system has also been developed. With this reconﬁguration method the eﬀects of fault scenarios can be handled if performance
degradation and fault information have been built into the control design.
Related publications: [4, 19, 17, 18, 20, 6]. For more details see Chapter
4 of the dissertation.

3.4

Conception of integrated control in driver assistance
systems

The driver has an essential role in vehicle control. The desired velocity
and direction of the vehicle are determined by the driver. This information is
13

used as reference signals for the control system. Moreover, the driver operates
in a closed-loop system together with the active components by generating
the steering wheel angle. Therefore, the human driver must be considered in
the design of integrated vehicle control.
In the dissertation the control design method has been extended to a
combined architecture in which the driver model is incorporated into the
integrated vehicle model. A driver model [67] is selected in such a way that
the accuracy of the combined driver/vehicle model will be acceptable and
the model can be easily used in the control design [21]. The capabilities of
the human driver are formulated in a novel performance criteria, which are
guaranteed by the control system. The deﬁned performance incorporates the
steering wheel angle and rotation speed limits. The performance speciﬁcation
is guaranteed by an appropriate weighting function, see Figure 9.
Wdr = δd,max

(ϵdr,1 s + 1)(ϵdr,2 s + 1)2
(Tdr,1 s + 1)(Tdr,2 s + 1)2

(14)

where δd,max is the maximum permitted driver steering wheel angle. ϵdr,1 ,
ϵdr,2 , Tdr,1 and Tdr,2 are design parameters, which have a role in the limitation
of the steering wheel angle frequency. The region of δd operation is limited and
it has low frequency and high frequency ranges. In the low frequency range
the limitation of δd guarantees a maximum acceptable value. However, in the
high frequency range the actuation must be limited to avoid the actuation at
high steering wheel rotational speed, thus Wdr is limited out of the operation
region.
Magnitude (dB)

20log|δd,max |

operation range of human steering

20log|Wdr |
ǫdr,1
ǫdr,2

Tdr,1

Tdr,2

Frequency (rad/s)

Figure 9: Weighting function of driver performance
T
[ The] previously formulated state space representation of the system x =
ψ̇ β is extended with the state space representation of the driver model
[67] and the interconnected system Gsys is formed. The interconnection of
the models is illustrated in Figure 10. The local LPV controls of the subsystems are designed involving the novel performance criteria and their weighting
function (14) [22, 21].
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Thesis 4. The integrated control design method has been extended to a combined architecture in which the driver model is incorporated into the integrated
vehicle model. A new performance speciﬁcation which is able to consider the
human driver behavior has been formulated for the extended system. The control design method has been proposed to design a driver assistance system.
Related publications: [22, 21, 23]. For more details see Chapter 5 of the
dissertation.

4

Further research directions and challenges

Possible further research directions and challenges in the topic of integrated vehicle control are suggested. The presented topics of the thesis can
be extended in several ways. The results of dissertation can be applied to
develop the integrated control methodology in detail. In the thesis important
principles of actuator selection and a strategy of reconﬁgurable design have
been proposed, which can be the basis of the supervisor design.
Fault-tolerant control is an important topic in safety-critical automotive
applications. By extending the handling of performance degradation, the
analysis and matching of reconﬁgurable control are made possible. In this
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topic the interaction between control reconﬁguration and the fault detection
and isolation ﬁlter (FDI) can be analyzed, [68, 69, 70]. The simultaneous
design of control and the FDI is a theoretically momentous challenge.
The consideration of longitudinal dynamics in the proposed integrated vehicle control architecture is a further extension towards a global chassis control. There are interactions between longitudinal and lateral dynamics which
are suggested to be considered, such as the relationship between tyre slips
and forces (e.g. braking maneuvers). The proposed decentralized structure is
suitable for the incorporation of all of the vehicle dynamics.
A higher level in the architecture of vehicle control topology is the cooperation between vehicle-vehicle and vehicle-traﬃc environments. In this case
the interfaces of the proposed integrated vehicle control must be designed.
The reference signals of integrated vehicle control are determined according
to the cooperation of the traﬃc elements. The cooperative control of vehicles
opens a door to optimizing the energy consumption of a vehicle formation and
reducing the risk of collision.
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