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Abstract: In this work, a human-centred steering assist controller based on dynamic allocation of control authority between
driver and automatic e-copilot has been proposed for lane keeping systems. Cooperative control between driver and steering
assist controller is addressed taking into consideration human driving behaviour. The vehicle steering controller for lane keeping
is designed using a driver model for representation of the conflict between the driver and the controller. The steering controller is
designed employing the integrated driver-vehicle model using Takagi–Sugeno control technique coupled with Lyapunov stability
tools. The proposed design is robust to longitudinal speed variations and involves a trade-off between the lane following
performance and ratio of negative system interference. The proposed approach was implemented on dynamic vehicle simulator
SHERPA and the results presented in this study demonstrate the effectiveness of the proposed structure for cooperative control
action between human driver and the steering assistance system. Based on indices such as energies spent by driver, driver
satisfaction level and contradiction level between driver and autonomous controller the proposed optimal approach shows
93.48% and 89.30% reductions in expended driver energy and contradiction levels. Further, the satisfaction level of driver
increased by 67.80% while performing a lane change manoeuvre.

1 Introduction
Advanced driver assistance systems (ADASs) have been the focus
of active research in public institutions and the industry in recent
years. With varying areas of application, category and type, these
systems can be categorised broadly on the basis of level of
automation, interaction with human driver, area of application [1–
3]. The design of advanced, intelligent and efficient ADASs such
as lane keeping assist (LKA), adaptive cruise control, collision
avoidance and so on have been carried out in many works and
successfully implemented. However, the successful integration of
these systems in the control design while taking into consideration
the human driver and thereby cooperatively controlling the vehicle
remains a challenging topic of research [4, 5]. Prior research
indicates that use of intelligent transportation system approaches in
vehicles could have a negative impact on safety and driving
performance unless they are integrated so as to work in cooperation
with the driver [6, 7].

The design of a human-centred intelligent vehicle is
characterised by the coordinating system [8] that monitors the
cooperative activity between the driver and the automation system.
In the absence of a coordinating system, the vehicle is subject to
various overlapping or conflicting scenarios without any
cooperation between driver and automation having a common goal
[9]. In this work, the lateral motion control of a vehicle considering
cooperative action is addressed. Thus, in the aspect of lateral
control, it can be said that the driver and the steering controller
perform actions to steer the vehicle for a specific driving task while
having control of vehicle simultaneously. In such a scenario, the
driver and the e-copilot (i.e. steering controller) share the
objectives and representation of the driving task, environment and
so on to ensure there is no negative interference between them
while having a good situation awareness of the effective dynamic
control allocation [10, 11]. In the previous works on the ADAS
systems, the necessity of an active coordination between the human
driver and the automation system [2, 6, 12, 13] has been
highlighted to avoid the negative interference.

Steering angle control based lateral motion regulation of a
vehicle has been addressed in various approaches such as [14–16].
The use of steering angle provides a better robustness because the

loop of the steering wheel angle control algorithm allows to
compensate the non-linearity of the steering system. In the above
works, the control action was applied as an additional steering
angle to the driver input. However, the steering angle based
approach fails to consider the intervention of the driver on the
steering process and such controllers replace the driver in
performing the driving task. For cooperative control, driver-in-the-
loop design and effective steering torque control are required. The
work in [17] addressed a procedure for the design of lane-keeping
control that uses steering torque as control input using a full state
feedback with ℋ2 control theory. However, in the design process of
the controller, the driver torque was considered as disturbance
input and no coordination of the authority between human driver
and controller was considered. The effective coordination of the
authority between the driver and a steering assist controller was
addressed in [13] where a robust adaptive steering controller was
developed to provide steering correction that can compensate the
difference between the human driver and an idealised driver model.
The conflict between the steering assist controller and the human
driver was handled using a switching rule based on a difference
between the controller and the driver actions. Similarly in [18],
automatic lane-keeping in combination with driver's steering for
either obstacle avoidance or lane-change manoeuvres using a 2-
DOF control strategy was discussed. The control was always active
with the advantage that no on/off switching strategy was used.
When the driver steered the steering wheel, the vehicle motion was
controlled by the driver through the vehicle steering system and
when there was no driver's steering action, the automatic lane-
keeping system ensured the lane keeping. However, this control
strategy could ensure only manual or automatic steering modes and
there was no shared lateral control mode possible.

To achieve higher levels of performance, the design of active
safety systems that can share responsibility with human driver,
must integrate a minimum of understanding of the driver behaviour
(actions and intentions) and also information about the driving
environment [19]. Subsequently, cooperative LKA strategies based
on H2 control, Takagi–Sugeno (T–S) fuzzy control, ℋ∞ control
were proposed in [4, 20–22]. In these works, driver models were
integrated with the vehicle dynamics to formulate a driver-in-the
loop model and cooperative control architectures were designed. In
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a similar line, in this paper we extend our previous work in [3] for
the design of a novel cooperative control architecture for a driver-
in-the-loop model based on a structural driver model, using optimal
control theory that guarantees robustness and stability. The
contribution of this paper is to propose a design methodology of
the human-centred driving assistance system where the human
driver and the electronic copilot can cooperatively drive together.

The shared control combines several objectives which may be
conflicting in some cases, such as the accuracy of lane following
and the intrusiveness level with the driver. The goal is to meet
these objectives while preserving the system stability to improve
the interaction between the driver and the assistance. To this end,
we have introduced a driver model for designing a T–S optimal
controller to allow a representation of the conflict between the
driver and the controller in the quadratic criterion, by considering
the weighting of the driver torque and that of the controller. This
new concept allows to resolve conflicting driving situations in
order to successfully share lateral control of the vehicle between
human driver and controller. The assistance shall not reject the
driver action and not consider it as a disturbance. The control
authority shifting between the driver and the steering controller is
designed by introducing a decision-making algorithm to manage
the intervention module in order to select the corresponding control
strategy according to the driving situation. The system can be
parameterised to be activated only when an absence of the driver
action on the steering wheel is detected which contributes to avoid
road departure crashes due to driver fatigue after a long-time
driving. The main contributions of the paper can be summarised as
follows:

• A new driver-in-the-loop vehicle model is proposed for shared
control design which can manage the conflict issue between the
human driver and the LKA system.

• A dynamic control allocation strategy based on the idea of
optimal control is proposed to ensure cooperative lane keeping
control while minimising system interference.

• Based on Lyapunov stability arguments, we reformulate the
design of shared steering controller as an linear matrix
inequality LMI-based optimisation problem which can be
effectively solved with available numerical solvers [23]. The
effectiveness of the proposed shared control approach is clearly
proved with experimental validations on a dynamic vehicle
simulator.

The paper is organised as follows. In Section 2, we present the
dynamic vehicle and driver models used for designing the
simulation scenarios and the lane keeping controller. Section 3
presents and discusses the design process of the lane keeping
controller. The control authority shifting between the human driver
and the steering assist controller is then investigated. The
experimental results and evaluations of the shared control
performance are discussed in Section 4. Section 5 concludes the
paper and provides the future works.

2 Vehicle and driver modelling
This section presents the modelling of both the vehicle dynamics
and the driver lane keeping behaviour. The vehicle nomenclature is
given in Table 1. 

2.1 Non-linear vehicle model

To investigate the vehicle lateral motions, the non-linear single-
track model is used to represent the vehicle handling dynamics in
the horizontal plane [24, 25] (see Fig. 1). To this end, the vehicle
dynamics can be described as follows [24]:

v̇x = Teng − cxvx
2

Ieff
+ vyr

v̇y = Fy f + Fyr − cyvy
2 + f w

M − vxr

ṙ = 1
Iz

l f Fy f − lrFyr + lw f w

(1)

where Teng is the net engine/brake torque which is the control input
for the vehicle longitudinal dynamics. The cornering forces at the
front tires Fy f  and rear tires Fyr are, respectively, modelled using
the well-known magic formula [26]

Fyi αi = Disin(∇i)
∇i = Ciarctan (1 − ℰi)ℬiαi + ℰiarctan(ℬiαi)

(2)

where i ∈ { f , r}. The Pacejka parameters ℬi, Ci, Di and ℰi in (2)
depend on the characteristics of the tire, road and the vehicle
operating conditions [26]. The sideslip angles for the front and rear
tires are given by

α f = δ − arctan vy + l f r
vx

, αr = arctan vy − lrr
vx

(3)

where δ is the steering angle. For lateral control purposes, the non-
linear vehicle (1) is further simplified in the sequel. 

2.2 Road-vehicle control-based model

In this paper, we focus on the shared lateral control in normal
driving conditions of intelligent vehicles. As a result, the following
assumptions can be considered [27]:

• The dynamics of the longitudinal speed vx and the aerodynamic
forces are neglected.

Table 1 Vehicle nomenclature
Notation Description
M mass of vehicle, kg
C f /Cr cornering stiffness of the front/rear tires, N/rad
Iz moment inertia about the yaw axis, kgm2

l f /lr distances of the front/rear tire from CG, m
lw lateral wind force impact distance, m
ls look-ahead distance, m
f w lateral wind force, N
vx/vy vehicle longitudinal/lateral speed, m/s
r vehicle yaw rate, rad/s
ψL relative yaw angle, rad
yL lateral offset from the centreline, m
cx/cy longitudinal/lateral aerodynamic drag coefficient,

dimensionless
Is moment of inertia of the steering system, kgm2

Ieff effective longitudinal inertia, kgm2

Bs damping coefficient of the steering system, Nm/rad/s
Rs reduction ratio of the steering system, dimensionless
ηt width of the tire contact, m
Ta/Td /Tal assistance/driver/self-aligning torque, Nm
 

Fig. 1  Lateral vehicle behaviour modelling
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• The lateral tire forces are proportional to the slip angles of each
axle, i.e. linear pseudo-slip behaviour.

• The steering angle δ is assumed to be small.

Note that the relevance of these assumptions for normal driving has
been shown in various lateral control contexts (see for instance [4,
21, 27, 28]). As a consequence, the lateral forces at the front and
rear tires are modelled by

Fy f = C f α f = C f δ − vy + l f r
vx

,

Fyr = Crαr = − Cr
vy − lrr

vx
.

Therefore, the linear vehicle lateral dynamics is given as follows
[28]:

v̇y

ṙ
= a11 a12

a21 a22

vy

r
+ b1

b2
δ + e1

e2
f w (4)

where

a11 = −2 Cr + C f
Mvx

, a12 = − vx + 2 lrCr − l f C f
Mvx

,

a21 = 2 lrCr − l f C f
Izvx

, a22 = −2 lr2Cr + l f
2C f

Izvx
,

b1 = 2C f
M , b2 = 2l f C f

Iz
, e1 = 1

M , e2 = lw
Iz

.

(5)

To represent the road-vehicle positioning, the following dynamics
of the heading error ψL and the lateral offset yL from the road
centreline at a look-ahead distance are incorporated into the vehicle
system (see Fig. 1)

ψ̇L = r − ρrvx

ẏL = vy + lsr + ψLvx
(6)

where ρr is the road curvature. The vehicle steering system is
modelled in order to consider the driver feeling to the steering
torque feedback and the assistance one. The steering system
dynamics is given as follows [20]:

IsRsδ̈ = Td + Ta − Tal (7)

where the self-aligning torque is given by

Tal = 2C f ηt
Rs

δ − vy + l f r
vx

− RsBsδ̇ .

From (4), (6) and (7), the linear road-vehicle model with steering
system can be represented in the following form:

ẋv = Avxv + Bv(Ta + Td) + Dvw (8)

where xv
⊤ = vy r ψL yL δ δ̇  is the vehicle state vector, and

w⊤ = f w ρr  is the disturbance of the vehicle system. The system
matrices in (8) are given by

Av =

a11 a12 0 0 b1 0
a21 a22 0 0 b2 0
0 1 0 0 0 0
1 ls vx 0 0 0
0 0 0 0 0 1

Ts1 Ts2 0 0 Ts3 Ts4

, Bv =

0
0
0
0
0
1

IsRs

,

Dv =
e1 e2 0 0 0 0
0 0 −vx 0 0 0

T

where

Ts1 = 2ηtC f

IsRs
2vx

, Ts2 = 2l f ηtC f

IsRs
2vx

,

Ts3 = −2ηtC f

IsRs
2 , Ts4 = −Bs

Is
.

For the vehicle system (8), the driver torque Td is measured
whereas the assistance torque Ta has to be designed such that the
studied LKA system can effectively share the vehicle control with
the human driver.

2.3 Driver-vehicle model for shared steering control

In order to manage the conflict between the human driver and the
LKA system, the driver dynamics should be incorporated into the
vehicle system for driver-in-the-loop control purposes. With the
focus on lane keeping control, here the driver model used for
shared control design is proportional to the lateral deviation error
observed by the driver and the heading error

Td = kd1yd + kd2ψL (9)

where

yd = vy + ldr + ψLvx, ld = Tpvx .

The preview time Tp is a dynamic entity affected by vehicle speed,
road curvature and the driver's path view strategy. In general, a
higher speed requires longer preview time for vehicle stability and
tends to decrease considerably with increase in road curvature. In
addition, the preview time depends on the speed influence
assuming constant driving speed within the preview interval.
However, depending on the type of driver model chosen, the
impact of the variation of vx on preview time is significantly
different. Various researches [28–30] have pointed, based on
experimental studies, that the range of preview time is between
[0.5 s, 1.5 s]. It is of note that that the minimisation of the heading
error requires a high preview time and any deviation from the real
driver preview time generates an under-steering (i.e.
Tp < Tpof driver) or oversteering (i.e. Tp > Tpof driver). In this
work, considering general real-world driving scenarios, we have
considered the preview time of 1 s. In previous works of our group
[20, 31–33], multiple tests with various driver data were conducted
and the influence of preview time for different driving tasks has
been evaluated. Based on such tests, in this work a standard
preview time of 1 s has been considered in this work for the
development of the shared architecture. The driver torque
dynamics can be directly derived from (9) as

Ṫd = kd1vy + kd1Tpvx + kd2 r + kd1vxψL − kd2vxρr (10)

From (8) and (10), the global driver-road-vehicle system can be
represented in the form

ẋ = Ax + Bu + Dw (11)
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where x = xv Td
⊤ and u = Ta. The state-space matrices of (11)

are given by

A =
Av Bv

E 0
, B =

Bv

0 , D =
Dv

F
, (12)

with E = a71 a72 a73 0 0 0 , F = 0 −kd2vx , a71 = kd1,
a72 = kd1Tpvx + kd2 and a73 = kd1vx. We note that the dynamics of
(11) depends explicitly on the time-varying vehicle speed. To
improve the shared control performance under various driving
situations, we propose in the next section a Lyapunov-based
control method taking into account this time-varying parameter
dependency.

3 T–S fuzzy approach for shared steering control
This section presents the design of shared steering controller
between the human driver and the LKA system. The control
approach is based on an exact T–S fuzzy representation of the
driver-vehicle system using Lyapunov stability arguments.

3.1 Shared control specifications

The multiple objectives of lane tracking, driver comfort
enhancement and conflict minimisation are now incorporated into
the shared control design. To account for lane tracking, the
deviation errors (via yL and ψL) require to be minimised. Similarly,
the driver comfort is assessed based on the limits of lateral
acceleration (ay) and the steer rate (δ̇) similar to the works [4, 5,
20–22]. To address the issue of conflict, we introduce the
difference between the driver and assist torque, i.e. Td − Ta as a
factor to be minimised. For a typical manoeuvre, if the driver and
autonomous system are in conflict, the torques generated by them
are in opposite directions. The conflict level between the two
systems can then be analysed as a measure of the resistance to the
driver from the assistance system. To minimise that, the factor
Td − Ta is considered as a performance output for the proposed T–
S fuzzy optimal controller and hence reduce the effects of negative
interference from the assisting system. The performance output of
the driver-vehicle system (11) is then defined

z = ψL yL ay δ̇ Td − Ta
⊤ (13)

Subsequently, the controlled output z in (13) can be rewritten in the
following form:

z = Gx + Hu (14)

where

G =

0 0 1 0 0 0 0
0 0 0 1 0 0 0

a11 a12 + vx 1 0 b1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1

, H =

0
0
0
0

−1

.

3.2 T–S representation of driver-vehicle system

The state-space and the performance matrices of (11) depend on
both speed terms vx and ϑx = 1/vx which are measured and
bounded as

vmin ≤ vx ≤ vmax, vmin = 5, m/s, vmax = 25 m/s . (15)

To make clear this parameter dependency feature, we rewrite the
driver-vehicle system (11) and its performance vector (14) in the
following form:

ẋ = A(θ)x + Bu + D(θ)w
z = G(θ)x + Hu

(16)

where θ = vx ϑx
⊤. Using the sector non-linearity approach in

[34], the driver-vehicle model (16) can be exactly represented as
follows:

ẋ = ∑
i = 1

4
hi(θ)(Aix + Biu + Diw)

z = ∑
i = 1

4
hi(θ)(Gix + Hiu)

(17)

where Bi = B, Hi = H, for i ∈ {1, …, 4}, and

A1 = A vmin, ϑmin , G1 = G vmin, ϑmin ,
A2 = A vmin, ϑmax , G2 = G vmin, ϑmax ,
A3 = A vmax, ϑmin , G3 = G vmax, ϑmin ,
A4 = A vmax, ϑmax , G4 = G vmax, ϑmax

D1 = D(vmin), D2 = D(vmin),
D3 = D(vmax), D4 = D(vmax) .

The membership functions in (17) are defined as

h1(θ) = Ω1(θ) ⋅ Θ1(θ), h2(θ) = Ω1(θ) ⋅ Θ2(θ),
h3(θ) = Ω2(θ) ⋅ Θ1(θ), h4(θ) = Ω2(θ) ⋅ Θ2(θ), (18)

where

Ω1(θ) = vmax − vx
vmax − vmin

, Ω2(θ) = vx − vmin

vmax − vmin
,

Θ1(θ) = ϑmax − ϑx
ϑmax − ϑmin

, Θ2(θ) = ϑx − ϑmin

ϑmax − ϑmin
.

(19)

It is worth noting that the scalar membership functions satisfy the
following property [34]:

∑
i = 1

r
hi(θ) = 1, hi(θ) ≥ 0, ∀i ∈ {1, …, 4} (20)

The convex sum property (20) is used hereafter to derive tractable
LMI-based control design conditions.

3.3 T–S fuzzy model-based control design

For control design, we make use of the following parameter-
dependent state feedback controller:

u = ∑
i = 1

4
hi(θ)Kix = K(θ)x (21)

and a Lyapunov function of the quadratic form

V(x) = x⊤P−1x, P > 0 (22)

We consider the following control problem.
 

Problem 1: Determine the feedback gains Ki, i ∈ {1, …, 4}, and
the Lyapunov function (22) such that the controller (21) stabilises
the closed-loop system (17) while minimising the following
performance index:

J = ∫
0

∞
(z⊤Qz + u⊤ℛu) dt, x(0) = 0 (23)

where Q = diag[qψL qyL qay qδ̇ qTd] and ℛ are positive
definite weighting matrices which should be appropriately chosen
for shared lateral control purposes.

The following theorem provides an LMI-based solution for
Problem 1.
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Theorem 1: Given the driver-vehicle system (17). If there exist

a positive definite matrix P, matrices Ni, for i ∈ {1, …, 4} of
appropriate dimensions and a positive scalar γ satisfying the
following optimisation:

min
ξi, i ∈ {1, …, 4}

γ (24)

subject to (25)

Φi ⋆ ⋆ ⋆
GiP + HNi −Q−1 ⋆ ⋆

Ni 0 −ℛ−1 ⋆
Di

T 0 0 −γI

< 0 (26)

where ξi = (γ, P, Ni), Φi = AiP + BNi + (AiP + BNi)⊤ and the
symbol ⋆ stands for matrix blocks that can be deduced by
symmetry. Then, the control law (21) with the feedback gains
defined as follows:

Ki = NiP, i ∈ {1, …, 4} (27)

solves Problem 1.
 

Proof: Refer Appendix. □
 

Remark 1: The control design in Theorem 1 is formulated as a
convex optimisation problem under LMI constraints. The feedback
gains Ki, for i ∈ {1, …, 4}, can be easily computed using Matlab
software with YALMIP toolbox [35].

It is important to note that by applying Theorem 1 to the
augmented model (11) for shared steering control design, we obtain
feedback gains Ki composed by two parts:

u = ∑
i = 1

r
hi(θ) KEixv + KΓiTd (28)

The first part KEi can ensure the lane keeping performance whereas
the second part KΓi aims to modulate the driver action on the
steering wheel. In the absence of the driver torque (Td = 0), the
system reacts as an autonomous LKA system. In the presence of
the driver torque, the system assists the human driver to do what
he/she desires when the vehicle error positioning is small.
However, when the vehicle drifts from the centre of the lane, the
controller counteracts the driver to bring the vehicle back to the
centre of the lane.

4 Experimental results and discussions
This section presents some partial experimental results obtained
using the dynamic driving SHERPA simulator which includes a
Peugeot 206 car and three projection screens supporting 270∘ of
sight. The setup consists of a full car mock-up equipped with CAN
bus to perform various hardware-in-the loop experiments. The
SHERPA vehicle simulator represented in Fig. 2 is equipped with
an active steering wheel with a sensor providing steering angle,
steering rate sensor and steering torque (see Fig. 2). The SHERPA-
LAMIH simulator uses the software SCANeR and offers the
possibility to use RTMaps and Matlab/Simulink development
environments. The SHERPA simulator has been employed to
perform various tests related to vehicle road safety such as driver
state (fatigue, drowsiness etc.) detection, driver workload
assessment, driver biomechanical behaviour assessment and so on.
For more specific details on the SHERPA simulator, refer [36].
Multiple tests for driver identification have been conducted using
the SHERPA simulator. The detailed results for validation of driver
models have been presented in [20, 31–33]. Employing similar
identification procedures, the driver parameters for the proposed
model (9) were identified as kd1 = − 4.5852 and kd2 = − 59.4173. 

4.1 Lane following manoeuvre

In this section, the proposed T–S LKA controller which integrates
a driver model in the design process of the control law is tested for
lane following manoeuvre with and without driver interaction. The
digital database of the Satory test track polled in Fig. 3b is used for
the simulations with the road curvature polled in Fig. 3a. The
vehicle speed is fixed at v = 15 m/s. 

In the first test, the steering of the vehicle is performed only by
the controller to ensure the vehicle lane keeping in order to
evaluate robustness of the synthesised controller when the vehicle
drives in a curved road. From Figs. 4 and 5, we can note that the
controller reacts well to the road curvature disturbance through a
torque applied to the steering column system. Figs. 5a and b show,
respectively, the lateral deviation and heading error and illustrate
the good lane keeping performance of the proposed steering
controller. Fig. 5 shows the trajectory performed by the vehicle and
we can see that the vehicle remains on the road during the driving
test. For the second test, we consider the shared control mode
where both driver and controller are in action and the vehicle
steering is performed both by the driver and the LKA controller. It
can be noticed from Fig. 6 that the designed controller gives to the
driver a certain freedom to operate according to his driving style
and the control is shared between the driver and the assistance as
can be seen in Fig. 6c. We can notice according to Fig. 6 that the
steering controller provides about 50% of the required torque
without generating negative interference and no conflict situation
has been detected in this case. In this experiment, the driver
performs an overtaking manoeuvre to avoid an obstacle on the road
which is not specified to the controller. The overtaking manoeuvre
is started by the driver from time t = 76 s to t = 86 s as shown in
Fig. 6a where the lateral deviation error reaches 3.4 m. 

Fig. 2  SHERPA: dynamic LAMIH driving simulator (left), steering torque
sensor (right)

 

Fig. 3  Satory test track
(a) Road curvature of satory test track, (b) Satory test track X-Y positions
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4.2 Lane change manoeuvre

We now examine the interaction between the driver and the LKA
system when the driver overrides the system to perform a lane
change manoeuvre or overtaking. In this experiment, the vehicle is
supposed to be on a straight road section with vehicle speed fixed
at vx = 15 m/s. The designed driver model-based T–S optimal
LKA controller (LKCDM) is compared to the classical one
synthesised considering only the vehicle model (8) without
considering a driver/controller conflict management (LKWDM).
The driver and controller torques in the case of manual driving,
shared control with LKCDM controller and shared control with
LKWDM are plotted, respectively, in Figs. 7a–c. As it can be seen,
the proposed LKCDM controller has a behaviour similar to an
electric power assisted steering system where the driver is assisted
to achieve his desired steering manoeuvre. However, using the
LKWDM, the controller torque is opposite to the driver one during
overtaking manoeuvres as it can be seen in Fig. 7c. This means that
a negative interference is generated because the driver's action on

the steering wheel is regarded by the controller as a disturbance to
reject. When we use the LKCDM controller, it is possible to
consider this negative interference minimisation as a control law
objective and thus the controller adapts its action according to the
driver action. The controller gives to the driver a certain freedom to
operate according to his driving style and thus the control is shared
between driver and assistance as can be seen in Fig. 7b. This figure
shows that the steering of the vehicle is performed both by the
driver and the controller which provides about 40% of the required
torque, without generating negative interference. The lateral
displacement of the vehicle during the overtaking manoeuvre is
plotted in Fig. 7d. 

In order to test the robustness of the LKCDM controller against
longitudinal speed, we test a lane following performance with
longitudinal speed variation and overtaking manoeuvres with
different speeds, 60 and 90 km/h. Fig. 8 illustrates the dynamic
response of the vehicle during the overtaking manoeuvres with
vx = 60 and vx = 90 km/h. We can see from this figure that the yaw
rate r and the lateral acceleration ay remain in the comfort range. 

4.3 Performance evaluation

In this section, we evaluated the achieved performance for both
lane following and lane change manoeuvres by calculating the
maximum absolute value of the lateral deviation error ycg max and
the maximum absolute value of the heading error ψL max. The
feeling of the driver is evaluated by the calculation of the effort
devoted by him (the energy of the steering torque signal) and by
the controller (E c, d ) to perform a driving task in a time interval
[t1, t2] such as

E c, d = ∫
t1

t2
T c, d

2 (t) dt (29)

We also introduce a parameter that is called a degree of satisfaction
for the lane change manoeuvre (i.e. during an obstacle avoidance)
given by [20]

Wd =
∫t1

t2ycg(t) dt
Ed t1, t2

(30)

Fig. 4  Test of the lane following manoeuvre
 

Fig. 5  Test of the lane following manoeuvre: automatic control
(a) Lateral deviation error, (b) Heading error, (c) Torques applied, (d) Steering wheel
angle, (e) Lateral acceleration, (f) Lateral speed

 

Fig. 6  Test of the lane following manoeuvre: shared control
(a) Lateral deviation error, (b) Heading error, (c) Torques applied, (d) Steering wheel
angle, (e) Lateral acceleration, (f) Lateral speed
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The contradiction level between the driver action and that of the
assistance during the lane change manoeuvre is also analysed based
on the cosine of the angle between the driver and assistance torque
vectors (dot product) which characterises the direction of the two
vectors [4]

θcon = cos−1 Tc ⋅ Td
∥ Tc ∥ . ∥ Td ∥ (31)

A comparison of lane following performance of the two designed
controllers LKCDM and LKWDM and the sharing quality of the
tests performed in the first four turns of the Satory test track (see
Fig. 3 and Fig. 9) is summarised in Table 2. It can be deduced from
the presented results that both lane errors, i.e. yL and ψL have low
values for the proposed controller. It can also be deduced that in the
scenario when shared control without the driver model was
evaluated, the energy expended by the driver and the automation

system were 87.62 and 32.93% lower than the manual driving and
autonomous driving scenarios, respectively. However, for the
driver-in-the-loop design proposed in this paper, the energies spent
are 93.48 and 44.36% lower than the manual driving and
autonomous driving scenarios, respectively, which is much lower
than the previous scenario. This justifies that with the driver-in-the-
loop approach proposed in this work, lane keeping performance of
the vehicle is maintained with less effort from the driver and the
automation system. Consequently, Table 3 summarises the different
computed indicators characterising the driver/controller interaction
during a double lane change manoeuvre to avoid an obstacle. From
Table 3, the proposed optimal approach results in 61.18% reduction
in energy for the driver in comparison to the human driver.
However, for the case where driver model was not used there is an
increase in the energy spent by the driver by 51.95%. This is
reflected in the degree of satisfaction values for both cases. Hence,
in the LKCDM the value of Wd deteriorates by 23.73% while in the
LKCDM case, Wd increases by 67.80% in comparison to the
manual driving scenario. Further, the contradiction levels analysed
using θcon show that in the proposed optimal approach, the
contradiction between driver and autonomous controller drops by
89.30%. Thus, the overall performance of the proposed approach
can be easily deduced from the presented results showing
minimisation of conflict while ensuring lane tracking. 

5 Conclusions
In this paper, a novel cooperative control approach for lane keeping
system based on a robust optimal control strategy was proposed. To
evaluate the cooperative action, a driver-in-the-loop model was
developed by integrating the vehicle lateral dynamics with a driver
model based on lane errors. The proposed optimal control strategy
was designed based on T–S fuzzy approach to ensure minimal lane
deviation errors, improve driver comfort and reduce the
interference from the system. The proposed design was
experimentally validated on the dynamic SHERPA vehicle
simulator for different driving scenarios such as lane following,
obstacle avoidance and so on. Extensive results to show the
performance of the proposed scheme in comparison with

Fig. 7  Test of the overtaking manoeuvre
(a) Manual driving, (b) Shared control with LKCDM, (c) Shared control with
LKWDM, (d) Lateral displacement

 

Fig. 8  Test of the overtaking manoeuvre
 

Fig. 9  Performance evaluation
(a) Lane following performance, (b) Conflict level performance during overtaking
manoeuvre

 
Table 2 Comparison of the lane following performance
Test Performance index

|yL |m (m) |ψ1 | (deg) Ec, (Nm2) Ed, (Nm2)
manual 0.75 5.62 — 279.27
auto 0.46 4.35 276.92 —
S-LKWDM 0.52 4.42 185.72 34.57
S-LKCDM 0.67 5.26 154.07 18.20
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autonomous controller, shared control without a driver model and
manual driver have been presented to show the robustness. It was
established that employing the proposed scheme the energy spent
by the driver for a particular task is reduced when considering a
driver-in-the-loop design by 93.48% in comparison to the manual
driving scenario. Further, the reduction in interference from the
autonomous controller to the driver for the proposed optimal
strategy was shown while the vehicle navigated an obstacle
avoidance scenario. It was found that the driver satisfaction level
increased by 67.80% and the contradiction level dropped by
89.30% using the proposed approach.
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8 Appendix
 
8.1 Proof of Theorem 1

Since the membership functions satisfy (20), multiplying (26) by
hi(θ) ≥ 0 and summing up for all i ∈ {1, …, 4}, we obtain clearly
that

Φ(θ) ⋆ ⋆ ⋆
G(θ)P + HN(θ) −Q−1 ⋆ ⋆

N(θ) 0 −ℛ−1 ⋆
D(θ)⊤ 0 0 −γI

< 0 (32)

where N(θ) = ∑i = 1
4 hi(θ)Ni and

Table 3 Comparison of conflict level during overtaking manoeuvre
Test Performance index

Ed, (Nm2) Ec, (Nm2) |yL |m , (m) Wd θcon

manual 32.51 — 3.95 59 —
S-LKWDM 49.40 45.91 3.46 19 174.11
S-LKCDM 12.62 18.19 3.25 73 18.63
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Φ(θ) = ∑
i = 1

4
hi(θ) AiP + BNi + (AiP + BNi)⊤

= A(θ)P + BN(θ) + A(θ)P + BN(θ) ⊤

Applying successively two times the well-known Schur
complement lemma [23] to (32), it follows that

Υ(θ) + N(θ)⊤ℛN(θ) ⋆
D(θ)⊤ −γI

< 0 (33)

where

Υ(θ) = Φ(θ) + G(θ)P + HN(θ) ⊤Q G(θ)P + HN(θ)

It follows easily from (27) that N(θ) = K(θ)P−1. Then, pre- and
post-multiplying (33) with the diagonal block-matrix diag(P−1, I)
leads to

Ψ(θ) + K(θ)⊤ℛK(θ) ⋆
D(θ)⊤P−1 −γI

< 0 (34)

where

Ψ(θ) = P−1 A(θ) + BK(θ) + A(θ) + BK(θ) ⊤P−1

+ G(θ) + HK(θ) ⊤Q G(θ) + HK(θ) .

Pre- and post-multiplying (34) with the vector x w , we obtain
the following Hamilton-Jacobi inequality after some simple
algebraic manipulations:

V̇(x) + z⊤Qz + u⊤ℛu < γw⊤w (35)

where V̇(x) is the time derivative of the Lyapunov function (22)
along the trajectory of (17). The inequality (35) implies
V̇(x) < γw⊤w. This guarantees the stability of the disturbed system
(17). Moreover, integrating both sides of (35) while considering
x(0) = 0, we obtain easily that

∫
0

∞
(z⊤Qz + u⊤ℛu) dt < γ |w|22 (36)

Observe in (36) that by minimising γ, we minimise the
performance index J defined in (23). This concludes the proof.
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