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Finite-Time Fault-Tolerant Integrated Motion
Control for Autonomous Vehicles

With Prescribed Performance
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Abstract— Vehicle-integrated motion control (IMC) with the
capability to enhance the overall performance by considering
the couplings and interactions among various subsystems is
an active and open issue. This article proposes a novel finite-
time lateral and longitudinal IMC scheme to bypass the
resulting complex nonlinearities on the basis of time-delay
estimation (TDE). The precise tracking of reference trajectory is
achieved where the transient errors are limited to the designed
prescribed performance functions (PPFs). The expected steady-
state region can be entered in a fixed time, and then the state
errors convergence to zero asymptotically. Meanwhile, actuator
faults and external disturbance, for autonomous vehicles (AVs)
equipped with abundant actuators, are frequently encountered
in practice. The presented controller incorporating fault-tolerant
ability and disturbance rejection is implemented to further
optimize the robustness and reliability. In particular, no auxiliary
approximate mechanism or additional prior knowledge is needed.
The simulation results for standard maneuvers and planned
trajectory tracking are conducted to demonstrate the benefits
of the constructed integrated control scheme, in terms of
tracking performance (position tracking error dropped over
70%), handling (yaw rate tracing error dropped over 10%), and
stability (vehicle sideslip angle dropped over 70%).

Index Terms— Autonomous vehicles (AVs), fault tolerant,
integrated motion control (IMC), prescribed performance, time-
delay estimation (TDE).

I. INTRODUCTION

AUTONOMOUS vehicles (AVs) [1], [2] have great poten-
tial to reduce traffic congestion, energy consumption, and

greenhouse gas emission caused by the traditional fossil fuel
vehicles. These advantages motivate the burgeoning interest
and rapid technological progress in this field, for example, the
novel and effective low-cost control method proposed in [3].
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From a technical perspective, the AVs are mainly composed of
environment perception, motion planning, and motion control
[4], [5], [6]. The motion control module generates command
control signals and directly affects the overall performance,
which is one of the key technical challenges of the AVs.

To handle this issue and attain superior dynamic properties,
there have been several practical applications in Level 1
or Level 2 [4] AVs. For instance, the anti-lock braking
system (ABS) [7], direct yaw moment control (DYC) [8],
and active suspension system (ASS) are employed to optimize
the dynamic performance of longitudinal, lateral, and vertical
subsystems, respectively. In practice, when various vehicle
subsystems work simultaneously, the interactions and conflicts
are inevitable. An efficient countermeasure to cope with the
induced performance degradation is the integrated vehicle
motion control [9], [10]. Due to the dynamical model
complexity and nonlinearity, multiple subsystems integrated
control can be an arduous task, and this question has
not been studied sufficiently so far [11]. Compared with
the most results, assume longitudinal speed is constant to
simplify [12], the integrated lateral and longitudinal motion
control with time-varying longitudinal velocity is investigated
in this article.

Optimization-based methodology [9] offers an attractive
and feasible candidate for integrated control by the designed
bottom-to-top scheme. In addition, the adaptive control
framework is established in [13], which coordinates the active
front steering and DYC to enhance the vehicle stability.
In contrast to asymptotically stable strategies mentioned
above, terminal sliding-mode control (TSMC) [14] assures
faster finite-time convergence property for vehicles. It is
noteworthy reminding that non-singular terminal sliding
mode (NTSM) [15] is established to address the singularity
phenomenon for conventional TSMC. However, the settling
time of the finite-time control methodologies is dependent
on the initial states. Correspondingly, the fixed time control
approaches introduced in [16] are capable of overcoming the
dependence effectively. The fixed time convergence property
for AVs contributes to quickly track the replanned trajectories
generated in real-time by higher level motion planning
algorithms to ensure collision-free. In addition, transient
response is another crucial aspect of AVs. In practice, the
transient response can be constrained to a safe range by
considering the vehicle characteristics, which is more realistic
than assuming that the trajectory is accurately tracked with
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zero error. Wang et al. [17] provide a theoretically guaranteed
solution for nonlinear systems subject to transient behavior
constraints, by utilizing the presented error transformation.
Hereafter, a rich body of relevant pioneering results emerged
in the areas of car-like mobile robots [18], vehicle suspension,
and robot manipulators [19]. Nonetheless, to the authors’
knowledge, there are no results that focus on tackling
transient constraints, steady-state performance, interactions,
and coupling for AVs integrated control concurrently.

Once the strong coupling is taken into consideration, the
physics-based vehicle model is highly nonlinear and cannot
be constructed precisely. Neural network (NN) is exploited
to identify the vehicle dynamics characteristics in [20], and
the learned model can even surpass the performance of the
physics-based model. The adaptive dynamic programming
technique is a model-free alternative that allows optimizing
the vehicle lateral stability [21]. Nevertheless, one common
downside of these techniques is the need for excessive
collected data. To circumvent this, the inspiration for the
approach devised in this article is drawn from the time-delay
estimation (TDE) technology [22]. TDE approximates the
nonlinear plant model by means of the time-delay information,
which overcomes the expensive computational burden of the
aforementioned learning methods.

AVs are equipped with numerous electro actuators [23],
[24] to accomplish the demanded driving, braking, and
steering. Correspondingly, AVs can be modeled as under-
actuated [25], fully actuated, and over-actuated [26]. This
article focuses on fully actuated vehicle motion control.
Actuator faults [27], [28], involving additive faults and loss-
of-effectiveness faults, appear naturally owing to the flux
linkage, mechanical wear, and aging, which can deteriorate the
vehicle handling, stability, and so on. Meanwhile, unknown
disturbances intrinsically exist in real systems, which can
also deteriorate the control performance dramatically. NN and
observer [29] are valuable tools to estimate and deal with
the occurred disturbances and faults. As in [30] and [18],
the uncertainties and disturbances for car-like mobile robots
can be effectively compensated by employing the designed
new NN approximator, which contributes to increase the
robustness. Despite this, observer design and approximate
structure construction are notable problems in themselves. The
ability of TDE without auxiliary mechanisms to accommodate
the actuator faults and disturbances has been validated
in [31]; however, in which the known upper boundness is
necessary.

Inspired by the previous discussion, devising an integrated
lateral and longitudinal motion control framework for AVs
to track the reference trajectory and dynamics with faster
convergence is the primary objective of this article. Besides,
the transient response constraints, steady-state requirements,
unknown disturbances, and actuator faults are addressed
to achieve superior overall performance and robustness.
More in detail, the contributions of this article are given
below.

1) A finite-time integrated motion control (IMC) scheme
with time-varying longitudinal velocity is presented to
address the interactions and coupling between lateral

and longitudinal dynamics. Moreover, the proposed
control framework bridges the gap between vehicle
dynamics control [9] and trajectory tracking [32] for
AVs. Integrated dynamics control can be transformed as
a trajectory tracking problem by employing the desired
signal generation approach, which both be unified and
handled with the designed controller.

2) The desired trajectory and dynamics can be tracked
accurately with fast response. Specifically, the transient
tracking error is restricted by the prescribed performance
function (PPF). Another distinguishing aspect of the
integrated controller is that it ensures the trajectory
tracking errors enter the prescribed steady-state precision
region in a fixed time. Subsequently, the asymptotic
convergence of the state errors is asserted.

3) Furthermore, the negative impacts of the unknown
external disturbance and actuator faults are eliminated.
Although the ability of NTSM to reject disturbance has
been revealed in the literature, performance declines
unavoidably when actuator faults occur. Toward this
end, TDE is embedded to enhance robustness and
reliability against actuator faults. Note that no additional
boundness information and approximate tools are
required.

II. PROBLEM STATEMENT

In this section, the mathematical models of vehicle are
introduced to shed a clear light on the couplings and
interactions between the longitudinal and lateral subsystems.
Moreover, the trajectory tracking problem transformed from
the reference dynamics signals is stated to highlight the control
object.

A. Vehicle Model

The kinematic model [33] of the autonomous ground vehicle
is described as

η̇ = H (φ)v (1)

where the velocity vector v = [vx, vy, ω]T in the vehicle
frame-fixed axes consists of longitudinal velocity vx , lateral
velocity vy , and yaw rate ω. η = [x, y, φ]T is composed of
global position (x, y) and yaw angle φ. H (φ) = [cosφ −
sin φ 0; sin φ cosφ 0; 0 0 1] denotes the rotation matrix.

The wheel rotational dynamics γ̇ [9] are given by

I γ̇i j = −Reff Fxi j + Ti j (2)

where the subscription i ∈ { f, r} represents the front or rear
wheel, and j ∈ {l, r} represents the left or right wheel. Fxi j ,
Ti j , Reff, and I are the corresponding wheel driving force,
torque, rolling radius, and moment of inertia, respectively.
Steering angle input is denoted by δ, and the vector τd :=
[τd1, τd2, τd3]T is defined as τd1 = T f l cos δ + Trl , τd2 =
T f r cos δ + Trr , and τd3 = δ. Then, the longitudinal, lateral,
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and yaw dynamics [21], [33], [34], [35] of AVs have the form⎧⎨⎨⎨⎨⎨⎨⎨⎨⎨⎨⎨⎨⎨⎨
⎨⎨⎨⎨⎨⎨⎨⎨⎨⎨⎨⎨⎨⎩

v̇x = vyω − Ca

m
v2

x + 1

m Reff
(τd1 + τd2)− u�1 + udist1

v̇y = −
�
C f + Cr

�
vy

mvx
+

�
Crlr − C f l f

mvx
− vx

	
ω + C f

m
τd3

+ u�2 + udist2

ω̇ =
�
Crlr − C f l f

�
vy −



C f l2

f + Crl2
r

�
ω

Izvx
+ C f l f

Iz
τd3

− ls

Iz Reff
(τd1 − τd2)+ u�3 + udist3

(3)

where the vehicle parameters [9] of a Hatchback vehicle
used in this article are reported in Fig. 1 and Table I. The
complex dynamics are unnecessary for the controller design,
which is used as the plant to evaluate the proposed controller.
u� := [u�1, u�2, u�3]T and udist := [udist1, udist2, udist3]T

refer to the unmodeled terms of AVs [33] and external
disturbance, respectively. Consider the virtual control input
τ := [τ1, τ2, τ3]T is defined as⎧⎨⎨⎨⎨⎨⎨⎨

⎨⎨⎨⎨⎨⎨⎩

τ1 = 1

m Reff
(τd1 + τd2)

τ2 = C f

m
τd3

τ3 = C f l f

Iz
τd3 − ls

Iz Reff
(τd1 − τd2).

(4)

The vector τ f with the loss-of-effectiveness faults
La := diag(�a1(t), �a2(t), �a3(t)) and bias faults za :=
[za1(t), za2(t), za3(t)]T [27], [36], [37] can be represented as

τ f = F(Laτd + za) (5)

where the known constant conversion matrix F :=
[(1/m Reff ) (1/m Reff ) 0; 0 0 (C f /m); −(ls/(Iz Reff))(ls/
(Iz Reff)) (C f l f /Iz)] is invertible. The loss-of-effectiveness
coefficient 0 < �ai ≤ 1, i = 1, 2, 3. The impact of actuator
faults on vehicle systems can be observed in (3) and (5).

Remark 1: Actuator faults are common for vehicles
equipped with numerous actuators [27]. For example, the
harmonics flux linkage can be modeled as the bias faults [26].
The loss-of-effectiveness faults caused by mechanical wear
and aging can be represented as efficiency factor La . Actuator
faults for AVs are detailed in [27] and [38], where the unknown
actuator faults (5) are considered and handled in this article.

Summarizing, when considering actuator failures and
unknown external disturbance udist, the dynamics model of
the vehicle can be expressed by the following system:

η̇ = H (φ)v (6)

v̇ = J (v)v + u� + τ f + udist (7)

where J as shown in the equation at the bottom of
the page.

Fig. 1. Schematic of the vehicle model. CG represents the center of gravity
for the AV.

TABLE I

VEHICLE PARAMETERS

Remark 2: It is worth mentioning that this article focuses
on vehicle lateral and longitudinal IMC, namely the lateral,
longitudinal, and yaw dynamics are taken into consideration.
The roll, pitch, and vertical dynamics of the vehicle chassis
are ignored in this article.

B. Problem Formulation

To bridge the gap between vehicle dynamics control and
trajectory tracking for AVs, the above system can be recast as

η̇ = ψ (8)

ψ̇ = M(η,ψ, t)+ H (ψ)τ + O(η,ψ, t) (9)

where the vector ψ := [ψ1, ψ2, ψ3]T is the vehicle
velocity in the global coordinate frame, M := Q(ψ)ψ +
H (ψ)J (η, H Tψ)H Tψ , Q(ω) := [0 − ω 0;ω 0 0; 0 0 0],
and O := H (ψ)(u� + udist + τ f − τ ).

Calculating the desired trajectory ηd := [xd, yd, φd ]T

according to reference vehicle dynamics vd := [vxd , vyd , ωd ]T,
we obtain that

η̇d = H (φd)vd . (10)

Using these definitions, the tracking error vector e ∈ R
3 can

be derived as

e = η − ηd . (11)

J =
�−vx Ca

m
ω 0; 0 − C f + Cr

mvx

Cr lr − C f l f

mvx
− vx ; 0

Crlr − C f l f

vx Iz

−Crl2
r − C f l2

f

vx Iz



.
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Fig. 2. Block diagram of the devised integrated fault-tolerant motion control scheme.

The primary purpose of this article is to develop an
integrated control framework to handle the couplings and
interactions between the longitudinal and lateral subsystems.
As mentioned above, the vehicle-integrated dynamics control
can be converted into a trajectory tracking problem.
For example, the two problems can be handled with a
unified control approach. In addition to accurate trajectory
tracking, faster fixed-time convergence and superior transient
performance satisfying the prescribed constraints are also
expected. Meanwhile, for the sake of enhancing robustness
and reliability, external disturbances and actuator failures are
taken into account.

Lemma 1 [39]: Let υ1, υ2, . . . , υn ≥ 0, γ > 1. The
following inequality holds

�n
i=1 υ

γ
i ≥ n1−γ (

�n
i=1 υi )

γ .
Lemma 2 [40]: Consider the system η̇ = g(η), η(0) =

η0, η ∈ R
n . Let �,μ > 0, β > 1, α ∈ (0, 1). If the positive-

definite and continuous radially unbounded function V : R
n →

R
+ exists such that V̇(η) ≤ −�V(η)α − μV(η)β holds,

the system is fixed-time stable with settling time satisfying
B ≤ 1

�(1−α) + 1
μ(β−1) .

Assumption 1: The nonlinear components M(η,ψ, t),
H (ψ), and O(η,ψ, t) in the vehicle model (9) are continuous
or discontinuous but bounded by unknown boundaries. It is
reasonable for the vehicle chassis control system in practice.

Remark 3: The designed controller in this article is
intended to track the safe collision-free desired trajectory
generated by the motion planning and be embedded in the
Levels 1–5 AVs as a sub-module. As detailed in [4] and [5],
it is clear that the controller can be easily introduced into
Levels 1–5 AVs, including urban or highway driving scenarios,
etc., as a lower-level module for decision-making and motion
planning, when the controller can track the desired motion
accurately.

III. CONTROL SCHEME

This section is devoted to describing the developed
integrated longitudinal and lateral fault-tolerant motion control
framework, which is depicted in Fig. 2. More precisely,
the reference values of the integrated vehicle dynamics can
be obtained using the desired signal generation module.
The tracking error is calculated by combining the real-time
state, which is transformed to obtain the desired convergence
properties by means of a PPF. The time-delay information
removes the need for complex lateral–longitudinal dynamics
coupling relationships in the controller design, which can be
seen from the resulting controller. More details are provided
below.

A. Desired Signal Generation

The desired longitudinal velocity vxd can be set arbitrarily
to meet the need of driver. The desired yaw rate ωd can be
derived from input steering wheel angle Swa [9], [21], which
is described as

ωd = kswa
vxd�

l f + lr
��

1 + Zv2
xd

�Swa (12)

where

Z = m

2
�
l f + lr

�2

�
lr

C f
− l f

Cr

	
. (13)

With the aim of enhancing stability, this article sets
as vyd = 0. Correspondingly, the reference trajectory can be
calculated using (10).

B. Time Delay Estimation

Considering ψ̇ = η̈ and (9) yield

H T(ψ)η̈ = H T(ψ) M(η, η̇)+ τ + H TO (14)

or equivalently

H̄ η̈ = A(η, η̇, η̈)+ τ (15)

where A(η, η̇, η̈) = (−H T(ψ) + H̄)η̈ + H T(ψ)M(η, η̇) +
H TO, H̄ := 2bv ∗ I3, bv is a const, and the 3 × 3 identity
matrix is indicated by I3. Time-delay information [22], without
the need of any prior knowledge about the vehicle model,
is leveraged to estimate the system model in the form

Â(η, η̇, η̈) = A(η, η̇, η̈)t−T (16)

where T is the time-delay constant. Recalling (15), we obtain

A(η, η̇, η̈)t−T = τt−T − H̄ η̈t−T . (17)

Therefore, the TDE reads

A(η, η̇, η̈)t−T = τt−T − 2bv η̈t−T . (18)

Hence, the estimation error vector � is calculated as

� = A(η, η̇, η̈)− A(η, η̇, η̈)t−T . (19)

Obviously, � is bounded when the plant (9) is continuous
or bounded as Assumption 1 stated, and the time delay T is
a short period of time. For example, there exists an unknown
bounded constant ι, such that |�| < ι, where the boundness
information ι is unnecessary. Thus, a diagonal parameter
matrix Kt satisfying

{Kt}ii > ιi , i = 1, 2, 3 (20)
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also exists and can be obtained by trial-and-error, which has
been proven in the previous studies [22], [41] and widely used
in the literature. Recalling (15), the vehicle model represented
by TDE can be rewritten as

H̄ η̈ = Â(η, η̇, η̈)+ � + τ. (21)

C. Controller Design

To obtain superior transient performance, PPF methodology
[17] is modified and introduced into the proposed control
scheme in which the transient error ei(t), i = 1, 2, 3 is
constrained by the constructed prescribed function, namely

kiζi (t) < ei(t) < k̄iζi(t) (22)

where the constant μi ∈ (0, 1), and the performance
coefficients ki and k̄i are chosen as follows:

ki =
�

−μi , ei (0) ≥ 0

−1, ei (0) < 0
, k̄i =

�
1, ei (0) ≥ 0

μi , ei (0) < 0.

It means that�
−μiζi (t) < ei(t) < ζi(t), ei (0) ≥ 0

−ζi(t) < ei (t) < μiζi(t), ei (0) < 0
(23)

where

ζi(t) =
�
(ζ0i − ζ∘i )e(ηi (t)) + ζ∘i , 0 ≤ t < Si

ζ∘i , t ≥ Si
(24)

ηi(t) = − piSi t

Si − t
(25)

and ζ∘i , ζ0i ,Si , and pi are selected manually which satisfy
|ei(0)| ∈ (ζ∘i , ζ0i ), Si > 0, and pi > 1. To proceed, the
derivatives of ηi(t) and smooth function ζi (t) [19] are

ζ̇i (t) =
�
(ζ0i − ζ∘i )η̇i(t)e(ηi (t)), 0 ≤ t < Si

0, t ≥ Si
(26)

η̇i (t) = − piS2
i

( S i − t)2
. (27)

The error e is mapped into the auxiliary unconstrained one
σ by the constructed error transformation as follows:

σ(e) = ln

�
k̄i

�
e − ki

�
−ki

�
k̄i − e

�
�
. (28)

Furthermore, the inverse mapping and derivative
ρ(e) := σ̇ (e) can be computed as

σ−1(e) = ki k̄i(exp(e)− 1)

ki exp(e)− k̄i
, ρ(e) = 1

e − ki

+ 1

k̄i − e
(29)

then, the transformed error αi := σ(ei/ζi ) and its derivative
as

αi = ln

⎛
⎝ k̄i



ei
ζi

− ki

�
−ki



k̄i − ei

ζi

�
⎞
⎠ (30)

α̇i = �i (ėi + θi ei ) (31)

where

�i = 1

ei − ζi ki

+ 1

ζi k̄i − ei
, θi = − ζ̇i

ζi
. (32)

Defining D := diag(θ1, θ2, θ3) and W := diag(�1,�2,�3),
(30) is converted to a vector form as

α̇ = W(ė + De).

For convenience, let β := ė + De, we get

β̇ = ë + Ḋe + Dė (33)

α̇ = Wβ. (34)

The following sliding function is established:
s = C1Nm(α)+ C2Sigq(α)+ β (35)

where

Nm(α) := �
nm(α1), nm(α2), nm(α3)

�T

Sigq(α) := �
sigq(α1), sigq(α2), sigq(α3)

�T

sigq(αi ) := |αi |qsgn(αi ), i = 1, 2, 3

nm(αi ) :=
�

m(αi ), |αi | ≥ ς

ςm−1αi , |αi | < ς
and the control parameters subject to ς ∈ (0, 1],
m ∈ (0, 1), q > 1. Afterward, the implemented control law
is described as

τ = 2bv
�
η̈d − Ḋe−Dė

� − Â(η, η̇, η̈)− K0Sigr (s)− bsign(s)

−2bv
�
C1Gm(α)+ qC2Uq(α)

�
Wβ − Kt sign(s) (36)

where

Gm(α) := diag(gm(α1), gm(α2), gm(α3)) (37)

Uq(α) := diag(|α1|q−1, |α2|q−1, |α3|q−1) (38)

gm(αi ) :=
�

m|αi |m−1, |αi | ≥ ς

ςm−1, |αi | < ς
(39)

sign(s) :=
�

s/�s�, �s� 	= 0

0, �s� = 0
(40)

and b > 0, r > 1,K0, C1 := diag(c11, c12, c13), C2 :=
diag(c21, c22, c23), and Kt are parameters tuned carefully to
achieve satisfactory performance. From (4), we can obtain
τd = F−1τ . If the vehicle parameters in F are uncertain,
the nominal value of F can be used for torque transformation
in (4) and the corresponding uncertainties can be integrated
into the lumped term O in (9).

Remark 4: The vehicle state information η = [x, y, φ]T and
η̇, including global position (x, y), yaw angle φ, and velocity
information, can be obtained for AVs equipped with numerous
advanced sensors. The multisensor techniques, such as RTK-
GNSS combined with IMU, speedometer, and odometer [42],
can provide accurate vehicle state information. Therefore, this
article is focused on the integrated controller design for AVs
with known state information [43].
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D. Main Results

Theorem 1: Given the AVs system (2), (6), and (7)
with external disturbance udist and actuator failures (5),
including loss-of-effectiveness faults La and bias faults za .
The synthesized control scheme (36), with the aid of time-
delay information (16) and the bijective error mapping (28),
(29), has the capability to guarantee the asymptotic stability of
AVs system. In addition, fixed-time convergence to the region
Rς := {αi ||αi | ≤ ς} of the unconstrained error (30) is assured
where the convergence time T satisfies

T ≤ B1 + B2 (41)

with

B1 ≤ 2
√

bv
b

+ 2

3(1−r)/2(r − 1)λmin(K0)(bv )
2/(r+1)

B2 <
1

(1 − m)2(m+1)/2ζ−1
0i c1i

+ 1

2(q+1)/2(q − 1)ζ−1
0i c2i

where λmin(K0) denotes the minimum eigenvalue of K0.
Meanwhile, the proposed controller (36) can derive the

trajectory tracking error (11) to (kiζ∘i , k̄iζ∘i ) within time Si .
Moreover, the transient tracking error ei(t) is restricted to the
established PPFs (22) and (24).

E. Stability Analysis

The Lyapunov function for AVs system (2), (6), and (7) is
chosen as

V =1

2
sT H̄ s. (42)

Accordingly, the derivative of (42) is

V̇=sT H̄ ṡ. (43)

Combining the designed sliding function (35) and the
definitions (37)–(39), one has

ṡ = �
C1Gm(α) + qC2Uq(α)

�
Wβ + β̇. (44)

By virtue of (33), it follows

H̄ ṡ = H̄
�
C1Gm(α)+ qC2Uq(α)

�
Wβ + H̄ β̇

= H̄
�
C1Gm(α)+ qC2Uq(α)

�
Wβ + H̄ η̈

+H̄
�−η̈d + Ḋe + Dė

�
. (45)

The time-delay information (16) is introduced to estimate
the vehicle model, that is,

H̄ ṡ = H̄
�
C1Gm(α)+ qC2Uq(α)

�
Wβ + Â(η, η̇, η̈)

+� + τ + H̄
�−η̈d + Ḋe + Dė

�
. (46)

Substituting the devised control strategy (36)–(46), when
�s� 	= 0, yields

H̄ ṡ = 2bv
�
η̈d − Ḋe − Dė

� − Â(η, η̇, η̈)− b
s

�s�
−K0Sigr (s)− 2bv

�
C1Gm(α)+ qC2Uq(α)

�
Wβ

+Â(η, η̇, η̈)+ � + H̄
�−η̈d + Ḋe + Dė

�
+H̄

�
C1Gm(α)+ qC2Uq(α)

�
Wβ − Kt

s

�s� . (47)

As a consequence, we obtain

H̄ ṡ = −K0Sigr (s)− b
s

�s� − Kt
s

�s� + �. (48)

In this case, (43) can be rewritten as

V̇ = −sTK0Sigr (s)− sT b
s

�s� +
�
−Kt

sT s

�s� + sT �

�
. (49)

Under Assumption 1 and (20), it holds that

V̇ ≤ −sTK0Sigr (s)− sT b
s

�s�

≤ −b

�
1

bv

	 1
2

V 1
2 − λmin(K0)

3�
i=1

|si |r+1. (50)

On account of Lemma 1, we have

V̇ ≤ −b√
bv

V 1
2 − 3

1−r
2 λmin(K0)�s�r+1

≤ −b
�
sT s

� 1
2 − 3

1−r
2 λmin(K0)�s�r+1 (51)

which is equivalent to

V̇ + ε1V
1
2 + ε2V

r+1
2 ≤ 0 (52)

where ε1 := (b/(bv)1/2) and ε2 := 3(1−r/2)λmin(K0)(bv)(2/r+1).
Invoking Lemma 2, the convergence time B1 satisfies

B1 ≤ 2

ε1
+ 2

ε2(r − 1)
. (53)

Therefore, for t > B1, we get C1Nm(α)+C2Sigq(α)+β = 0,
which implies that βi = −c1i nm(αi )− c2i sigq(αi).

Consider the following Lyapunov function:

I =1

2
α2

i . (54)

If the transformed error αi reaches the prescribed
neighborhood ς , then one can obtain βi = −ςm−1c1iαi −
c2i sigq(αi ), which results in the derivative of (54) as

İ = �iαi
�−ςm−1c1iαi − c2i sigq(αi )

�
= −ςm−1c1i�iα

2
i − c2i�i |αi |q+1. (55)

Recall that c1i , c2i ,�i , ς
m−1 > 0, and İ < 0 holds. The

asymptotic convergence of transformed error αi is proved. For
αi outside the prescribed error region, which means that |αi | ≥
ς , then βi = −c1i sigm(αi )− c2i sigq(αi ).

Subsequently, the derivative of (54) yields

İ = �iαi
�−c1i sigm(αi )− c2i sigq(αi )

�
= −�i c1i |αi |m+1 −�i c2i |αi |q+1. (56)

From (22) and (32), one obtains �i > (2/ζi ) > 2ζ−1
0i .

Consequently

İ < −2ζ−1
0i c1i |αi |m+1 − 2ζ−1

0i c2i |αi |q+1

< −2
m+3

2 ζ−1
0i c1i (I)

m+1
2 − 2

q+3
2 ζ−1

0i c2i (I)
q+1

2 (57)

which leads to

İ + 2
m+3

2 ζ−1
0i c1i(I)

m+1
2 + 2

q+3
2 ζ−1

0i c2i (I)
q+1

2 < 0. (58)

Authorized licensed use limited to: GUANGZHOU UNIVERSITY. Downloaded on November 21,2024 at 07:08:07 UTC from IEEE Xplore.  Restrictions apply. 



HUANG et al.: FINITE-TIME FAULT-TOLERANT IMC FOR AVs WITH PRESCRIBED PERFORMANCE 4261

Fig. 3. Input steering wheel angle for single-lane change scenario.

Using Lemma 2, one concludes that steers αi to Rς :=
{αi ||αi | ≤ ς} within a fixed time B2, which is bounded by

B2 <
1

2
m+1

2 ζ−1
0i c1i(1 − m)

+ 1

2
q+1

2 ζ−1
0i c2i (q − 1)

. (59)

Therefore, the stability is proved as above. According to the
error transformation ei = ζiσ

−1(αi ), σ−1(0) = 0, we can have
ei ∈ (kiζi , k̄iζi) when σ−1(αi ) ∈ (ki , k̄i ), which implies (41)
holds.

Remark 5: The controller parameters ζ∘i , ζ0i , μi , Si , and
pi , i = 1, 2, 3 depend on the desired prescribed performance
constraints, which determine the final properties of the PPF
and satisfy |ei(0)| ∈ (ζ∘i , ζ0i ), μi ∈ (0, 1), Si > 0,
and pi > 1. Moreover, to attain fixed-time convergence
property, the parameters subject to ς ∈ (0, 1],m ∈ (0, 1), and
q > 1. The parameters mentioned above determine the
constraint settings of the tracking errors and the convergence
properties of the slide mode surface. Meanwhile, b > 0,
r > 1,K0, C1 := diag(c11, c12, c13), C2 := diag(c21, c22, c23),
and Kt are tuned carefully by numerous trial-and-error
simulations to achieve satisfactory performance.

Remark 6: This article proposed a novel integrated motion
controller to handle the subsystems’ interactions and strong
coupling with time-varying longitudinal velocity. Meanwhile,
the unknown disturbance and actuator faults are addressed by
embedding TDE without the need for additional information.
The reference dynamics and trajectory can be tracked
accurately with the presented control framework, and the
robustness and reliability are enhanced significantly.

IV. SIMULATION ANALYSIS

Aiming to demonstrate the feasibility and superiority of the
proposed prescribed performance integrated control strategy
(PPIC), simulation comparisons with vehicle IMC [9], the
classical NSTM [15], and nonsingular fast terminal sliding-
mode (NFTSM) [14], in single-lane change and J -turn testing
scenarios, and polynomial planning maneuver for the 7-DOF
vehicle model (2), (6), and (7) are performed in this section.

A. Single-Lane Change Maneuver

The desired steering wheel angle for single-lane maneuver
is illustrated in Fig. 3. The controller parameters are
μi = 0.6, pi = 2.2,Si = 2, i = 1, 2, 3, ζ01 = 0.4,
ζ02 = 0.4, ζ03 = 0.1, ζ∘1 = 0.005, ζ∘2 = 0.01, ζ∘3 = 0.005,
q = 1.4,m = 0.6, r = 1.4, ς = 0.001,
K0 = diag(0.1, 50, 0.45), C1 = 10−2·diag(1, 1, 1), C2 =
0.01 · diag(1, 3, 0.01), bv = 0.5, b = 0.001, and

Fig. 4. IMC overall performance.

Fig. 5. Longitudinal position tracking error in the global coordinate frame.

Fig. 6. Lateral position tracking error in the global coordinate frame.

Kt = diag(5, 0.26, 0.3). Meanwhile, the external disturbance
vector udist in (7) is set as udist = [4 cos(0.1t −
(π/3)), 3 cos(0.1t +(π/6)), 0.01 cos(0.1t −(π/4))]T to verify
the robustness of the proposed PPIC. Moreover, the time-
varying actuator failures in (5) are chosen as

za1(t), �a1(t) =
�

0, (t < 4)

0.7 + 0.05 · sin(0.25t), (4 ≤ t ≤ 10)

za2(t), �a2(t) =
�

0, (t < 3)

0.8 + 0.05 · sin(0.25t), (3 ≤ t ≤ 10)

�a3(t) =
�

0, (t < 2)

0.95 + 0.05 · sin(0.25t), (2 ≤ t ≤ 10)

za3(t) =
�

0, (t < 2)

0.05 · sin(0.25t), (2 ≤ t ≤ 10).

The overall performance of the designed integrated
motion controller is illustrated in Fig. 4. The longitudinal
position, lateral position, and yaw angle tracking error in
the global coordinate frame are depicted in Figs. 5–7,
respectively. Although the pioneering NSTM has addressed the
singularity problem effectively and enhanced the robustness
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Fig. 7. Yaw angle tracking error.

Fig. 8. Performance comparisons and vehicle maneuvers. (a) Longitudinal
velocity tracking performance comparison. (b) Yaw rate tracking performance
comparison. (c) Vehicle sideslip angle. (d) Vehicle maneuvers.

to disturbances, performance degrades when actuator failures
occur. The IMC attempts to address the longitudinal and lateral
subsystems simultaneously with integrated control technique.
Nevertheless, the trajectory tracking performance with the
time-varying longitudinal velocity and actuator faults is
unsatisfactory. The classical NSTM and NFTSM obtain higher
trajectory tracking performance than IMC, shown in Fig. 4.
NFTSM is capable of handling the actuator failures; however,
additional knowledge is required. By contrast, the proposed
PPIC enhances the tracking performance significantly where
the transient response is confined within the constructed PPF.

As illustrated in Fig. 8, the performance comparison
and vehicle maneuvers are provided for further analysis.
Superior longitudinal velocity tracking performance and
stability are achieved by the NFTSM than NSTM and IMC,
as displayed in Fig. 8(a) and (c). Conversely, vehicle handling
is optimized through the IMC in Fig. 8(b). Meanwhile,
the vehicle maneuvers are shown in Fig. 8(d). Compared
to these approaches, the designed PPIC improves the
overall performance considerably, involving trajectory tracking
performance, longitudinal velocity tracking performance,
handling, and stability.

B. J-Turn Maneuver

Fig. 9 shows the steering wheel angle input for J -turn
maneuver. Correspondingly, the exactly same controller
parameters, external disturbances, and actuator failures as
single-lane change maneuver are chosen.

Fig. 9. Input steering wheel angle for J -turn scenario.

Fig. 10. IMC performance in the global coordinate frame for J -turn scenario.
(a) Overall performance. (b) Longitudinal position tracking error. (c) Lateral
position tracking error. (d) Yaw angle tracking error.

Fig. 11. Performance comparisons and vehicle maneuvers for J -turn
scenario. (a) Longitudinal velocity tracking performance comparison. (b) Yaw
rate tracking performance comparison. (c) Vehicle sideslip angle. (d) Vehicle
maneuvers.

The trajectory tracking performance for J -turn maneuver
can be seen in Fig. 10. The constructed PPIC control
scheme illustrated in Fig. 2 is able to ensure that the
trajectory tracking errors satisfy the PPF transient behavior
constraints (22)–(25) by the error mapping (28). The trajectory
tracking performance in Fig. 10(a) demonstrates the overall
performance enhancement attained by the proposed PPIC
intuitively. In comparison with the innovative work NSTM
and NFTSM, the robustness against external disturbances and
actuator failures is further improved. Meanwhile, the superior
yaw angle tracking performance than IMC is obtained.
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Fig. 12. Polynomial planning maneuver performance. (a) Overall
performance. (b) Longitudinal position tracking error. (c) Lateral position
tracking error. (d) Yaw angle tracking error.

The detailed performance comparison and vehicle maneu-
vers for J -turn maneuver are plotted in Fig. 11. As dia-
grammed in Fig. 11(a) and (b), the reference time-varying
longitudinal velocity can be tracked accurately and the
resulting strong couplings and interactions are handled
effectively. The corresponding vehicle maneuvers are provided
in Fig. 11(d). Additionally, the significant vehicle handling and
stability improvement can be observed in Fig. 11(b) and (c).

C. Polynomial Planning Maneuver

A time-dependent polynomial trajectory is introduced in this
section to verify the effectiveness of the designed controller.
Unlike the J -turn and single-lane change maneuvers, the
time-dependent trajectory is generated by the upper-level
motion planning to achieve safe lateral collision avoidance, as
detailed in [32]. Meanwhile, the same controller parameters,
external disturbances, and actuator failures as single-lane
change maneuver are chosen. Different from the IMC, (12)
and (13) are not required for the planned trajectory. The
corresponding trajectory with lane-change time tl = 10 s,
initial longitudinal vehicle velocity v0 = 25 m/s, and target
velocity vt = 30 m/s can be expressed as�

xd(t) = p0 + p1t + p2t2 + p3t3 + p4t4 + p5t5

yd(t) = q0 + q1t + q2t2 + q3t3 + q4t4 + q5t5

where the trajectory parameters are set as p0 = p2 = p5 = 0,
p1 = 25, p3 = (5/tl 2), p4 = −(2.5/tl 3), q0 = q1 = q2 = 0,
q3 = (37.5/tl 3), q4 = −(56.25/tl 4), q5 = (112.5/tl 5).

The overall tracking performance of the polynomial safe
planned trajectory considering lateral collision avoidance
is shown in Fig. 12(a). The longitudinal position, lateral
position, and yaw angle tracking errors are depicted in
Fig. 12(b)–(d), respectively. As it can be noticed, compared
with NSTM [15], NFTSM [14], and IMC [9], significant
overall tracking performance improvement is achieved by
the proposed control scheme. In particular, the lateral
position tracking performance in high longitudinal speed
with the increased lateral-longitudinal coupling is enhanced

Fig. 13. Performance comparisons and vehicle maneuvers for polynomial
planning scenario. (a) Longitudinal velocity tracking performance. (b) Yaw
rate tracking performance. (c) Vehicle sideslip angle. (d) Vehicle maneuvers.

significantly. Meanwhile, the designed prescribed performance
constraints are satisfied.

Fig. 13(a) demonstrates the longitudinal velocity tracking
performance improvement. The corresponding vehicle maneu-
vers are shown in Fig. 13(d). It can be observed that the
proposed controller achieves satisfactory control performance
in the presence of unknown time-varying actuator faults and
disturbances. In addition, as visualized in Fig. 13(b), the yaw
rate tracking performance comparable to IMC [9] is obtained,
which implies superior vehicle handling. Also, the stability
enhancement can be clearly seen from the vehicle sideslip
angle in Fig. 13(c).

Remark 7: It is worth mentioning that the total simulation
time of the above scenarios in MATLAB 2021a is about
1.5–1.9 s with Intel Core i7-10700 K CPU @ 3.80 GHz
and 16.0-GB RAM. The computational time of the proposed
control method is feasible and acceptable in practice.

Remark 8: From (36), it is clear that the designed
controller contains only the TDE information, the vehicle state
information, and the corresponding reference values, as well as
the controller parameters. This means that controller stability
and robustness can be guaranteed by employing the designed
controller under model uncertainties, parameter uncertainties,
and various road conditions. Vertical motion is neglected
in this article; however, the vehicle-IMC further considering
roll, pitch, and vertical dynamics is an interesting and
more challenging topic. Addressing the lateral, longitudinal,
and vertical vehicle dynamics couplings and interactions by
employing time-delay information or NN to obtain superior
tracking performance, ride comfort, stability, and handling is
the focus of our future work.

D. Quantitative Results

For the purpose of evaluating the performance of PPIC
quantitatively, root mean square (rms) is introduced as
performance index in this section. The rms value of the signal
�(t) is given by rms� = ((1/H)

�H
0 �T (t)�(t)dt)1/2, where H

denotes the time duration of the signal �(t). The simulation
time duration of each signal for single-lane change and
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TABLE II

RMS OF VEHICLE STATES IN SINGLE-LANE CHANGE MANEUVER

TABLE III

RMS OF VEHICLE STATES IN J -TURN MANEUVER

TABLE IV

RMS OF VEHICLE STATES IN POLYNOMIAL PLANNING MANEUVER

J -turn testing maneuvers is 10 s. The rms value of longitudinal
position tracking error ex , lateral position tracking error ey,
longitudinal velocity tracking error evx , yaw rate tracking error
eω, and vehicle sideslip angle βv are calculated and provided
to evaluate the overall performance.

As detailed in Tables II–IV, IMC, NFTSM, the classical
NSTM, and the constructed PPIC are performed in the single-
lane change maneuver and J -turn maneuver, and polynomial
planning maneuver. The optimal and suboptimal performance
is bolded, while the error percentage reductions are calculated
and added to the tables. The overall performance improvement
is validated through considerable trajectory tracking errors
ex , ey reduction (over 70%). Longitudinal velocity vx can be
tracked precisely with a substantial reduction of evx (over
30%) which means that the strong couplings and interactions
are tackled adequately. Meanwhile, the sizeable decrease of
yaw rate tracking error eω (dropped over 10%) and vehicle
sideslip angle βv (dropped over 70%) corroborates the benefits
in handling and stability of the proposed PPIC, respectively.

V. CONCLUSION

The strong couplings and interactions between longitudinal
and lateral subsystems and the resulting nonlinearities for
vehicle model motivate the work in this article, which
leverages time-delay information to remove the need for
complex dynamics relationships. A distinguishing feature of
the presented integrated control framework is the transient
behavior constraints with fixed-time convergence property can
be satisfied. Moreover, the robustness is increased by taking
external disturbance and actuator faults into consideration.
Comparative simulation results in standard testing maneuvers

and polynomial planning scenario demonstrate that tracking
performance, handling, and stability are improved signifi-
cantly. Quantitatively, compared to the optimal performance
in IMC, NFTSM, and NSTM, the position and longitudinal
velocity tracking error of the proposed PPIC reduced by over
70% and 30%. Meanwhile, the reductions in the yaw rate
tracking error (over 10%) and vehicle sideslip angles (over
70%) demonstrate further improvements in vehicle handling
and stability, respectively.

Future work involves improving the designed control
scheme to obtain better convergence properties and verifying
by experimental work. Moreover, IMC which takes ride
comfort into account, including the longitudinal, lateral, and
vertical subsystems, will be further investigated.
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