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Chapter

Nonlinear Robust Control of
Trajectory-Following for
Autonomous Ground Electric
Vehicles
Xianjian Jin and Qikang Wang

Abstract

This chapter proposes a nonlinear robustH-infinity control approach to enhance the
trajectory-following capabilities of autonomous ground electric vehicles (AGEV). Given
the inherent influence of driving maneuvers and road conditions on vehicle trajectory
dynamics, the primary objective is to address the control challenges associated with
trajectory-following, including parametric uncertainties, system nonlinearities, and
external disturbance. Firstly, taking into account parameter uncertainties associated
with the tire’s physical limits, the system dynamics of the AGEV and its uncertain
vehicle trajectory-following system are modeled and constructed. Subsequently, an
augmented system for control-oriented vehicle trajectory-following is developed.
Finally, the design of the nonlinear robust H-infinity controller (NRC) for the vehicle
trajectory-following system is carried out, which is designed based on the H-infinity
performance index and incorporates nonlinear compensation to meet the requirements
of the AGEV system. The controller design involves solving a set of linear matrix
inequalities derived from quadratic H-infinity performance and Lyapunov stability. To
validate the efficacy of the proposed controller, simulations are conducted using a high-
fidelity CarSim® full-vehicle model in scenarios involving double lane change and
serpentine maneuvers. The simulation results demonstrate that the proposed NRC out-
performs both the linear quadratic regulator (LQR) controller and the robustH-infinity
controller (RHC) in terms of vehicle trajectory-following performance.

Keywords: autonomous vehicles, electric vehicles, trajectory-following, robust
control, nonlinear control

1. Introduction

In recent years, the emergence of AGEV has attracted significant attention from
the experts and scholars [1, 2]. AGEV technology offers notable benefits such as
reducing traffic congestion, minimizing air pollution, and enhancing road safety. One
key area of research focus is the application of active front steering (AFS) as a chassis
active control technology for AGEV steering systems. AFS employs adaptive steering
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gear ratio to improve vehicle stability and active safety. The integration of AFS
systems in AGEV provides substantial advantages in terms of driver safety, handling
flexibility, and trajectory-following performance for AGEV [3]. The inherent features
of AFS, including its rapid response and precise execution, contribute to enhanced
active safety and superior trajectory-following performance for AGEV [4, 5].

Extensive researches have been conducted in the literatures on the trajectory-
following control of AGEV with AFS system [6–12]. For achieving trajectory-
following for AGEV with the AFS system, a controller utilizing the Kalman filter with
multi-rate is designed to account for the motor control period and the sampling time
of the camera [6]. To address the challenges of the control distribution between
steering and the control system for AGEV, a model predictive control (MPC) method
is proposed in Ref. [7], which reallocates the braking and steering control based on tire
force to precisely follow the desired trajectory. Aiming to enhance steering stability
for AGEV, a variable steering ratio AFS controller is developed in Ref. [8], it estab-
lishes a mapping between vehicle velocity and steering wheel angle. Based on the
linearization of the vehicle’s model, the vehicle front steering angle is gained by the
AFS system to follow the desired trajectory on slippery roads [9]. Moreover, the
advanced steering capabilities of the AFS system have proven valuable in other
application areas related to trajectory-following control [10–12].

Despite the success achieved in trajectory-following, there remain challenges in
handling system nonlinearity, external disturbances, and uncertain model parameters
[13, 14]. For example, researchers have employed various control strategies.
Nonlinear model predictive control (NMPC) has been utilized to solve the system
nonlinearity and ensure feasibility and convergence [15]. A combination of sliding
mode and observer technique is applied to estimate model errors and disturbances for
enhancing the system’s stability [16]. In the context of Markov jump cyber-physical
systems, an adaptive sliding mode control (SMC) framework is proposed to handle
safety issues arising from actuator failures and external attacks [17]. For uncertain
challenges of robotic arm systems, a switchable neural networks-based SMC frame-
work has been developed to accurately track motion trajectories, which can provide
real time control to enhance the stability of the trajectory-following control system by
adaptive algorithm [18]. An adaptive fuzzy controller (FC) is developed to address the
challenge nonlinear trajectory-following system, and the stability of system is
guaranteed by Lyapunov method [19]. Some extensions of FC can be obtained from
Refs. [20,21]. Furthermore, active disturbance rejection control is employed to
dynamically estimate and offset unmodeled system dynamics and unpredictable
external disturbances, it enhances the stability of vehicle trajectory-following system
[22]. Speed MPC strategies are proposed to achieve accurate trajectory-following for
AGEV [23]. In the milling system, the optimal control and time delay techniques are
used to suppress chatter by adaptive extreme value algorithm [24]. To handle the
problems of parameter jump in complex nonlinear systems, an adaptive control
method with multi-model switching is presented. The least squares technique and
some lemmas are also utilized to develop an adaptive control law [25]. For dealing
with the system disturbances, a novel optimal control based on iterative techniques is
proposed in [26], and it provides the conditions of system asymptotic stability and the
H-infinity control. An output feedback-based global adaptive control strategy is pro-
posed to handle system nonlinear time-varying parameters [27]. Moreover, robust
control strategies have also been implemented in trajectory-following control,
providing benefits in addressing the challenges of system nonlinearity, parameter
variation, and external disturbance [28].
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Therefore, this chapter develops a novel nonlinear robust control framework for
AGEV to address the challenges associated with trajectory-following control, includ-
ing system nonlinearities, uncertain parameter, and disturbances. Firstly, the dynam-
ics of the AGEV and the trajectory-following system are formulated. Subsequently,
taking into account the H-infinity performance criterion, nonlinear system compen-
sation, and aim of the trajectory-following, a nonlinear robust controller for
trajectory-following is designed. Then, the robustness and effectiveness of the
nonlinear robust controller is validated through MATLAB/Simulink/Carsim Co-
simulation platform under two scenes. The following sections are structured as fol-
lows: Section 2 introduces vehicle trajectory-following modeling. Section 3 outlines
the design of the nonlinear robust controller. Section 4 analyzes and discusses the
simulation outcomes, and Section 5 presents the conclusions.

2. Vehicle trajectory-following model

The primary focus of the chapter revolves the trajectory-following problem for
AGEV. It is assumed that the suspension is a rigid structure, and under normal driving
conditions, the slip angle tends to be small. For facilitating the analysis of vehicle
actual motion, the bicycle model is selected:

m _vx � vy _φ
� �

¼ Ffy sin δf þ Ffx cos δf þ Frx (1)

m €yþ vx _φð Þ ¼ Ffy cos δf þ Ffx sin δf þ Fry (2)

Iz€φ ¼ lf Ffy cos δf þ Ffx sin δf
� �

� lrFry (3)

This model incorporates variables such as mass m, yaw angle φ, lateral velocity vx
and longitudinal velocity vy, lateral tire forces Fiy, longitudinal tire forces Fix, moment
of inertia Iz. Specifically, Fy can be expressed:

Fy ¼ f y α, Fz, sr, μð Þ (4)

The computation of α is:

α ¼ tan �1 vwy
vwx

� �

(5)

vwfx ¼ vx cos δf þ vy þ lf _φ
� �

sin δf

vwrx ¼ vx cos δf þ vy � lr _φ
� �

sin δf

(

(6)

vwfy ¼ vx cos δf � vy þ lf _φ
� �

sin δf

vwry ¼ vx cos δf � vy � lr _φ
� �

sin δf

(

(7)

sr is defined as follows:

sr ¼

1�
vwx
rww

rww 6¼ 0, rww > vwxð Þ

rww

vwx
� 1 vwx 6¼ 0, rww < vwxð Þ

8

>

<

>

:

(8)
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where the tire’s radius and angular velocity are represented by r and ww,
respectively. FZ is given by the following equation:

FZfl,Zfr ¼
lrmg

2 lr þ lf
� �∓ΔF1 þ ΔF2

FZrl,Zrr ¼
lfmg

2 lr þ lf
� �∓ΔF2 þ ΔF1

8

>

>

>

<

>

>

>

:

(9)

ΔF1 and ΔF2 are calculated using specific equations:

ΔF1 ¼
m _vx � vyw
� �

hcog

2 lr þ lf
� �

ΔF2 ¼
m _vx � vyw
� �

hcog
2Lh

þ
gmshs
2Lh

hcogξ

g
� sin ξ

� �

8

>

>

>

<

>

>

>

:

(10)

Under the assumption that α is small under driving conditions, the tire forces can
be simplified:

Fiy ¼ Nαiαi, i ¼ f , rð Þ (11)

where Nαi is the cornering stiffness. Slip angle αi can be gained:

αf ¼ δf �
vy þ lf _φ

vx
, αr ¼ �

vy þ lr _φ

vx
(12)

Taking into account the small front wheel angle, we can approximate cosδf ≈ 1 and
sinδf ≈ 0. Additionally, we assume AGEV only moves in the horizontal plane, and it
neglects the influence of other effects. Consequently, based on Eqs. (11) and (12),
Eqs. (2) and (3) can be rewritten:

€y ¼ �
Nαf þNαf

mvx
_y�

lfNαf � lrNαf

mvx
þ vx

� �

_φþw2 (13)

€φ ¼ �
lfNαf � lrNαf

Izvx
_y�

l2fNαf þ l2rNαf

Izvx
_φþw4 (14)

where w2 and w4 represent the model state error.
During the trajectory-following process of the AGEV, it is crucial to consider

state information of the vehicle. Figure 1 depicts the diagram illustrating the
trajectory-following process of the AGEV. The current and expected yaw angles are
represented by φ and φr, respectively. Furthermore, the derivatives of ye and φe can be
expressed:

_ye ¼ vy � vxφe (15)

_φe ¼ _φ� _φr ¼ _φ� χ_s (16)

The derivative information of s can be expressed as:

_s ¼ vx þ vyφe (17)
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€s ¼ _vx þ _vyφe þ vy _φe (18)

By utilizing Eqs. (15)–(18), the derivatives of ye and φe are transformed into
Eqs. (19) and (20), respectively.

€ye ¼ _vy � _vxφe � vx _φe (19)

€φe ¼ _ζ � _χ_s� χ€s (20)

The vehicle dynamics mentioned can be reformulated into a state space
representation:

_x ¼ Axþ Buþ Bww (21)

x ¼

ye
_ye
φe

_φe

2

6

6

6

4

3

7

7

7

5

,A ¼

0 1 0 0

0 �
Nαf þNαr

mvx

Nαf þNαr

m
�
lfNαf � lrNαr

mvx
0 0 0 1

0 �
lfNαf � lrNαr

Izvx

lfNαf � lrNαr

Iz
�
l2fNαf þ l2rNαr

Izvx

2

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

5

,Bw ¼

0

1

0

1

2

6

6

6

4

3

7

7

7

5

T

B ¼ 0
Nαf

m
0

lfNαf

Iz

� �T

The correlation between front wheel angle δf and steering wheel angle δa can be
represented:

δa ¼ τf δf (22)

where τf is the gear ratio.

Figure 1.
The diagram illustrating the trajectory-following process of the AGEV.
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As AGEV navigate through complex and dynamic road conditions, Ni (i = αf, αr)
vary and remain within certain bounds. This variation can be addressed in the fol-
lowing manner:

Ni ¼ Ni þ ni ~Ni, nij j< 1 i ¼ αf , αrð Þ (23)

Nαz ¼
Nαzmin þNαzmax

2
z ¼ f , rð Þ (24)

~Nαz ¼
Nαzmax �Nαzmin

2
z ¼ f , rð Þ (25)

The maximum and minimum values of Ni (i = αf, αr) are denoted as Nimax and
Nimin, respectively. The time-varying parameters ni of the system satisfy the condition
| ni | ≤ 1(i = αf, αr).

The system model (21) can be modified as follows:

_x ¼ Adxþ Bduþ Bww (26)

The arguments in the equation have the following significance:

Ad ¼ Ad þ ΔA,Bd ¼ Bd þ ΔB, ΔA ΔB½ � ¼ HdFd EA EB½ �, Fdj j≤ 1Ad ¼

0 1 0 0

0 �
Nαf þNαr

mvx

Nαf þNαr

m
�
lfNαf � lrNαr

Iz

0 0 0 1

0 �
lfNαf � lrNαr

Izvx

lfNαf � lrNαr

Iz
�
l2fNαf þ l2rNαr

Izvx

2

6

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

7

5

,Bd ¼

0

Nαf

m

0

lfNαf

Iz

2

6

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

7

5

EA ¼

0 �
1

mvx

1

m
�

lf
mvx

0 �
1

mvx

1

m

lr
mvx

0 �
lf
Izvx

lf
Iz

�
l2f
Izvx

0
lr
Izvx

�
lr
Iz

�
l2r
Izvx

2

6

6

6

6

6

6

6

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

7

7

7

7

7

7

7

5

,Hd ¼

0 0 0 0

~Nαf
~Nαr 0 0

0 0 0 0

0 0 ~Nαf
~Nαr

2

6

6

6

6

6

4

3

7

7

7

7

7

5

,EB ¼

1

m

0

lf
Iz

0

2

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

5

3. The design of nonlinear robust controller

3.1 Robust feedback control design

To achieve the desired trajectory tracking, an error function is defined and a robust
linear feedback gain is designed as follows:

Js ¼

ð

∞

0
q1y

2
e þ q2 _y

2
e þ q3φ

2
e þ q4 _φ

2
e þ q4δ

2dt (27)
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where the letter symbols in the equation hold the following meanings:

ye ¼ ya � yd, _ye ¼ vy � vxφe,φe ¼ φ� φr, _φe ¼ _φ� χ_s

The equation presented above can be expressed as follows:

J ¼

ð

∞

0
C1xþD11w
� �T

U C1xþD11w
� �

þ uTVu
h i

dt

¼

ð

∞

0
U

1
2C1xþU

1
2D11w

� 	T
U

1
2C1xþU

1
2D11w

� 	

þ

ð

∞

0
V

1
2u

� 	T
V

1
2u

� 	

dt

�
(28)

The arguments in the equation hold the following significance:

C1 ¼

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

2

6

6

6

4

3

7

7

7

5

,D11 ¼ 1,U ¼

q1 0 0 0

0 q2 0 0

0 0 q3 0

0 0 0 q4

2

6

6

6

4

3

7

7

7

5

0,V ¼ q5

The control output z can be obtained:

z ¼ C1xþD11wþD12u (29)

where:

C1 ¼
U

1
2C1

0

" #

,D11 ¼
U

1
2D11

0

" #

,D12 ¼
0

V
1
2

� �

The error cost function J is related to the control output z in the following manner:

J ¼ zk k22 (30)

By utilizing the aforementioned system model (26) and the control output of the
system (29), the problem of trajectory-following can be reformulated as a standard H-
infinity control problem.

_x ¼ Adxþ Bwwþ Bdu

z ¼ C1xþD11wþD12u

(

(31)

In accordance with H∞ control theory, the aim of this trajectory-following system
is to devise a controller uL = Kx that satisfy the requirements of trajectory-following
for AGEV.

By utilizing Eq. (31) and the state feedback controller uL = Kx, it can derive the
vehicle trajectory-following system.

_x ¼ Asxþ Bsw

z ¼ CsxþDsw

(

(32)

where:
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As ¼ Ad þ BdK þHdFd EA þ EBKð Þ,Bs ¼ Bw,Cs ¼ C1 þD12K,Ds ¼ D11

Within this investigation, w is regarded as an external disturbance affecting the
system. The representation of the system’s transfer function (32) can be formulated as
follows:

T sð Þ ¼ Cs sI � Asð ÞBs þDs (33)

w(t) and z(t) are presented:

Ξk k22 ¼

ðþ∞

0
Ξ
T tð ÞΞ tð Þdt,Ξ ¼ w, z (34)

The definition of the H-infinity norm is given by:

T sð Þk k
∞
¼ sup

w6¼0

zk k2
wk k2

(35)

In other words, the H-infinity norm represents system maximum singular value.
The object of the H-infinity is to find K that satisfies the desired following perfor-
mance while constraining the impact of disturbances on the output to a specific level.
Hence, the subsequent H-infinity performance index is chosen:

ð

∞

0
zT tð Þz tð Þdt

γ2
<

ð

∞

0
wT tð Þw tð Þdt (36)

In order to demonstrate the stability and H∞ performance of the system (33),
several lemmas will be presented.

Lemma 1 [14, 21]: Given matrix P ¼
P11 P12

P21 P22

� �

, where P = PT, the conditions

(37)–(39) are equivalent:

P<0 (37)

P11 <0,P22 � PT
12P11�1P12 <0 (38)

P22 <0,P11 � P12P22�1P
T
12 <0 (39)

Lemma 2 [26, 27]: Let F be an appropriately dimensioned matrix such that P = PT.
Suppose M and N are symmetric real matrices, and FTF ≤ 1. Under these conditions,
the following inequality holds:

PþMFN þNTFTMT
<0 (40)

The existence of a positive value α > 0 satisfying the following inequality is both
sufficient and necessary conditions:

Pþ αMMT þ α�1NTN <0 (41)

The H-infinity control gain K for trajectory-following system (33) can be obtained
by applying the developed Theorem 1.
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Theorem 1: In order to ensure both the stability and H∞ performance of the
system, certain conditions need to be satisfied. These conditions involve the existence
of symmetric matrices Y > 0, X > 0, and positive values γ and η, which satisfy the
inequality (42). Furthermore, there should exist a H∞ control gain K for the system
that fulfills the following equation.

syms AdY þ BdX
� �

Bw ϒ1 εHd ϒ2

∗ �γI DT
11 0 0

∗ ∗ �γI 0 0
∗ ∗ ∗ �ηI 0
∗ ∗ ∗ ∗ �ηI

2

6

6

6

6

6

6

4

3

7

7

7

7

7

7

5

<0 (42)

where:

syms ∗ð Þ ¼ ∗ þ ∗
T,ϒ1 ¼ YCT

1 þ XTDT
12,ϒ2 ¼ YET

A þ XTET
B

Proof: The condition of stability and H∞ performance for system (32) is that there
exists a symmetric matrix U > 0 and value γ that satisfies:

UAs þ AT
s U UBs CT

s
∗ �γI DT

s
∗ ∗ �γI

2

6

4

3

7

5
<0 (43)

Inequation (43) can be written:

syms U Ad þ BdK
� �

þUHdFd EA þ EBKð Þ
� �

UBw C1 þD12Kð ÞT

∗ �γI D11T
∗ ∗ �γI

2

6

4

3

7

5
<0 (44)

Inequation (44) further rewrite:

syms U Ad þ BdK
� �� �

UBw CT
s

∗ �γI DT
11

∗ ∗ �γI

2

6

4

3

7

5
þ

syms UHdFd EA þ EBKð Þð Þ 0 0
∗ 0 0
∗ ∗ 0

2

6

4

3

7

5
<0

(45)

Inequation (45) is equivalent to:

syms U Ad þ BdK
� �� �

UBw CT
s

∗ �γI DT
11

∗ ∗ �γI

2

6

6

4

3

7

7

5

þ

UHd

0

0

2

6

6

4

3

7

7

5

Fd EA þ EBKð Þ 0 0½ �

þ

EA þ EBKð ÞT

0

0

2

6

6

4

3

7

7

5

FT
d UHdð ÞT 0 0

 �

<0

(46)

9

Nonlinear Robust Control of Trajectory-Following for Autonomous Ground Electric Vehicles
DOI: http://dx.doi.org/10.5772/intechopen.112049



Assume that:

Hd ¼ UHd 0 0½ �T, Fd ¼ Fd (47)

EAB ¼ EA þ EBKð Þ 0 0½ � (48)

ϖ ¼

syms U Ad þ BdK
� �� �

UBw CT
cl

∗ �γI D11T
∗ ∗ �γI

2

6

4

3

7

5
(49)

Inequation (46) can be written as the following conditions:

ϖ þHdFdEAB þ E
T
ABF

T
dH

T
d <0 (50)

Based on lemma 2, there exists η > 0 satisfy:

ϖ þ ηHdH
T
d þ η�1EABE

T
AB <0 (51)

Inequation (51) can be gained from Lemma 1.

ϖ Hd E
T
AB

∗ �η�1I 0

∗ ∗ �ηI

2

6

4

3

7

5
<0 (52)

Expand the inequality (52), according to the property of linear matrix inequality
and diag{U�1, I, I, η, I}. Let Y = U�1, KY = X, Theorem 1 can be obtained.

3.2 Nonlinear robust control design

Subsequently, in order to enhance system’s rapid response and minimize over-
shoot, the design of the nonlinear compensation feedback control part will be formu-
lated as follows:

unla ¼ ρ r, hð ÞBTQx (53)

Here, the nonlinear compensation function ρ(r, h) is introduced, and it depends on
the error state x, the reference value r and actual value h. Q can be obtained:

AT
s Q þ QAs þW ¼ 0 (54)

W ¼ 100l � I (55)

where l is adjustable value.
The nonlinear compensation part is as follows:

ρ r, hð Þ ¼ �β
1

1� e�1
e
�α 1�

h�h0
r�h0

�

�

�

�

�

�

� e�1

 !

(56)

where α and β are positive adjustable parameters.
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By integrating the linear part and the nonlinear part, the actuator’s output is
ultimately derived in the subsequent expression (57). The utilization of linear feed-
back part facilitates swifter system response within the trajectory-following, while
concurrently, the nonlinear compensation part attains stable output and diminishes
system overshoot.

ufinal ¼ Kxþ ρ r, hð ÞBTQx (57)

Based on the aforementioned nonlinear compensation part, and taking into
account the saturation of the system’s actuator output, the nonlinear robust control
system model can be reformulated in the subsequent manner.

_x ¼ Adxþ Bwwþ Bdsat ufinal
� �

z ¼ C1xþD11wþD12sat ufinal
� �

8

<

:

(58)

sat ufinal
� �

¼

umax, ufinal > umax

Kxþ ρ r, hð ÞBTQx, ufinal
�

�

�

�< umax

�umax, ufinal < � umax

8

>

>

>

<

>

>

>

:

(59)

Taking into account the saturation of the front wheel angle, the actual expression
for the nonlinear compensation can be represented as follows:

unla ¼ sat uð Þ � Kx (60)

Based on the aforementioned conditions, the expression for unla can be formulated
as follows.

0< unlaj j< ρ r, hð ÞBTQx (61)

Subsequently, the impact of the nonlinear compensation on H-infinity
performance and stability of the system will be demonstrated.

Proof: The Lyapunov functional V is defined as follows:

V ¼ xTSx (62)

_V ¼ _xTSxþ xTS _x ¼ Axþ Rxþ Bww
� �T

Sxþ xTS Axþ Rxþ Bww
� �

¼ xTA
T
Sxþ xTR

T
SxþwTBT

wSxþ xTSAxþ xTSRxþ xTSBww

¼ xT A
T
Sþ SA

� 	

xþ xT R
T
Sþ SR

� 	

xþwTBT
wSxþ xTSBww

(63)

where:

A ¼ Ad þ BdK,R ¼ Bdunla

When w = 0:

_V ¼ xT A
T
Sþ SA

� 	

xþ xT R
T
Sþ SR

� 	

x (64)
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Assuming that:

V1 ¼ xT A
T
Sþ SA

� 	

x (65)

It can be inferred that V1 > 0.
Assuming that

V2 ¼ xT R
T
Sþ SR

� 	

x ¼ 2xTSB sat Kxþ ρBTSx
� �

� Kx
� �

¼ 2m sat nþ ρmð Þ � nð Þ

(66)

where:

m ¼ xTSB, n ¼ Kx

When actuator output is not saturated:

sat nþ ρmð Þj j< umax (67)

At this time:

V2 ¼ 2m sat nþ ρmð Þ � nð Þ ¼ 2ρm2
< ¼ 0 (68)

Therefore:

_V ¼ V1 þ V2 ¼ xT A
T
Sþ SA

� 	

xþ 2m sat nþ ρmð Þ � nð Þ< ¼ xT A
T
Sþ SA

� 	

x<0

(69)

When actuator output is saturated:

sat nþ ρmð Þj j≥ umax (70)

Suppose that j is saturated and ρm = 0, the system is asymptotically stable.
When j is not subjected to saturation, the output can take on the following two

forms:

m<0, sat nþ ρmð Þ � n≥0, When nþ ρm≥ umax and n>0

m>0, sat nþ ρmð Þ � n≤0, When nþ ρm≤ � umax and n<0

(

(71)

It can be observed from the inequality condition (71):V2 ¼ 2m sat nþ ρmð Þ � nð Þ< ¼
0 (72)

Thus:

_V ¼ V1 þ V2 ¼ xT A
T
Sþ SA

� 	

xþ 2m sat nþ ρmð Þ � nð Þ< ¼ xT A
T
Sþ SA

� 	

x<0

(72)

Thus, the system with a nonlinear compensation function is asymptotically stable
without interference.
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Next, the stability and H-infinity performance of the system with a nonlinear
compensation function under external disturbances will be demonstrated.

Let initially establish a cost function Jf:

Jf ¼ _V þ zTz� γ2wTw (73)

Since the system exhibits asymptotic stability, then if the H-infinity satisfies the
following inequality:

zk k2 < γ2 wk k2 (74)

Then, inequality (76) exists

Jf ¼ _V þ zTz� γ2wTw<0 (75)

The above inequality (76) can be further rewritten:

Jf ¼
x

w

� �T
A

T
Sþ SAþ 2SR SBw

∗ 0

" #

þ
CTC CTD

∗ DTD

" #

þ
0 0
∗ γ2

� �

 !

x

w

� �

(76)

Based on inequality (77) and the characteristics of quadratic form, it can establish
the following inequality:

Ψ ¼
A

T
Sþ SAþ 2SR SBw

∗ 0

" #

þ
CTC CTD

∗ DTD

" #

þ
0 0
∗ γ2

� �

(77)

Based on Lemma 1:

Ψ ¼

A
T
Sþ SAþ 2SR SBw CT

∗ γ2I DT

∗ ∗ �I

2

6

4

3

7

5
(78)

Let U = S, Eq. (79) is negative from Theorem 1, inequality (66), (68), and (72).
Thus, the stability and H-infinity performance of system with nonlinear
compensation function is proved.

4. Simulation and analysis

This section simulates and validates the proposed nonlinear robust H-infinity
state-feedback controller on the MATLAB/Simulink-Carsim®. The simulation
framework is implemented using MATLAB/Simulink, while the high-fidelity
dynamics model for AGEV trajectory-following is provided by CarSim® software.
Figure 2 illustrates the simulation flowchart, and Table 1 defines the key parameters
of AGEV.

The simulation scenarios include double lane change (DLC) road and serpentine
road scenes, with a constant forward speed of 54 km/h. These road scenes are chosen
to evaluate the controller’s robust following ability and steady-state response
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performance. For comparison purposes, the performance of the proposed controller is
also compared with that of the LQR and RHC controllers.

4.1 Double lane change scene

The simulation results for double lane change (DLC) are presented in Figures 3–9,
depicting global trajectories, lateral errors, road curvature, front wheel angle, yaw,
yaw error, linear angle, and nonlinear compensation part. Figures 3 and 4 show the
global trajectories and lateral errors obtained from three controllers during DLC
scenario. All three controllers exhibit satisfactory tracking performance. The maxi-
mum of the lateral error for LQR controller is approximately 0.4 m, while for the RHC
controller it is around 0.24 m. Notably, the NRC controller achieves a smaller maxi-
mum lateral error compared to the other two controllers, indicating its superior
tracking performance. Furthermore, Figure 3 demonstrates that NRC maintains
exceptional system response within the range of 45 to 55 meters, further it highlights
NRC has ability to enhance the transient performance of the system.

Figure 2.
Flowchart of system simulation framework.

Parameter Scale Unit Parameter Scale Unit

m 1413 kg Iz 1536.7 kg�m2

Nαf [97,996,119,772] N/rad Nαr [79,351,96,985] N/rad

lf 1.015 m lz 0.54 m

lr 1.895 m r 0.325 m

Table 1.
The key parameters of the vehicle.
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The road curvature and front wheel angle for AGEV during DLC scene are illus-
trated in Figures 5 and 6. Figure 6 indicates that the front wheel angle of the NRC
controller consistently falls between that of the LQR and RHC controllers. It is attrib-
uted to the fact that a too small front wheel angle would result in a slow system
response, while a too large front wheel angle would lead to significant overshoot. The
NRC controller incorporates a linear feedback part to enhance the system response
and a nonlinear compensation part to mitigate excessive overshoot. As a result, the
NRC controller demonstrates excellent trajectory-following capabilities.

Figure 5.
Curvature of road under DLC scene.

Figure 4.
Lateral errors of three controllers under DLC scene.

Figure 3.
Global trajectories of three controllers under DLC scene.
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Figures 7 and 8 depict the yaw and yaw error of the NRC controller, and the NRC
controller exhibits smaller yaw error and excellent trajectory-following capabilities
compared to the RHC and LQR controllers. The angle of the linear feedback and
nonlinear compensation of the NRC controller are illustrated in Figure 9. Notably,
while the lateral error is smaller, the system nonlinear part of the NRC controller is
significant. Conversely, as the vehicle lateral error increases, the system nonlinear part
gradually decreases. It aligns with the design intention of the NRC controller, wherein
the system exhibits fast response under increasing error scenes and small overshoot
when the error is minimal.

Figure 8.
Yaw error of three controllers under DLC scene.

Figure 7.
Yaw of three controllers under DLC scene.

Figure 6.
Front wheel angle of three controllers under DLC scene.
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4.2 Serpentine scene

Figures 10 and 11 illustrate the global trajectories and lateral errors during serpen-
tine tracking. It can be observed that the NRC controller exhibits smaller maximum
lateral errors compared to the LQR and RHC controllers. Furthermore, the NRC
controller demonstrates higher response speed and superior transient performance in
comparison with the other two controllers. These findings indicate that the NRC
controller outperforms the LQR and RHC controllers in terms of tracking perfor-
mance on serpentine roads.

Figure 9.
Steering angle of NRC under DLC scene.

Figure 10.
Global trajectories of three controllers under serpentine scene.

Figure 11.
Lateral errors of three controllers under serpentine scene.
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Figures 12 and 13 present the road curvature and front wheel angle of the serpen-
tine scene. The maximum of serpentine road curvature is approximately 0.01(1/m).
Similar to the DLC scene, the front wheel angle value of the NRC lies within the range
of the LQR and RHC controllers. The inclusion of nonlinear compensation enables
NRC to demonstrate stable trajectory-following capability.

In Figures 14 and 15, it can be observed that NRC responds quickly with minimal
yaw error when tracking a trajectory with large curvature. This results in low yaw
error and ensures stable tracking performance. Figure 16 illustrates the angle of linear
and nonlinear feedback of NRC under the serpentine scene. The value of the nonlinear

Figure 12.
Curvature of road under serpentine scene.

Figure 13.
Front wheel angle of three controllers under serpentine scene.

Figure 14.
Yaw of three controllers under serpentine scene.
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compensation function aligns with the trend of linear feedback, and it contributes to
enhanced system response speed and trajectory tracking accuracy.

The mean absolute lateral error (MAE), maximum lateral error (ME), and root-
mean-square lateral error (RMSE) are used to quantitatively analyze the trajectory-
following performance of NRC, and the RHC and LQR controllers are utilized as
comparative test.

Table 2 presents the values of ME, MAE, RMSE, RI, and RII for the lateral
displacement in both DLC and serpentine scenes. The data clearly indicate NRC
achieves smaller ME, MAE, and RMSE compared to LQR and RHC in both scenarios.

Figure 15.
Yaw error of three controllers under serpentine scene.

Figure 16.
Steering angle of NRC under serpentine scene.

Scene Index(ye) LQR(m) RHC(m) NRC(m) RI RII

DLC ME 0.395 0.244 0.193 51.30% 20.96%

MAE 0.178 0.102 0.087 51.12% 14.49%

RMSE 0.220 0.131 0.108 50.95% 17.69%

Serpentine ME 0.876 0.413 0.365 58.40% 11.64%

MAE 0.472 0.224 0.196 58.36% 12.42%

RMSE 0.552 0.264 0.232 57.94% 12.08%

Notes: RI = (LQR- NRC)/LQR, RII = (RHC - NRC)/RHC.

Table 2.
Quantitatively analyze of lateral error under two scenes.
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The larger errors observed in the DLC scene can be attributed to the significant lateral
displacement in this scenario, which lead to greater trajectory-following errors. In
terms of performance improvement, NRC demonstrates an overall enhancement of
over 50% compared to LQR in the DLC scene, and over 57% improvement in the
serpentine scene. Additionally, under the DLC scene, NRC exhibits a 20.96% higher
ME than RHC, which indicates its faster system response in trajectory-following with
large model state errors. Furthermore, the MAE of NRC is approximately 14.49% in
the DLC scene, which is higher than RHC, it highlights its smaller errors compared to
RHC. Overall, the proposed controller outperforms RHC and LQR by offering
advantages such as fast response speed and reduced overshoot.

5. Conclusion

To enhance the precision of trajectory-following, speed of system response, and
suppression of overshoot in the control system for AGEV equipped with AFS system,
we propose a novel NRC strategy. Initially, we establish the system dynamics of
AGEV and its vehicle trajectory-following control system with dynamic error. By
applying Lyapunov stability theory, we ultimately design the nonlinear robust H-
infinity controller for the AGEV trajectory-following system. The proposed controller
is solved by using a set of linear matrix inequalities. The efficacy of the proposed
controller is validated by utilizing MATLAB/Simulink and Carsim® software. The
simulation results demonstrate that the proposed controller has efficient trajectory-
following performance compared to RHC and LQR.
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