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Abstract—This paper presents a new control method for path
tracking of autonomous vehicles. Takagi-Sugeno fuzzy control is
used to handle the time-varying vehicle speed and the uncertain
tire-road forces involved in the nonlinear vehicle dynamics. To
avoid using costly vehicle sensors while keeping a simple control
structure, a new fuzzy static output feedback (SOF) scheme is
proposed. Moreover, robust set-invariance is exploited to take
into account the physical limitations on the steering input and
the vehicle state in the control design for safety and comfort
improvement. Based on Lyapunov stability arguments, a non-
parallel distributed compensation SOF controller is designed
for autonomous driving with reduced conservatism. The control
design is reformulated as an optimization problem under linear
matrix inequalities, easily solved with available numerical solvers.
The path tracking performance of the proposed fuzzy controller
is evaluated via dynamic driving tests conducted with high-fidelity
CarSim/Simulink co-simulations.

Index Terms—Fuzzy systems, fuzzy control, autonomous vehi-
cles, path tracking, vehicle dynamics, vehicle control.

I. INTRODUCTION

Autonomous ground vehicles have been considered as a
promising solution to improve not only the safety, accessibility
and comfort of passengers but also the energy-saving effi-
ciency [1]. For these reasons, autonomous driving technology
has received a great deal of attention from academic re-
searchers, industrial companies and local governments. As one
of the most important parts of vehicle autonomous navigation,
path tracking of autonomous vehicles has been a significant
research topic [2]-[4]. The key control goal is to achieve
path following performance with acceptably small tracking
errors and smooth steering actions under various driving
conditions [4]. Remarkable contributions on path tracking
of autonomous vehicles have been reported in the literature.
Generally speaking, the path tracking control strategies can
be classified into three main categories: model-free control,
kinematic-based control and feedback control. First, model-
free controllers, such as PID control [5] or fuzzy logic control
[6], [7], generate the steering actions based on the tracking
errors. Without taking into account the information of vehicle
dynamics in the design, these control methods require a costly
tuning task to achieve an acceptable path tracking performance
[8]. Second, the kinematic-based controllers are designed
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using a vehicle kinematics model and/or geometric relations
[9]. Despite their simplicity, these control approaches only
demonstrate their capabilities for low-speed driving situations.
Third, the feedback control designs are based on the vehicle
dynamics which can be used to overcome the above-mentioned
drawbacks [4].

Numerous works on path tracking feedback control of
autonomous vehicles have been proposed, which are mostly
based on conventional control theory [8], [9]. Sliding mode
control technique was applied to vehicle control in [10].
Despite its robustness with respect to uncertainties and dis-
turbances, the involved chattering issue still leads to both
theoretical and practical difficulties [8]. An active disturbance
rejection control (ADRC) was developed in [11] for vehicle
steering control in the presence of uncertainties and external
disturbance. Note that ADRC controllers require a heavy
tuning task to achieve a satisfactory control performance.
Model predictive control (MPC) has been largely applied to
path tracking and obstacle avoidance of autonomous vehicles
[12]-[14]. However, MPC technique requires solving an on-
line optimization problem at each control step, which leads
expensive computational cost for real-time implementation,
especially for nonlinear MPC schemes. Takagi-Sugeno (TS)
fuzzy approaches [15] have been proposed to deal with the
vehicle tracking control issues [3], [16], [17]. In contrast to
model-free fuzzy control [6], [18], stability and robustness
analysis can be achieved with TS fuzzy control approaches
[19], [20]. However, fuzzy model-based output feedback con-
trol for uncertain systems remains challenging [21].

Despite a great advance, the following issues related to
path tracking control for autonomous driving still remain
challenging. First, requiring full-state information for feedback
design is a strong assumption within vehicle control context
due to the sensor cost reasons [9]. The second challenge is the
reliance of the control design on the vehicle modeling. Using
an accurate vehicle model may lead to major difficulties for the
control design task due to the strong coupling nonlinearities.
Hence, the design of a model-based controller robust to the
unmodeled vehicle dynamics, time-varying parameters and
external disturbances, is of crucial importance [22]. The third



challenge consists in considering the physical limitations,
e.g., steering saturation, in the control design to improve the
driving safety and comfort. This important issue has not been
well addressed for robust output feedback control schemes
[23]-[26]. In particular, most of existing constrained path
following control for autonomous vehicles are mainly based
state-feedback control schemes [3].

This paper presents a new fuzzy SOF controller to simulta-
neously address the three above challenges of autonomous path
following control. Robust TS fuzzy model-based technique is
used to deal with the nonlinear uncertain vehicle dynamics.
Then, the time-varying feature of the vehicle speed and the
highly uncertain behaviors of the lateral tire-road forces can
be taken into account in the control design to improve the
path tracking performance. Moreover, exploiting the robust
set-invariance property and Lyapunov stability arguments, the
steering input saturation can be explicitly considered in the
control design for safety and confort reasons. Differently
from [27], [28], here a fuzzy Lyapunov function and a non-
parallel distributed compensation (non-PDC) scheme are used
to reduce further the design conservatism. The control design
procedure is recast as an optimization problem under linear
matrix inequalities (LMIs) with a single parameter line search,
which can be easily solved with available solvers [29]. The
effectiveness of the proposed TS fuzzy SOF controller is
clearly demonstrated using high-fidelity CarSim/Simulink co-
simulations under dynamic driving conditions. It is important
to note that this conference paper is a short version of the
work [30]. More technical extensions and details on control
validations can be found in [30].

Notation. For a vector x, x; denotes its ith entry. For a
square matrix X, X T denotes its transpose, X > 0 means
that X is positive definite, X(i) denotes its ith row and
HeX = X + XT. diag(X;, X2) denotes a block-diagonal
matrix composed of X;, Xo. I denotes the identity matrix of
appropriate dimension. The set of nonnegative integers is de-
noted by Z,.For N € Z,wedenote Zy = {1,...,7} C Z,.
The symbol ’+* stands for the terms deduced by symmetry in
symmetric block matrices. For brevity, the following notation
for convex sums is adopted:

T T -1
O, =Y h(O)I;, II,'= (Z hi(a)n,) ,
i=1 =1

Ypn = Z Z hi(0)h;(0)%4;,

i=1 j=1

ppn = Y DD hi(0)h;(0) i (0) Py

i=1 j=1 k=1

ey

with II;, ¥;; and ®;;;, are matrices of appropriate dimensions.

II. VEHICLE MODELING AND PROBLEM FORMULATION

We present hereafter the vehicle modeling for path tracking
control, see Fig. 1. The nomenclature is given in Table I.

TABLE I

VEHICLE NOMENCLATURE.
Symbol  Description
Ve [y longitudinal/lateral speed

sideslip angle at the center of gravity (CG)

r vehicle yaw rate
YL lateral deviation error
YL, heading error
1 steering angle
M total mass of the vehicle
ly/lr distance from CG to the front/rear axle
ls look-ahead distance
I, vehicle yaw moment of inertia
Cr/%r  front/rear cornering stiffness

A. Road-Vehicle Model

A non-linear single track vehicle model is used to study the
vehicle motions, whose dynamics is given as follows [3]:

M0y —1rvy) = Fppcosd — Fypsind + Fy,,

M0y +rvg) = Fypsind + Fyycosd + Fy,,

L7 =1;(Fypsind + F,rcosd) — I, Fy,.
The front and rear longitudinal forces F),; and lateral forces
Fy;, fori € {f,r}, are caused by the tire-road interaction. The
behaviors of these forces are highly nonlinear and depend on
several factors, for instance slip angles, tire/road characteris-

tics, normal load [31]. To reduce the design complexity, the
following norm-bounded uncertain tire model is used [22]:

)

l

Fuf = 2%faf = 2%f (6 — 7’1}?] + fr) 5

? Va
lLrr—w ®
F,. =2%,a, =2¢,—*.

: v
where the cornering stiffness are time-varying to take into ac-
count the road friction changes or the nonlinear tire behaviors
[32]. These bounded parameters €5 € [6min, €fmax] and

% € [€r min, € max), can be represented by
@5 =Cr +AC(s(t), 6 =Cr +ACG(t), &)
where |(;(t)| < 1, @ € {f,r}, are unknown parameters, and

_ Cgf max T Cgf min C. = % max T Cgr min
- 2 b) T 2 9
ACf _ %f max Cgf min 7 ACT _ Cgr max ((Dﬂr min )

2 2
For steering control purposes, we consider the small angles
assumption and a slow vehicle speed variation. Then, the
vehicle lateral dynamics can be derived from (2) and (3) as

follows [33], [34]:

Cy

: _ 206 4%r) 2 —lsCy) g 26
6 = Mg Muv? B + Mv 5(5)
T 2% 1)) —2(12%,+1367) r 2 G

1. I, v, z

where v, = v, . The vehicle positioning on the road can be
represented by the following dynamics [3]:

(6)

where the road curvature p, can be obtained from cameras.

yL = 'Uxﬁ +lsr + ’UQ;’I/JL, 1/}L =T = UgPr,
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Fig. 1. Schematic of vehicle lateral dynamics.

B. Vehicle Control-Based Model

From the vehicle model (5), the dynamics for path tracking
(6), the road-vehicle model can be represented as follows:

() = Ay (Dz(t) + Bo(1)8(1) + Bo(w(t),  (7)
where z = [3 r 4r yL]T is the vehicle state, w = p, is
the system disturbance. The steering control input §(t) of the
vehicle system (7) is subject to actuator saturation

0(t) = sat(u(t)) = sign(u(t)) min (|u(t)], dmax)

where u is the steering control angle with its maximal physical
liAmitation Omax- The matriges of system (7) are given by
A, (t) = Ay(t) + AAL (L), By(t) = By(t) + AB,(t) with

a1 a2 0 O b1 0
any ago 0 0 _ bQ _ O
A’U 0 1 0 0 bl B’U - 0 ’ EU - — Uy ’
Ve ls vz O 0 0
and
_ Q(Or + Cf) o 2(1,«0,« — lfo) 1
a11——M7%, CL12—M—W%— s
2(1,C, — 1;Cy) —2(12C, + l}Of)
a1 = - . a2 = To. »
by = m, by = T

Moreover, A A, and AB, represent the system norm-bounded
uncertainties caused by €y and %, in (4), represented as

AAv(t) = HvA(t)Lva ABv(t) = HvA(t)Nv,

with
2AC, 2ACy -1 -1 T
Mo, Mu,
_2AC.l,.  2ACyly L L
HU = OIz 16 s L,U = 'lac (jUz R
0 0 0 0

A(t) = diag(¢-(t), G5 (1)),

For real-time implementation, the control design is performed
in the discrete-time domain. Then, the Euler’s discretization is
used to transform system (7) into its discrete-time counterpart

z(k+1) = A(vy)z (k) + B(vg)sat(u(k)) + E(vy)w(k).(8)

where A(v,) = I + T.A,(vy), B(v,) = T.B,(v,) and
E(v,) = T.E,(v,). The value of the sampling time is selected
as T, = 0.01 [s], which is compatible with real-time hardware
setup [3]. Due to the cost reason, the measurement of [
is unavailable in practice [27]. Then, the vehicle output is
defined as

The controlled output vector z is defined such that it can
represent both the path following performance (via ¢z, and yr,)
and the driving comfort (via the lateral acceleration a, ~ v,r)

Wi 00 10
z=|y.| =10 0 0 1|x=D(vy)x. )
Qy 0 v, 0 0

III. SET-INVARIANCE BASED OUTPUT FEEDBACK
CONTROL FOR CONSTRAINED FUzzY SYSTEMS

This section formulates the fuzzy SOF control problem for
autonomous driving under uncertainties and constraints.

A. System Description

We consider the following class of uncertain input-
constrained TS fuzzy systems with IV inference rules [15]:

RULE R; : IF 61(k) is Mj and...and 6,(k) is M}, THEN
z(k +1) = A;(k)z(k) + B;(k)sat(u(k)) + Eyw(k)
z(k) = Dix(k), y(k) = Cx(k),

where z(x) € R™= is the state vector, u(k) € R™ the control
input, w(k) € R™ the system disturbance, z(x) € R"= the
controlled output, and y(x) € R™ the measured output, and
Ai(k) = Aj + AAy(k), Bi(k) = B; + AB;(k). The vector of
premise variables is defined as 0(k) = [01(k)---0,(k)]T €
RP. The ith local matrices with appropriate dimensions
(A4;,B;,C;, D;, E;) are known constant. Using notation (1),
the fuzzy system (10) can be rewritten in the compact form

(10)

z(k +1) = Apz(k) + Bpsat(u(k)) + Epw(r)

z2(k) = Dpa(k), y(k) = Cx(k), (11)
where the uncertain state-space matrices satisfy
Ay = Ay + AA(r), By, = By, + AB(k), 12

AA(H) = HhA(H)Lh, AB(H) = HhA(H)Nh.

The constant matrices with proper dimensions H;, L;, N,,
i € Iy, in (12), are known, and the time-varying uncertain
matrix satisfies A(x)" A(k) < I. The membership functions
(MFs) h;(0), for i € Iy, satisfy the convex sum property

N
D> hi(0) =1, 0<hi(0) <1, Viely.
1=1



The input saturation function is defined as

sat(u;(k)) = sign(w (k) min(|u;(k)|, @), k€ Z4,

where the control bounds u; > 0, for VI € Z,, , are given. The
system disturbance w in (11) is bounded in amplitude as
We ={w: R" - R", w(k) "w(k) < ¢, ke Zi},

with a positive scalar ¢ > 0.

We consider the following non-PDC control law incorpo-
rating the road curvature information as a feedforward action
to improve the path following performance [9]:

u(k) = F,Gy, 'y(k) + Kpw(k), (13)

where the MF-dependent matrices F}, G, and Kj of ap-
propriate dimensions are to be determined. Let us define
Y(u(k)) = u(k) —sat(u(k)). From (11) and (13), the closed-
loop fuzzy system can be expressed as follows:
z(k+1) = Aa(h)z (k) + Ba(h)w(k) — By (u(r))
Z(Kj) = th(‘%% y(“q‘) = CQ?(K,),
with Ay (h) = Ay, + ByF,G;, 'C, Eq(h) = Ej, + By, K),. For
the control design, we consider the following MF-dependent
Lyapunov candidate function:

V(z) = xTQﬁlx, Q; -0, Viely.

(14)

We define the level set associated with V (x) as

Ly ={xeR™: V(z)<1, forVhe Q}. (15

The set %y is said to be robustly invariant w.r.t. the closed-
loop system (14) if there exist positive scalars a, 7 such that

AV 4+ a(V(z(rk) = 1) + 7(¢ —w(k) "w(k)) <0, (16)

where AV =V (z(k+1)) = V(x(k)), for Vk € Z4, Va(k) €

Zv\{0}, Yw(r) € Wg°. Note that condition (16) guarantees

that any closed-loop trajectory of (14) initialized in % will

remain within this set for Vw(x) € W3° and Vk € Z. More

details on the set invariance property can be found in [35].
We consider the following control problem.

Problem 1. Determine the MF-dependent matrices Fj, G},
and K, of the non-PDC SOF controller (13) such that the set
%y defined in (15) is robustly invariant w.r.t. the TS fuzzy
system (14). Moreover, the £,,—norm of the controlled output
z is bounded as z "z < «, for v > 0.

Remark that minimizing the L£.,—norm upper bound -y
leads to a better control performance. The following technical
lemma [36], extended from the result on modified sector
condition in [37], is useful for theoretical developments.

Lemma 1. Consider a matrix M}, and the following set:
S = {a: e R™ |MhQ;1m‘ =< ﬂ}
If x € ., C R", then
SC=u)"S; ! [u—1(u) + M@, 'x] >0, (17)

where Sj, > 0 is any diagonal MF-dependent matrix.

B. LMI-Based Non-PDC Output Feedback Control Design

The following theorem provides sufficient conditions to
design a SOF controller (13) that can solve Problem 1.

Theorem 1. Consider the TS fuzzy system (11). If there exist
positive definite matrices @); € R"=*"=  diagonal positive
definite matrices S; € R™X™«  matrices M; € R"«X"=,
F; € RmwX™w, G; € RWw*™, K; € R™*" for i € Ty,
and positive scalars €, 7, a, 7, p such that the following
optimization problem (18) is feasible:

i 18
¢7,Hll€nl'zv 7 (18)
subject to (19), (20), (21) and (22)
where ¢z = (6, v, &, T, P, Qi7 S’ia Mi7 Fi7 Gi7 K’L) and

a—76>0 (19)
Qi *] .

o =0, Viel, A Viel 20

{Mim it = . N e
Qj *:| . .

' =0, Vi e In, Vj €1 21

W, <0, \Ijijk + \I’jik <0, Vi,j,kj eEln, 1< J (22)

Then, the non-PDC controller (13) guarantees the closed-loop
properties in Problem 1. Moreover, the L., —norm of the
output z is minimized. The term ¥, in (22) is given by

Tijk * *
\I/ljk_ pH;r *P[ * ’
,Cij 0 —pI
with
0 0 0 H' 0]
Hi=10 0 0 H 0] ,
0 0 0 eHiT 0
_Lin 0 0 0 0
Lij = |NF;C o —NiS; N;K; 0 0 ,
| 0 0 0 0 N;Fj
[yt * * * *
Tél —25; * * *
Tl]]{): 0 0 —TI * * 5
_Tj eFj 0 eFj B, Tj
and

Tt = (a—1)Qy, T3 = F;C + M;,

Ti = AQ; + BiF;,C, Y{} =E;+BKj,

% =CQ, - G,C, TP = —€(G; + G)).
Proof. Only a sketch of proof is given here due to the lack

of space. Based on the convexity property of the membership
functions, it follows from (22) that

Than  * *
pH)  —pI x| <0, (23)
Lun 0 —pl



Note that inequality (23) implies G, + G, = 0. This
guarantees that G, is nomsingular, thus the validity of the
control expression (13). Applying Schur complement lemma
[29], we can prove that (23) is equivalent to

Yhnn + pHuHy +p Y LE Lo < 0. (24)
Let us denote A(xk) = diag(A(k),A(k),A(k)). Since

A(k)TA(k) = I, using the following matrix fact:
XY+ WX XX WY,

with 2 = 7—[; and ¥ = A(k) - Ly, it follows from (24)
that

Thnn + HoA(K) Lon + LI, A(R)TH) <0, (25)
Inequality (25) can be rewritten as
(a—1)Qp * * * *
T,%l —285) * * *
0 0 -7l * *x | =<0, (26)
Ta1 Tio Tz —Q(hy) *
T‘Zl €F‘hT 0 T54 T?ﬁ

where qu = Ath;i- ByF,C, Y42 = —BSh, Tuz = En +
BLKp, Y54 = eF)) B and Q(hy) = > _; hi(0(k+1)) Q.
Multiplying inequality (26) by

I 000 0
01 00 KRG,
0010 0 ’
0 0 0 I B,FG;*

on the left and its transpose on the right leads to

(= 1)Qp * * *
X —25} * *
0 R
Y Tz Tuz —Q(hy)

with L
X =G CQn + My,

Y = AyQp + By F,G,CQp,.

Applying a congruence transformation to (27), followed by
the use of Schur complement lemma, we can prove that (27)
is equivalent to

(1- a)Q,:l * *
2TQ(hy) 2 - z 25,1 *
0 0 I

<0, (28)
with R

== [Aa(h) —B(h) Ea)],

Z =81 (FrG O+ M@y ) .

Pre- and postmultiplying (28) by [¢" ¢ (u)" w'] and its
transpose, we obtain

AV 4+28C + aV(z) — tw ' w < 0. (29)
By Lemma 1 with property (17), it follows from (29) that

AV +aV(z) — 1w w <0, Vre A \{0}. (30

Note that inequality (16) follows from (19) and (30). More-
over, by a congruence transformation, followed by the use of
Schur complement lemma [29], it follows from (21) that

2z = xTD;th < 'yxTlem <7, Vzx e L.

Hence, the £.,—norm of the output z is bounded by ~. Fol-
lowing a similar procedure, we can prove that condition (20)
guarantees 2y C .7,. The proof can be now concluded. [

Remark 1. The design conditions in Theorem 1 are reformu-
lated as an optimization problem under LMI constraints with
a line search over the scalar e. The control gains F;, G; and
K;, for Vi € Iy, can be effectively computed using Matlab
software with Yalmip toolbox and SDPT3 solver [38].

IV. ILLUSTRATIVE RESULTS AND DISCUSSIONS

This section demonstrates the effectiveness of the proposed
fuzzy SOF controller with the high-fidelity CarSim vehicle
simulator. The parameters of the CarSim vehicle model con-
sidered are M = 1653 [kg], Cy = 95000 [N/rad], C, = 85500
[N/rad], Iy = 1.4 [m], I, = 1.646 [m], and I, = 2765
[kng]. The steer ratio between the driver wheel and the front
road steer angle is R; = 17.5. The look-ahead distance to
compute the tracking errors is i = 5 [m]. We assume that
the parametric uncertainties in the front and rear tire stiffness
coefficients are of 15 %, which represents a highly nonlinear
behavior of the lateral tire forces.

Note that the vehicle dynamics (8)—(9) depend on the speed

terms v,, —— and -5 with

Umin = 9 [m/S]7 Umax = 30 [m/S]

Umin S Vg S Umax

If v,, - and % are separately considered as premise vari-
T2y, v

ables, then the sector nonlinearity approach [15] leads to a T-S
fuzzy model with 23 = 8 fuzzy rules. To reduce the numerical

complexity, a new premise variable 6 is introduced to represent
Uy, == and -5 as follows [3]:

Vg

0
— = — 4+ —, Uz =Uyg— —, *2"‘—*24'7,(31)
Vg Vo V1 V1 U ) VU1
where
2'Uminvmax 2’Uminvmax
Voygp=—""""—"" vV, =

Umin 1 Umax ’ Umin — Umax )
Substituting (31) into (8)—(9), then applying the sector nonlin-
earity approach, we can obtain a TS fuzzy model of the form
(11) with two fuzzy rules to represent the vehicle uncertain
dynamics. The details are not given here for brevity. Solving
the optimization problem (18) in Theorem 1 with the corre-
sponding vehicle TS fuzzy model, we obtain a path following
controller with @ = 0.01 and € = 0.278. The detail on the
obtained control solution is not shown here for brevity. The
control performance is now evaluated with a dynamic driving
scenario on a race track under highly variable curvatures, road
friction and speed conditions.

For CarSim/Simulink co-simulations, the path tracking on
a race course track has been conducted with road curvatures
varying in the range p, € [—0.02,0.04] and the road friction



of p = 0.75, i.e., Fyy = 2uCyroy and Fy,. = 2uC)o,.. The
vehicle traverses the track at dynamic longitudinal speeds in
the range v, € [30, 60] [km/h]. For regulating the longitudinal
speed, the inbuilt PI controller from CarSim has been used.
The speed tracking and the path following for the considered
driving scenario are shown in Fig. 2. Observe in Fig. 2(a)

(a)
100
E
> 50
ok . ; . k
-200 =100 0 100 200 300
X (m)
b T :
(b) 60 |—Target" = Tracked
= 40}
E W
2
~> 20 1
0 : f \
0 20 40 60 80
Time(s)

Fig. 2. Tracking performance. (a) Path tracking with the designed TS fuzzy
SOF controller, (b) speed tracking using PI controller from the CarSim
simulator.

that even without requiring the online measurement of the
sideslip angle, the proposed fuzzy non-PDC controller can
guarantee an efficient path following under the presence of
nonlinear tire forces and uncertainties. Furthermore, the low
speed tracking error as depicted in Fig. 2(b) ensures that
safe speed limits across a curve are maintained. The lane
deviation errors, i.e., lateral error and heading error, are shown
in Fig. 3. Remark that the controlled lane errors are small. For
comparison analysis, the lane tracking errors with the inbuilt
look-ahead preview controller (PC-CSIM) of the CarSim sim-
ulator is also illustrated in Fig. 3. Compared to the proposed
fuzzy SOF controller (TS-SOF), the lane tracking errors are
much larger and cross the lane boundaries, especially at tight
curves. Hence, for the considered road friction conditions, the
proposed fuzzy SOF controller is able to keep the vehicle on
lane which is not the case when using the preview PC-CSIM
controller. Subsequently, the illustrations for the vehicle states
B, r, the designed steering control input § and the lateral
acceleration are shown in Fig. 4 for both PC-CSIM and fuzzy
SOF controllers. It can be seen that the designed control is
always within the required constraint of 10 [deg] for both
approaches. Further, the sideslip angle does not exceed 0.05
[rad], which ensures that the tire forces are not saturated.
With the maximum yaw rate limited by 0.55 [rad/s], the
vehicle maintains a stable control performance. In comparison
to the PC-CSIM controller, the proposed non-PDC design
provide a smooth steering actions, leading to less oscillatory
behaviors and a more stable performance in maintaining the
state constraints even when the lateral acceleration is high

= PC-CSIM = = T5-SOF

[ {\/'\_
\

Fig. 3. Path tracking errors. (a) Lateral error yy,, (b) heading error ¢, .

under the considered friction level.

‘—PCVCSIM — —TS-SOF
(a) (b)
05 .55
& o "\Mlv\j’\\]\ﬂ Eo g
= g 4
05 -.55
(c) (d)
10 4
—_ S \ N’-‘
s \ K4 !
z 0 Eo '
© -5 m> )
-10 -4
0 20 40 60 80 0 20 40 60 80
Time (s) Time (s)

Fig. 4. Vehicle closed-loop behaviors. (a) Sideslip angle 3, (b) yaw rate 7,
(c) designed steering control §, (d) lateral acceleration a.

V. CONCLUSIONS

A new LMI-based control solution for autonomous driving
has been proposed. The time-varying vehicle speed and the
uncertain lateral tire forces are effectively handled using TS
fuzzy control. Moreover, the physical limitations on the steer-
ing input is explicitly considered in the control design via the
robust set-invariance concept and Lyapunov stability theorem.
To reduce the design conservatism, fuzzy Lyapunov functions
and a non-PDC control scheme are used for theoretical deriva-
tions. The practical performance of the new fuzzy SOF path
following controller is demonstrated with CarSim/Simulink
co-simulations under dynamic driving conditions.
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