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ABSTRACT In this study, a robust Hy, observer-based PID path tracking control strategy is proposed for
Autonomous Ground Vehicle (AGV) to efficiently attenuate the effect of external disturbance, actuator/sensor
fault signals, and control saturation to achieve the robust path tracking design. To simplify the design
procedure, a novel path reference-based feedforward linearization scheme is proposed to transform nonlinear
dynamic AGV system to an equivalent linear tracking error system with nonlinear actuator signal. To protect
the AGV system from the corruption of actuator/sensor fault signals, two smoothed signal models are
introduced to precisely estimate these fault signals to compensate their corruption. Further, the proposed Hy,
fault-tolerant observer-based PID path tracking control strategy of AGV system can be transformed to an
equivalent bilinear matrix inequality (BMI). Consequently, by the proposed two-step method, the complex
BMI can be transformed into two linear matrix inequalities (LMIs), which can be easily solved via LMI
TOOLBOX in MATLAB. Therefore, control restriction is also considered to meet the constraints of physical
actuator saturation on PID controller, making the proposed control scheme more applicable. Finally, the
triple-lane change task of AGV is simulated as a numerical example to illustrate the design procedure and to
validate the performance of proposed design method.

INDEX TERMS AGYV, actuator/sensor fault signals, robust observer-based tracking control, linear matrix

inequality (LMI), smoothed signal model, fault-tolerant control, PID control, Hy, tracking control.

I. INTRODUCTION
The autonomous ground vehicle (AGV) has attracted sig-
nificant attention due to its wide application to intelligent
transportation systems [1], [2], [3]. By the implementation
of path tracking control, the AGV system can track the de-
sired trajectory while maintaining the stability and precision
in path tracking process. Furthermore, the advantages of AGV
are manifest in the optimal fuel consumption and improvable
on road safety compared to vehicles driven by humans, who
often cause accidents due to negligence. Therefore, how to
design a path tracking control strategy with low computational
resource requirements to achieve the aforementioned advan-
tages of AGV is an important issue.

In brief, the path tracking control is to manipulate an
appropriate steering angle and brake/accelerator of AGV, en-
abling the vehicle to perform desired maneuvers, such as

lane changes. The conventional approaches to AGV path
tracking control include fuzzy adaptive proportional-integral-
derivative (PID) control [4], fuzzy observer-based control [5],
[6], [7], nested PID steering control [8], and fuzzy output
feedback control [9], etc. However, in spite of the numer-
ous researches on the steering control of AGV, most of
them require complex computations to implement the control
strategy, such as updating the adaptive law and computing
membership function for defuzzification. If the computation
can’t be done in a timely manner, this issue may lead to a
degradation of control performance in practical applications.
Furthermore, the saturation of actuators should also be con-
sidered for practical reasons.

PID control has been widely and successfully applied in
both academia and industry because of its simple structure
and easy implementation [10], [11], [12]. A fractional order
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proportional integral derivative (FOPID) controller was pro-
posed to control the torques of AGV [13]. An optimally-tuned
PID controller is designed for steering control of a four-wheel
AGYV [14]. A PID longitudinal controller with fuzzy algorithm
for AGV was proposed [15]. However, the conventional PID
control designs are based on a linearized system model at
a specific operation point while the system dynamics of the
controlled AGVs are usually nonlinear. Thus, it is necessary
to design several sets of PID control gains for each linearized
system dynamic model of AGV at different operating points.
Even though, the performance of PID control strategy may
deteriorate when the system state deviates from the desired
operation point. Besides, PID control often involves the need
for control gain tuning [16], [17], [18]. The aforementioned
two shortages are obstacles encountered in the implementa-
tion of PID control of highly nonlinear AGV system.

Since the AGV achieves self-driving capabilities by relying
on not only predefined navigation trajectory but also accu-
rate environmental information, the aforementioned results
were based on the assumption that the AGV systems were
in normal working conditions. Namely, ensuring information
accuracy by keeping the control and estimation performance
from the influence of fault signals, whose sources may include
attack signal through wireless communication channels [19],
external disturbance, or system perturbation, is also a crucial
concern. In general, the actual systems will inevitably en-
counter some failures during a long time of operation, which
will degrade the estimation and control performance and even
cause the systems disastrous consequences [20]. The fault-
tolerant control (FTC) design has been considered to have the
capacity to ensure the system to maintain an acceptable esti-
mation and control performance when the faults occur [6], [7].
As the result, the fault-tolerant control requires an additional
investigation from the control design perspective and has been
widely applied despite the existence of protocols developed
to protect the data confidentiality [20], [21]. In addition, FTC
can be classified into passive FTC and active FTC based on the
approach used to handle the fault signal. The former views the
fault signal as an unidentified system disturbance and tolerates
it with an appropriate control law design. On the other hand,
the latter proposes to design an observer that can estimate
the fault signal and subsequently incorporates a compensation
signal into the feedback controller. Generally, the active FTC
has better performance than the passive FTC because of an
additional estimation step of fault signal. In the realm of the
FTC of AGV system, a virtual actuators-based FTC design is
provided to maintain the stability and to avoid the saturation
of the actuators [22]. The actuator fault signal can be detected
by a model-based fault diagnosis method in [23] and can be
eliminated by the disturbance observer-based FTC for elec-
tric vehicle [24]. Besides, the trade-off issue between vehicle
stability and power consumption in FTC is tackled by the
randomized ensemble double Q-learning deep reinforcement
learning algorithm [25]. The state estimation problem of AGV
system in controller area network with taking into account the
impact of fault signal due to saturation effects from wireless
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communication characteristics is considered in [26]. However,
the previous studies often rely on a complicated machine
learning or deep learning algorithm in [23], [25] or algebraic
equation constraints for designing the fault observer in [24]
among the previous researches.

Inspired by the discussion above, the robust H, fault-
tolerant observer-based PID path tracking control strategy
of AGV system with control saturation under the effect of
actuator/sensor fault signal, external disturbance and mea-
surement noise is proposed. In this study, the AGV system
is introduced by Newton-Euler equation based on bicycle
model. Then, an innovative path reference-based feedfor-
ward linearization control method is presented to simplify
the nonlinear AGV path tracking system as a linear refer-
ence tracking system with an equivalent nonlinear actuator
fault signal so that there is no need to use any interpolation-
based linearization method to approximate the nonlinearity
of AGV system by using a set of locally linearized AGV
systems [27]. To deal with the estimation of actuator and
sensor fault signal for the compensation of their corruption
on the path tracking of AGV system, two smoothed signal
models are employed to characterize the dynamic behavior
of fault signal systems. By augmenting the AGV system
with two smoothed signal models, the Luenberger-type ob-
server can estimate both the state of the AGV system and the
fault signal of the actuator/sensor simultaneously. With the
help of estimated augmented state, a robust Hy, fault-tolerant
observer-based PID path tracking controller of AGV system
under the influence of actuator/sensor fault signal, external
disturbance, measurement noise and control saturation can be
conducted to fulfill path tracking mission while the negative
effect of residue of path reference-based feedforward lin-
earization scheme on the tracking and estimation performance
is attenuated below a prescribed attenuation level. Based on
the quadratic Lyapunov function, the robust Hy, fault-tolerant
observer-based PID path tracking control design becomes to
how to solve a LMI for observer-based PID controller, which
can be solved efficiently via MATLAB LMI TOOLBOX with
the proposed two-step method. Finally, a numerical simula-
tion example involving the execution of a triple-lane change
maneuvering of AGV is provided to illustrate the design pro-
cedure and to demonstrate path tracking performance of the
proposed Hy, fault-tolerant observer-based PID controller de-
sign of AGV system.

The contributions of this study are outlined below:

1) To simplify the controller design of robust Hy, fault-
tolerant observer-based PID path tracking control of
AGYV system with control saturation, a path reference-
based feedforward linearization control scheme is in-
troduced so that the nonlinear path tracking system
of AGV becomes an equivalent linear reference track-
ing system with an equivalent nonlinear actuator fault
signal. Compared with the conventional fuzzy PID
methods ([5], [9], [10]), there is no need to inter-
polate local linearized systems to approximate non-
linear AGV system and therefore the proposal robust
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FIGURE 1. Bicycle model for the proposed AGV system.

Hy, fault-tolerant PID path tracking control scheme
significantly reduces the computational complexity
of PID control of AGV system for more practical
applications.

2) Two smoothed signal models are employed to de-
scribe the system dynamic of equivalent actuator/sensor
fault signals. Then, the equivalent actuator/sensor fault
signals and system states of AGV can be estimated
simultaneously by the traditional Luenberger-type ob-
server to compensate for their corruption. Furthermore,
with the assistance of the estimated states and fault
signals, the robust Hy, fault-tolerant observer-based
PID path tracking controller for the AGV system
is constructed to achieve its robust reference path
tracking performance while maintaining fault-tolerant
capability.

3) The proposed optimal robust Hy fault-tolerant
observer-based PID path tracking control strategy of
AGYV system with control saturation can be transformed
to an LMIs-constrained optimization problem, which
can be easily solved in practice using the proposed
two-step method with the help of MATLAB LMI
TOOLBOX. Moreover, the PID control gains can be
obtained in this design procedure only with a single
run and does not need further tuning, thereby reducing
the complexity of tuning process of PID parameters
in the implementation procedure of conventional PID
control schemes [11], [12], [13], [14], [15], [16],
[17].

The structure of the remaining study is outlined below.
Section II introduces the modeling of the AGV system and the
problem formation of the design. Section III presents a robust
Hy, fault-tolerant observer-based PID path tracking control
strategy for the AGV system with control saturation by utiliz-
ing the Lyapunov function. Section IV provides a numerical
simulation example to illustrate the design procedure and to
verify the effectiveness of the proposed path tracking method
of AGV. Finally, Section V concludes the study.

Notation: AT: a transpose matrix of A; A > 0: a positive
definite matrix; diag(Ai, Az, ...,A,): a block diagonal ma-
trix with aligning the parameter matricesAj, A, ..., A, along
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the diagonal; ®: Kronecker product; 7,,;: n-dimension identity
matrix; x(1) € Lo[0, t7]: if f;/ x7 (t)x(1)dt < o0

Il. PRELIMINARY AND PROBLEM FORMULATION

This section provides an introduction to the physical model
of the AGV system. Afterward, a feedforward linearization
control law is proposed to simplify the observer-based con-
troller design of nonlinear AGV system. Then, two smoothed
signal models are utilized to describe the actuator and sensor
fault signal to be estimated as compensation signals for active
fault-tolerant control. Besides, the robust H,, fault-tolerant
observer-based PID path tracking control strategy with con-
trol saturation is proposed to attenuate the negative effect of
unknown environmental noise and fault signals on the path
tracking of AGV system.

A. SYSTEM DYNAMIC MODEL OF AUTONOMOUS GROUND
VEHICLE

This study presents the physical dynamic of the AGV system
based on a bicycle model which considers the system’s sym-
metry relative to the x,-z plane as shown in Fig. 1, where z
direction aligns with x, x y,. The dynamic model of AGV
system is described as [27]

X(1) = My (Qe(e)ui (1) + Hi(x(@)) + di (1) (D

where x(1) = [x,(t) y,() 6(t)]T e R3 represents the state
vector of AGV system, which includes longitudinal displace-
ment x,(¢), lateral displacement y,(¢), and yaw angle 6(z).
di(t) = [dix(t) diy(t) dip(1)]T € R3 denotes the external
disturbance with finite energy, u;(t) = [u;.1(t) ui(t)]" €
R? is the control input, where u1 1(¢) denotes steering an-
gle of front wheel and u; >(¢) denotes the force applied to
brake/accelerator. In addition, the system matrices in (1) are
given below:

[ 2C, (0O +5p(t)  —2(Cop+Car)
mx‘é,(t) m
M, (1)) = Xy 0
ZIJ-C,,/
L A 0
[, (10 )
Hi(x(t)) = | hi(x(2))
| 7 (x(7))
. . . . 106 g
with 7 (i) = —xp(00() + 2(~Cop LI 4
LO@) —y . 10 +y
Car( (;)'p(t;p(t))) and hZ(x(f)) = %(lfcaf_(f (;?p(t;p(f)_) +

L6t~y
erar( (x'z,(t};p( )
of front wheel and rear wheel, respectively, m € RY is the
mass, I, € RT is the moment of inertia, / r is the length from
the front tire to center of gravity (CG) and /. is the length
from the rear tire to CG.

Through appropriate variable transformations and introduc-
ing measurement output, (1) can be rewritten as:

Mx(t) +Hx(t)) = u(t)+d(t)

), where C, ¢ and C,, are stiffness coefficient
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(@) = CX(t) + B2 f2(t) (2
where
[m 0 0
M=|10 m O
0 0 I
ux(t)
u() = | uy(@) | = GG [Zi;gﬂ = GG (1)
ug (1) '
. 2Caf(1jfp((ft))+)}p(f)) —2(Cay + Car)
G(x()) = 2C,¢ 0
21;Cyy 0
[my, ()6 (1)
H@(t)) = | mh(r)
Ith(t)
mdy ()
d(t) = Md(t) = | mdyy(t)
Ldp (1)

M e R¥3 represents the inertia matrix, H(i(t)) € R?
stands for the non-inertial force vector, X(t)=
[foxT(r)dr xT@t) iT@)])" €R’ is the augmented state
vector, y(t) € R/ represents the measurement output vector,
C e R is the system measurement matrix, B, € R/*? is the
system matrix for sensor fault signal and f,(¢) € R? stands
for the sensor fault signal and measurement noise.

Remark 1: The integral of the system state, fé x! (t)drt, is
assumed to be measurable since it can be calculated by an
integrator via integrating the information x(#) measured by
GPS in practice, i.e., the output y(¢) is the measurement of
x(t), x(t) and f(; x(t)dt. Further, the sensor fault signal f>(¢)
can also include measurement noise n(t) in this study.

Remark 2: When x,(t) # 0, G(x(¢)) has full column rank.
Namely, the left inverse matrix of G(x(t)) exists. If we denote
the left inverse matrix of G(x(¢)) as G;(x(t)), the actual con-
trol input u; (¢) can be computed from u; () = G;(x(¢))u(t).

The path reference-based feedforward linearization control
law u(t) for AGV system in (2) is designed as follows [28]:

ut) = M@F@t) + upp (1)) + HF (1)) 3)

where r(7) € R? is the path tracking reference, #(¢) and
H(7(t)) correspond to the components of the feedforward
control mechanism to eliminate the nonlinearity of system,
and u,,,(¢) is PID controller which will be further designed
by simple PID control scheme for enhancing robust Hy, path
tracking performance of AGV system.

Afterwards, by substituting the path reference-based feed-
forward linearization control law u(¢) in (3) into (2) and
removing M7 (t) from both sides, the following reference path
tracking error dynamic equation is obtained:

M@G(r) — 7(t)) = Muy,,(t) — AH(t) + d (1)
y(t) =CX (1) + B2 f2(t) “4)
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where AH(t) = H(%(t)) — H(i#(t)) is the error term from
feedforward linearization. After performing the multiplication
M~ on both sides of (4) and making certain adjustment, a
reference tracking error equation by feedforward linearized
control u(t) is got as follows:

et) = up, (1) + f1(1)
y(t) = CE(1) + CR(t) + B2 f2(t) ®)

where fi(t) = MY (—=AH@t)+d(t)) € R" is viewed as an
equivalent actuator fault signal, e(r) = x(¢) — r(¢) stands for
the tracking error, E(t) = [fé el(tydr (1) ¢'1)]" eR?
and R(t) = [ [y rT (v)dr rT(t) iT()]" € RY are the aug-
mented tracking error vector and the augmented reference
path of AGV system, respectively.

Thereafter, the dynamic equation of path tracking error in
(5) can be expressed with the following linear state-space
error dynamic system:

E(t) = AE(t) + B(u,, (1) + f1(t))
y(t) = CE(t) + CR(t) + By f>(1) (6)

0 L 0 0
where A = |:0 (; 13j|, B = |:0] , and PID control law is of the
0 0 0 I

following form
t
Upp(t) = Kpe(t) + K / e(t)dt + Kpeé(t)
0

=KE() @)

Remark 3:

i) In the conventional attack-tolerant tracking control of
AGV system [5], [27], fuzzy interpolation of several
local linear systems is employed to simplify the design
procedure of robust attack-tolerant observer-based path
tracking control of nonlinear AGV system. However,
it needs more design complexity to solve several local
linearized attack-tolerant observer-based path tracking
problems. Further, it needs more computational time to
calculate the fuzzy attack-tolerant observer-based con-
trol signal at every time instant [5], [27].

ii) The equivalent actuator fault signal fi(t) =
M~Y(—AH(@t) +d(t)) includes the error term from
feedforward linearization compensation and external
disturbance, which is a more smoothing signal. The
sensor fault signal f>(¢#) is mainly due to sensor fault
and attack signal.

Remark 4: The displacement and velocity can be measured
by sensor in practice, such as gyroscope and GPS. The inte-
grating of displacement can also be obtained by an integrator.
Therefore, it is reasonable to implement PID control u,,,,(¢) in
this study by augmenting tracking error e(¢) with the integrat-
ing term fot e(7)dt and the differential term é(¢) as augmented
tracking error vector E(¢) and design the PID control law as
Uy, (t) = KE(t), where K = [K; Kp Kp].

Based on the derivation above, we convert the path tracking
control problem for the nonlinear AGV system with external
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disturbance d(¢) and f>(¢) in (2) into the stabilization problem
of the linear tracking error system under actuator fault signal
f1(¢) and sensor fault signal f>(¢) in (6) by the feedforward
linearization control law u(¢) in (3). Afterward, an adequate
PID control law u,,,(¢) in (7) will be further designed to
robustly stabilize this linear tracking error system to achieve
path tracking of AGV under fault signals fi(z) and f>(z).
However, e(t), é(t) and f(; e(t)dt in (6) are unavailable, and
only the output y(#) can be measured. Further, actuator fault
signal fi(¢) and sensor fault signal f>(¢) will corrupt the PID
control u,,,(t) and the output measurement y(z ), respectively.
In this situation, more effort is needed for the observer-based
PID path tracking control design of AGV system in (6) and
().

Remark 5: The row rank of the controllability matrix
of the linear tracking error system in (6) is full, i.e,
rank([B, AB, ..., A°"'B]) = 9. Namely, we can stabilize the
linear tracking error system in (6) by a proper design PID
control u,,, (t).

Assumption 2.1: The fault signals fi(r) and f>(¢) are
smooth, which implies there exists the first derivative of both
fault signals. Thus, we can describe the first derivative of fault
signal fi(t), i =1, 2, by forward difference method

fit + h) — fi@)

fit) = 3 +Ri(t)

where R;(t) stands for the remainder term and # is the time
step.

Remark 6: The actuator fault signal fi(¢) is mainly due to
the error from reference-based feedforward linearization and
external disturbance and f>(¢) is mainly due to sensor fault
signal. Therefore, fi(¢) is more smoothing than the sensor
fault signal.

To describe the actuator fault signals fi(¢), the following
smoothed signal model is introduced [29]:

Fu(t) = AgFa(t) + va(t)
fi(t) = CuF,(t) (8)

where F,(t) = [f{ (t) fl @ —h) @ —wa)" €
RIMatD (1) = [(e1(0) + Ri)T Rt —h) -~ R{ (1 —
wgh)]T is the approximation error vector of smoothed sig-
nal model for actual fault signal, C, =[z 0 0] €

R3*3watD) 4 is the window size of actuator smoothed sig-
nal model, A, € R3WatDx3watD) i5 45 follows:

O G Sl ]
i -3k 0
Aa: 0 .
S
1 1
L O B =3B
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so that the actuator fault signal of next time step fi(z + &) can
be described by te following extrapolation scheme

W
filt+h) =) aifi = jh) +ei@) ©)
i=0
where €(¢) is the approximation error of extrapolation for
actuator fault signal.

Similar to the formulation of the smoothed signal model
conducted on the actuator fault signal fi(z) in (8), we can
establish the following smoothed signal model to describe the
sensor fault signal f>(¢):

Fy(t) = AgFy(t) + vy(t)
) = CF(t)

where Fi(t) = [f7 () f3 (& —h) @ —wh)" e
ROSHTDXP (1) = [(e2(t) + Ro(t))" Ry (t —h) -+ Ry (t —
wgh)]T is the approximation error vector of smoothed sig-
nal model for sensor fault signal, C; =1[I, 0 0]

RP*(ws+Dp 4 is the window size of sensor smoothed signal
model and A; € RWstDpxws+Dp g a5 follows

(10)

™ bo—1 b bug 7 7
“—1p Wlln il
1 1
e —wlp 0
AS = 0 T
1 1
L 0 alp —alpd

to describe f>(t + h) as

AU+ =Y A0~ i +a@  AD

j=0

where €(¢) is the approximation error of extrapolation for
sensor fault signal.

Since A,, Ay in the smoothed signal model of (8), (10)
are fixed constant matrices, there is no need to update the
smoothed signal model during maneuvering which saves com-
putation resource and is suitable for practical application.
Furthermore, the construction of parameters a; in (9) and b;
in (11) for the smoothed signal models can be achieved by
applying Lagrange extrapolation techniques in [29].

Remark 7: The difference between the proposed smoothed
signal models in (8), (10) and other signal models [19], [20],
[21], [22], [23], [24], [25], [26] is that, our smoothed signal
model decreases the difficulty of model construction by fix-
ing their parameters to avoid frequent parameter estimation
during the operation of AGV system. As long as the first
derivative of fault signal exists, the proposed signal model is
an appropriate design; even if the signal doesn’t satisfy with
the existence of the first derivative, including the square wave
signal, triangle wave signal, stochastic Wiener processes, etc.,
the proposed robust Hy, observer-based tracking control strat-
egy can attenuate the effect of approximation errors v,(t) in
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(8) and v,(¢) in (10) of smoothed signal models on estimation
and control to the prescribed level in the sequel.

Embedding (8) and (10) into (6), we get the following
augmented tracking error system of AGV:

E(t) = AE(t) + Buy,, (1) + (1)

y(t) = CE(t) + CR() (12)

_ E(t)
where E(t) = |:Fa(t)] is the augmented tracking error vec-
F(t)

_ A BC, 07 _ Bl _
tor,A=|:0 Aq 0],B=[Oi|,C=[C 0 BG],and v(t) =

0 0 A 0

0

I:va(t)i|.
(1)

Through augmenting smoothed signal models with the
tracking error system, it becomes possible to prevent the
augmented tracking error system in (12) from the impact of
the fault signals fi(¢) and f>(¢). Namely, the tracking er-
ror in (6) is protected against the corruption of fault signals
f1(t) and f>(¢). By utilizing the augmented system in (12), a
Luenberger-type observer can be employed as the following
form to estimate the state of the augmented tracking error
system e(t) and fault signals f;(¢), f>(t), simultaneously.

where lé?(t) =AEG) + Bu,,, (1) — L(y(1) — $(1))

$(t) = CE(t) + CR(t) (13)

Assumption 2.2: The augmented tracking error system in
(12) is observable [29], i.e., rank[* & ] =9 + 3w, + 1) +

(ws + 1)p, Vz € eig(A).

Remark 8 The selection of coefficients ao, ..., ay, of A,
in (8) and by, ..., by, of As; in (10) must be satisfied with
the observability condition in Assumption 2.2. In general, if
ao, ..., ay, and by, ..., by, are selected so that A, and A;
have not same eigenvalues, then the observability of the aug-
mented tracking error system in (12) can be guaranteed [29].

By utilizing the estimated augmented state in (13) which
contains the augmented estimated tracking error vector and
actuator/sensor estimated fault signal, the observer-based PID
control law u,,, (t) in (7) can be redesigned as follows:

Uy, (1) = RE(1) (14)

where K contains the PID control gains.

Remark 9: By defining the augmented observer-based
PID control u,,, (t) = KE(t) = [K Kr, Kr,] x [ET(t) B, (t)
ET O = KEG) + Kp, Ey(t) + Kr, Fy(t), it can be seen that
the feedback control gain K is the combination of the PID
control gains K for £ (t), along with the active fault-tolerant
control gains Kr, and K, for F,(t) and F(t) to compensate
the effect of actuator/sensor fault signals fi(z) and f>(¢) in
(6) on the path tracking control and the path estimation of
AGV system, respectively. This implies the new design for
observer-based PID controller u,,, () has FTC ability.

To design the observer gain L in (13), we introduce a new
variable E(t) = E(t) — E (t) to represent the augmented state
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estimation error, and the corresponding augmented estimation
error dynamic system can be described based on (12) and (13):

Et) = AE(t) + LCE(t) + 0(t) (15)

Combining (12), (14), and (15), the tracking error system
of AGV in (12) with the observer-based PID control design
in (13) and (14) can be combined with the estimation error
dynamic system in (15) as follows:

(t) =A%) + 0(r) (16)

where X(t) = [Egi] A= [ +OBK -_ch—], and 0(¢) = [zgi]

B. PROBLEM FORMULATION

Therefore, the fault-tolerant observer-based PID path tracking
control design procedure of AGV system becomes how to
specify control gain K in (14) and observer gain L in (13)
to achieve the robust stabilization problem under external dis-
turbance ¥(¢) in (16). Since ¥(¢) in (16) is unavailable, the
effect of ¥(¢) € L»[0, t7] should be taken into consideration
when we design K and L of the observer-based PID controller
in (13) and (14). Hence, in this study, the following robust
Hy, fault-tolerant observer-based PID path tracking control
strategy is proposed with a prescribed attenuation level p for
AGV system:

Jo ETWQE®) + ET ()QE (1)
_ Hul, (ORu,, (1)dr =V (X(0))

[T (1)v(e)dr

Y o(t) € 1[0, tf]

2

a7

where t; is the terminal time, {0, O, R} are the positive
definite weighting matrices on the tracking error, estimation
error, feedback control input, respectively. V (£(0)) denotes
the initial condition effect of the augmented tracking and esti-
mation error system in (16), which needs to be extracted in the
H, observer-based PID control performance, and 9(¢) repre-
sents the possible disturbance whose effect is necessary to be
attenuated on E (¢), E (), and Up, (1). The physical meaning of
the robust Hy, observer-based PID control strategy in (17) is
that from the energy perspective, the effect of the approxima-
tion error ¥(¢) € I3[0, 7] of proposed smoothed signal model
on the augmented tracking error E(¢), augmented estimation
error E(t) and PID control input u,,, () must be attenuated
below a predefined attenuation level ,02, i.e., the PID control
gain K in (14) and observer gain L in (13) must be specified
to satisfy the desired robust H, fault-tolerant observer-based
PID path tracking performance in (17).
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1Il. ROBUST H,, FAULT-TOLERANT OBSERVER-BASED PID
PATH TRACKING CONTROL STRATEGY FOR AGV SYSTEM
WITH CONTROL SATURATION
To facilitate the design of the robust H., fault-tolerant
observer-based PID path tracking control strategy in (17), the
following lemmas are provided before further analysis:
Lemma 1: For any matrices X and Y with proper dimen-
sions and positive definite matrix S, the inequality stated
below is valid [30]:

XTy +vTx <xTsx +yTs~ly (18)

Lemma 2 (Schur Complement): For the symmetric matri-
ces X, Y and matrix S with proper dimensions, the following
statement is equivalent [30]:

Y >0, X—SY_IST>O©[;(T ‘Yq} >0 (19

With the help of Lyapunov function, the design of proposed
observer-based PID path tracking control for AGV system can
be transformed to an equivalent linear matrix inequality (LMI)
in the following theorem.

Theorem 1: (i) If there exists matrices P = PT > 0,K, L
such that the following bilinear matrix inequality (BMI)
holds:

O+ PA+ATP+ RTRK + %PP <0 (20)
where K = [k —K],0 = [g g], then the robust H,, fault-
tolerant observer-based PID path tracking control strategy in
(17) is guaranteed for a prescribed attenuation level p?. (ii) If
9(t) € L»[0, 00), i.e., B(¢) is of finite energy, then E(t) — 0
and E(t) — Oast — oo, i.e., the asymptotical estimation and
tracking are all achieved as + — oo by the proposed robust
Hy, fault-tolerant observer-based PID path tracking control
strategy.

Proof: (i) For the augmented system (16), we define a
quadratic Lyapunov function V (%(¢)) = i (t)Px(t) where P
is a positive definite matrix to be solved.

Iy
fo (T ()0F0) + u, (O0Rutpyy (D))t

Iy
— (V) — VERO) + /O & (1)0x(1)

+ul (t)Ru,,, (t) + V(E(1)))dt

PID
t
<VEO) + f '@ ox)
0

+u® (t)Ru,,, (t) + & ()Px(t) + & (1)PX)dt

PID

(2D
By (16) and Lemma 1 with § = p?I, we get:
T ()PE(t) + & (1)Px

= (Ax(t) + )T PE(t) + & (1)P(AZ(t) + 0(1))
<i @) (PA +ATp + %PP) O+ T Ov@)  (22)
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Substituting (14) and (22) into (21), we get:

1y
/ & ()O%() + ul (Ru,, (1))dt
0
iy
< V(X(0)) + / ()zT (1) (Q +PA+ATP+KTRK
0

+Lpp 3t + 0" ()v(e) | d 23
po p ol (v(t) ) dt (23)

From (20) and ¥ Q% = ET QE + ET QE, we get

Iy
/ @& (O0%() + ul (Ru,, (1))dt
0
.
= / ! (ET(0)QE(t) + ETQE +u!,_(t)Ru,,,(1))dt
0

t
< V&EO) + p? f L@ v (24)
0
Therefore, the Hy, control performance in (17) is achieved
with a prescribed p2.

(i) If v(z) € L1[0, c0), then f0°° o7 (1)o(t)dt < oo. Then,
from (24), since V(%(0)) < oo, we get [, ET(t)QE(t) +
ET(0)QE(t) + ul (t)Rup,(t)dt < oo, ie. E(t) — 0,
E(t) — Oand u,,,(t) - 0ast — oo, Q.E.D. [ ]

However, the existence of the strong coupling effect be-
tween the designed variables K and L in the BMI in (20)
leads to the ineffectiveness of solving these two variables.
Fortunately, we can tackle this issue by a two-step design
method outlined below:

Step 1: Since the augmented system in (16) is composed
of two subsystems in (12) and (15), the Lyapunov(energy)
function consists of two Lyapunov functions of subsystems,
ie. V(&) = (1)Pi(t) = ET(t)PE(t) + ET (t)PE (t) with
P = g g]. Therefore, replacing Q in (20) with [g g], we

0 0 P O0][A+BK
5 o)+ o Al

obtain
—BK }

A+ LC
([P O][A+BK -BK T
0 P 0 A+LC
KRR —K"RK) 1 [PP 0
—K"RK KTRK 02| 0 PP

My My
= <0
[Msz M22]
where M| = O + P(A + BK) + (P(A + BK))T + KTRK +
%PP, My = Q0+ PA+LC)+ (P(A+LC) + KTRK +
ﬁﬁﬁ, My, = —PBK — KTRK, which are still bilinear ma-
trices of design parameters P, P, K, and L. Therefore, it is

not easy to solve BMI in (25) for P, P, K, and L. By the fact
that [30]

(25)

My M
<0=>M;1 <0,M» <0
[Msz Mzz] 1 2
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we can solve the inequality M, < 0 at first to get P, K.

Thus, we define W = P! and multiply it on the both sides
of Mj; < 0. After utilizing Schur complement in Lemma 2
two times, we can get the following LMI:

My + ﬁ w l/\ZFQ yr
(W lw)T 10 |<0 @
Y 0 —R7!

where M| = AW + BY + (AW + BY)T, ¥ = KW. By solv-
ing the LMI in (26), W and ¥ can be obtained and then
K =YW~ can be get.

Step 2: Substituting P =W~ and K = YW~! in Step 1
into (25) and applying Lemma 2, the following LMI can be
got:

My  Mp 0
M, O+My+K'RK P | <0 27)
0 pT —p%

where My = PA+YC + (PA+YC)T, ¥ = PL. Therefore,
P and L = P~'Y can be obtained by solving the LMI in (27).

Remark 10: Since the proof procedure of Theorem 1 is
derived by a series of inequalities, the solution of two-step
design with the corresponding attenuation level p will be
conservative. Nevertheless, the performance of proposed Ho,
fault-tolerant observer-based PID path tracking control strat-
egy would be better in practice generally.

Furthermore, due to the integration phenomenon of PID
control signal, the control saturation is always concerned
in PID control design since control input limit inevitably
exists and is restricted by physical saturation of actua-
tor in the practical application of AGV. Suppose that E(t)
is restricted to stay in an invariant ellipsoid &, = {E(t) €
ROBWatD+ws+ D) ET ()WW—1E(t) < 1} for t > 0, and if
v2W ! > RTR for v € RT, then we can obtain [31]

max ||u t
1>0 “ PID( )”2

=max [KE ()l
>0

< max |[RE®)|
Eece,

< max [vW2ZE@0)|l2
Eee,

=max VVZET(t)W—1E(t)
Eece,

<v

Namely, |u,,, ()2 <v if v2W~! > KT(#)K(t) holds or
VW > (KW)TRW = YTY holds for ¢ > 0. Therefore, by
Schur complement in Lemma 2, the above constraint is equiv-
alent to the following LMI

(28)
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i.e., if the LMI constraint in (28) holds to v, then the amplitude
of PID control signal is limited by |lu,,,(¢)|l> < v of actuator
saturation.

Therefore, the optimal robust Hy, fault-tolerant observer-
based PID path tracking control strategy with control sat-
uration for AGV systems can be solved by the following
LMIs-constrained optimization problem:

*2 2
o

= _min p
W>0,K, L

subject to (26), (27), (28) (29)

With the help of LMI TOOLBOX in MATLAB, the above
LMIs-constrained optimal problem can be solved for PID
control gain K* = [K} K} K}j] and observer gain L* by de-
creasing the attenuation level p? until there exists no positive
solution W > 0 for (26), (27) and (28).

Remark 11: In conventional PID control designs, design-
ers need to tune these PID control parameters to achieve
some design purposes, which are always very complicated and
difficult tunning processes. In this study, the PID control pa-
rameters [Kj K" K}5| and observer gain L* can be obtained by
solving the LMIs-constrained optimization problem (29) by
decreasing p? in a single run with the help of LMI TOOLBOX
in MATLAB.

Consequently, the design procedure of the optimal robust
Hy, fault-tolerant observer-based PID path tracking control
for AGV system in (2) is summarized as follows:

1) Implement the path reference-based feedforward con-
trol scheme in (3) to derive the linearized dynamic
system of the tracking error equation in (5) for the AGV
system.

2) Construct the parameters ¢; in (9) and b; in (11) for the
smoothed signal models in (8) and (10) while checking
the rank condition for observability of the augmented
tracking error system in (12) in Assumption 2.2 to
achieve the active FTC capability for actuator fault sig-
nal f](¢) and sensor fault signal f>(t), respectively.

3) Obtain the augmented tracking error system in (12) by
embedding two smoothed signal models into the lin-
earized system in (6).

4) Determine the weighting matrices 0>0,0>0,R>0
and the upper bound of the PID control input v for
the robust Hy, fault-tolerant observer-based PID path
tracking control strategy in (17) with control saturation
in (28) according to the desired design goal.

5) By the proposed two-step design procedure, find the
optimal PID control gain K* and optimal observer gain
L* for the observer-based PID controller in (13) and (14)
through the solution of the LMIs-constrained optimiza-
tion problem in (29).

6) Construct path reference-based feedforward lineariza-
tion control law u(#) in (3) to get the actual control input
uy(r) from u (1) = G, (R@))u(r).

The procedure of above optimal Hy, fault-tolerant observer-

based PID path tracking control strategy of AGV can be
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designed in Algorithm 1 for more practical applications.
Unlike the complicated tuning process of conventional PID
control design methods, the proposed PID controller can be
obtained in a single run.

IV. SIMULATION EXAMPLE

To meet the requirements of the smart city application, the
AGYV system should be able to track a reference trajectory to
complete some specific mission. However, the negative effect
from actuator/sensor fault signal and external disturbance is
inevitable. Therefore, these negative influences are considered
in this simulation to validate the effectiveness of the proposed
robust path reference tracking control method of AGV system.

A. STRUCTURE OF SYSTEMS

In this section, the AGV system in (1) has to accomplish a
triple-lane change task to demonstrate a scenario for a vehicle
switches lanes for both overtaking and avoiding obstacles
while maneuvering. In the observer-based PID control strat-
egy of AGV system in (6), the position and speed variables
are available by GPS and gyroscope and the integral term
f(; xT(7)dt can be obtained by an integrator, so that it is
reasonable to choose an identity matrix Iy as measurement
output matrix C in (6). The remainders of system parameters
and design parameters are specified as the subsequent arrange-
ment:

1) AGV system parameters [5]: m = 1530(kg), I, =
4607 (kg - m?), C,r = 9.5 x 10%* (N/rad), C,r = 8.55 x
10* (N/rad), ly =1.11(m), [, = 1.67 (m).

2) Design parameters: Initial p =100, p;=0.01,
w,=3 and wy,=2, a9p=0.9, a =001, a =
0.01, a3 =0.002, by =0.9, b;=0.09, b,=0.001,
0 = diag(Q1,0,0) where Q) = diag(0.001,0.01,
30)® 5, 0=20x diag(Q1,~Q2, 03) where Q) =
diag(0.01,0.01,1) ® L, O = diag(1,0.1,0.01,
0.001) ® I, O3 = diag(1,0.1,0.01)®1,,p =9, h =
0.001, v = 10.

3) External influence: d(t)=35 x [sin(t) sin(¢) sin(z)]” +
0.5 x [sin(5t) sin(5¢) sin(56)]7, fo(r) is set as a
square wave with amplitude 0.25 and frequency 0.1 Hz.

4) Initial condition: %(0) = [E(0)T, F,(0)T, F,(0)T, E(O)]T
=[[0.10.20.10.1020.100017,0,0,[0.10.20.1
0.10.20.1000 117, where 0 denotes the zero matrix
with the corresponding dimension.

B. SIMULATION RESULTS

At first, the optimal control gain K* and the optimal observer
gain L* of the optimal robust Hy, fault-tolerant observer-based
PID path reference tracking control strategy are obtained with
the optimal attenuation level p* = 43.27 in (29) by the pro-
posed design procedure in Algorithm 1 with the above design
parameters.

To evaluate the reference path tracking performance of
AGV system by the proposed optimal Hy, fault-tolerant
observer-based PID reference path tracking control strategy
in future smart city, a triple-lane change task is conducted and
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Algorithm 1: Design Procedure of Optimal Robust Hy,
Fault-Tolerant Observer-Based PID Path Tracking Control
strategy of AGV System With Control Saturation.

Input: Smoothed signal model parameters a;, b;;
weighting matrix Q > 0, Q > 0, R > 0; upper
bound of the PID control input v; initial p;
decreasing step py;

Output: Optimal control gain K " optimal observer gain

L" and optimal attenuation level p*

1:  Initialize I fSolved < false; /* If can be solved. */

2. if rank in Assumption 2.2 holds then

3: /* Solve optimal LMIs problem */

4. Initialize I f Optimal < false; /* If optimal
solution. */

5: while not 1 fOptimal do
6: /* Step 1 */
7: Solve (26) and (28) simultaneously to get
P=WlandR =YWL,
M1 + p_lz w 1/\2@ rr
8: mp < | (W 1/\2/§)T 7 " E
Y 0 —R7!
9: ny < |:v2_V_V r ]
’ Y I |
10: checky < P > 0 and m; < 0 and my > 0;
11: if check; then
12: /* Step 2 */
13: Solve (27) to get Pand L = P~'Y;
My, M, p
14: my < | ML, Q+M»+K'RK 0|;
pT 0
15: checky < P > 0 and m3 < 0;
16: if check; then
17: /* Update optimal solution */
18: K' <KL < L;p* < p;
19: IfSolved < true
20: p < p = Ps
21: else
22: if 1 fSolved then
23: 1fOptimal < true
24: else
25: /* No proper solution, redesign. */
26: end if
27: end if
28: else
29: if I fSolved then
30: IfOptimal < true
31: else
32: /*No proper solution, redesign. */
33: end if
34: end if
35: end while
36: else

/* Smoothed signal models are unobservable,
redesign a;, bj */
37:  endif
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FIGURE 2. Path reference tracking performance of triple-lane change task
in the 2-D graph of AGV during the maneuvering process by the proposed
method and fuzzy method in [5].
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FIGURE 3. Tracking performance of longitudinal displacement x,(t) and
longitudinal velocity x,(t) of AGV system by the proposed method.

presented in Fig. 2. This reference path not only stands for
the lane change but also represents the obstacle avoidance.
Thereafter, each reference path tracking performance of the
AGYV system by the proposed method in comparison with the
robust fuzzy method in [5] are depicted in Figs. 4 and 5 to
validate the effectiveness of the proposed method. However,
it should be noted that in the fuzzy method, the longitudinal
displacement x, (¢ ) and longitudinal velocity x,(¢) are not con-
sidered into dynamic model in (1) for path tracking of AGV
system. As a result, these reference path tracking result are not
included and are assumed to be the same as reference signals
in Fig. 3. In this triple-lane change task, except for slight
deceleration during turning at about 4 s, 18 s, 30 s, and 41 s,
the longitudinal velocity x,(¢) maintains a constant speed of
15 m/s for the rest of the time. Therefore, the variation of the
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FIGURE 4. Tracking performance of lateral displacement y,(t) and lateral
velocity y,(t) of AGV system by the proposed method and the fuzzy
method [5].
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FIGURE 5. Tracking performance of yaw angle 4(t) and yaw rate () of
AGV system by the proposed method and the fuzzy method [5].

yaw angle 6(¢) is controlled within a small angle range, which
can prevent the AGV from getting out of control due to abrupt
turns in such velocity. Furthermore, the lateral displacement
yp(t) is highly correlated with the yaw angle 0(¢). Analyzing
the AGV system dynamics in (1), it can be found that the
influence from actual control input u;(¢) on y,(t) and 6(t) is
proportional to a factor of # The influence from H, (x(z)) on
yp(t) and 0(r) by hy(x(¢)) and hy(x()) is also quite similar.
With the help of the estimated trajectory of AGV system in
Figs. 6, 7, and 8 and the estimated fault signals in Figs. 9 and
10, the controlled displacement and velocity can achieve the
desired reference trajectory tracking using the proposed robust
H fault-tolerant observer-based PID path tracking control
strategy for AGV systems with high precision in Figs. 2, 3,
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FIGURE 6. Estimated errors of longitudinal displacement x,(t) and
longitudinal velocity x,(t) by the proposed H., Luenberger-type observer
of AGV system in (13).
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FIGURE 7. Estimated errors of lateral displacement y,(t) and lateral
velocity y,(t) by the proposed method and the fuzzy method of AGV
system in [5].

4, and 5. By utilizing the proposed smoothed signal model,
the actuator and sensor fault signals, fi(¢) and f»(¢), can be
accurately estimated in Figs. 9 and 10 and be used for fault
signal compensation via the active fault-tolerant control input
u,,,(t), as shown in Fig. 11. For instance, when the actuator
fault signal fi(¢) is obviously affected by the disturbance d(t)
and exhibits a periodic waveform in Fig. 9, the PID control
Uy, (1) in (6) also demonstrates a similar pattern but with a
phase shift in Fig. 11 to compensate the influence of f(¢)
on most of the controlled trajectories effectively. However,
since the estimated error trajectories of AGV and the actua-
tor/sensor fault signals are combined as the augmented system
of E(t) in (13), the estimation error of the controlled trajecto-
ries of AGV system are also influenced by the estimation error
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FIGURE 8. Estimated errors of yaw angle 6(t) and yaw rate d(t) by the
proposed method and the fuzzy method of AGV system in [5].
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FIGURE 9. Actuator fault signal f; (t) and the corresponding estimation
i (t).

of the actuator/sensor fault signals through the observer gain
L in (13) by the proposed robust Hy, fault-tolerant observer-
based path tracking control strategy. Hence, the slightly larger
estimation error of fi(t) and f>(¢) at the peak and trough
in Figs. 9 and 10 results in the periodic fluctuation in the
estimation error of the system trajectories of AGV in Figs.
6,7, and 8.

Furthermore, the robustness of proposed Hy, fault-tolerant
observer-based PID reference tracking control scheme is also
demonstrated in this simulation. Even though the sensor fault
signal is chosen as square wave, which may not be described
as a smoothed signal at corner points, the negative effect from
the approximation error on the reference tracking is efficiently
attenuated by the impulse peak in the third PID control input
Upp,3(t) and the first actual control uy 1 (¢), as shown in Figs.
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FIGURE 10. Sensor fault signal f,(t) and the corresponding estimation
f2(t).
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FIGURE 11. PID control u,,, (t). From Figure 9, obviously the proposed PID
control can effectively compensate the actuator fault signal.

11 and 12. Such rapid impulse can be also observed in the
norm of PID control input ||u,,,(t)|l» in Fig. 13, particularly
around 5 s, 20 s and 55 s. As the result, by the proposed robust
H fault-tolerant observer-based PID path reference tracking
control scheme, there is no significant deviation between the
trajectory of AGV and reference trajectory in Figs. 3, 4, and 5
when the sensor fault signals exhibit discontinuity in Fig. 10.
Precisely, the effect of the approximation error ¥(¢) of the
signal model on the path reference tracking error, the path
estimation error and the control input is calculated as the
attenuation level of p = 0.1 in (17) from the view point of
energy in this simulation. The magnitude gap between the op-
timal attenuation level p* = 43.27 obtained from Algorithm 1
and the actual attenuation level p = 0.1 in (17) mainly results
from the conservative induced by the series inequalities in the
proof of Theorem 1 and the conservative of two-step methods
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FIGURE 12. Actual control input u; (t) = [u1,1(t) u1 2(£)]".
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FIGURE 13. Norm of PID control input ||u,,,, (t)I» and the upper bound we
set v=10.

in (26) and (27) as well as the inequalities to obtain the
actuator constraint v in (28) and the conservative in solving
the LMIs-constrained optimization problem in (29). However,
the performance of the proposed optimal Hy, fault-tolerant
observer-based PID path tracking control design would be
better for more practical applications of robust path tracking
control of AGV system under external disturbance, measure-
ment noise, fault signals, and actuator saturation.

On the other hand, to compare with the path tracking per-
formance, the fuzzy robust observer-based steering control
method of AGV in [5] is selected. Since the fault signals
are considered as measurement noise when the robust fuzzy
observer-based control strategy is designed, the simulation
results of the fuzzy robust observer-based controller in [5]
clearly indicate that this passive fault-tolerant control ap-
proach is less effective in dealing with both the fault signal
and disturbances, leading to significant perturbations in the
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estimation errors, as illustrated in Figs. 6, 7, and 8. Similar to
the scenario described in the previous paragraph, the dramatic
estimation errors in Figs. 7 and 8 lead to the oscillating phe-
nomena, which are evident at 10 s, 21 s and 31 s in Figs. 4
and 5 due to the passive fault-tolerant characteristics of its
observer-based control scheme. Consequently, the lateral dis-
placement y,(7) in Fig. 4 and the yaw angle 6(¢) in Fig. 5
are unable to accurately track their desired reference signals,
resulting in a maximum offset of 4.8 m from the 2D trajectory
in Fig. 2. In contrast, the proposed method achieves a superior
path tracking performance with a maximum offset of only
0.3 m, underscoring its effectiveness.

The PID control input u,,, (t) and the actual control input
u(t) are displayed in Figs. 11 and 12, respectively. In the
presence of actuator/sensor fault signals, the PID control input
up,,(t) exhibits a periodic waveform pattern to be served
as an active fault-tolerant path tracking control mechanism.
Additionally, due to the non-smoothed signal f>(¢), impulse
phenomena occur every 5 seconds in the third PID control
input u,,, 3(t) and the first actual control input u; 1(¢). Be-
sides, it is noteworthy that the magnitude of the PID control
input u,,,(t) adheres to the predefined constraint to avoid
the integration of PID controller as illustrated in Fig. 13, i.e,
lttp;, (1)ll2 < v =10 for t > 0 which also demonstrates the
effectiveness of the proposed PID control method with avoid-
ing the actuator saturation. Even there exist rapid impulses
induced by the compensation for active FTC of sensor fault
signal f>(¢) in Fig. 10, the amplitude of the norm of PID
control input ||u,,,(¢)|> remains under the limit we set dur-
ing designing the observer-based path tracking controller of
AGYV system. The actual control input u (¢) is computed using
the equation u(t) = G;(xX(¢))(M (7 (t) + up,, (t)) + I-{(r'(t))).
Fig. 12 illustrates that despite employing u,,,, = KE in the
proposed control scheme, the resulting actual control in-
puts for the steering angle u; 1(¢) and the brake/accelerator
uy 2(t) after transformation remain reasonable. The variation
of u1,1(¢) at about 4 s and 41 s has larger amplitude than the
variation after 50 s on positive side, which corresponds to the
rotation of yaw angle when the AGV starts to switch to the
left lane, while the variation starting around 18 s and 30 s
has great amplitude on the opposite to match the operation
for the AGV switching to the right lane too. The variation
of u;1 2(¢) around these time points is also evident than other
time points, which meets the braking deceleration required
for AGV during turning around. This observation indicates
the practical feasibility of the proposed control scheme for
robust Hy, fault-tolerant observer-based path tracking control
of AGV under actuator/sensor fault signals, environmental
disturbance and output measurement noise.

V. CONCLUSION

In this study, a robust Hy, fault-tolerant observer-based PID
path tracking control strategy for AGV is proposed. This strat-
egy takes into account control saturation, measurement noise,
external disturbance, and actuator/sensor fault signals to make
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the proposed tracking control scheme more practical. To sim-
plify the controller design for the nonlinear AGV system and
reduce the computation resource requirement in implementa-
tion, a novel path reference-based feedforward linearization
method is employed. The proposed observer-based PID con-
trol scheme utilizes two smoothed signal models to effectively
estimate the actuator/sensor fault signals and the system state
simultaneously by the traditional Luenberger-type observer.
By the proposed robust Hy, fault-tolerant observer-based
PID path tracking controller with control saturation, the ro-
bust Hy, desired state estimation and reference path tracking
performance of AGV can be achieved with the prescribed
attention level p? from the energy perspective. By the pro-
posed two-step design method, the optimal Hy, fault-tolerant
observer-based PID tracking control design problem can
be transformed to a LMI-constrained optimization problem
which can be solved efficiently for PID control parameters
in a single round with the help of MATLAB TOOLBOX.
Finally, a numerical simulation is conducted to illustrate the
design procedure and validate the effective performance of
the proposed Luenberger observer-based PID path tracking
controller. Compared to the traditional fuzzy H,, passive
fault-tolerant observer-based control method, the simulation
results show that the AGV system can achieve a better path
tracking accuracy in the triple-lane change tracking task by the
proposed robust Hy, fault-tolerant observer-based PID path
tracking control strategy. Besides, both actuator and sensor
fault signals can be estimated with AGV states simultaneously
and can be further cancelled by PID control compensation
based on the estimation of Luenberger-type observer to en-
hance the robust path tracking ability. Further research topic
will introduce wireless network effect in the AGV network
controlled system, such as package drop or input delay due to
wireless channel communication, to improve the applicability.
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