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ABSTRACT For the problem of multiple sensor faults in the automated guided forklift (AGF), an equivalent
model with system faults and disturbances is established. To detect multiple sensor faults in the AGF,
a sliding mode observer (SMO) is proposed. It introduces a fault estimation algorithm that is designed by
the fault residual and the residual is only sensitive to sensor faults which means that the SMO is robust to
unknown input disturbances. On the other side, it can also judge the faulty sensor according to the feature
vector of different sensors. To judge the type of sensor faults accurately, a mathematical model of sensor
fault characteristics is established and it can provide a foundation for choosing appropriate fault-tolerant
output compensation measures. Then an active fault-tolerant control method based on state feedback is
proposed. It can restore the control system to normal and maintain the stability of the control system. Finally,
experiments are given to verify the effectiveness of the proposed fault-tolerant control strategy.

INDEX TERMS AGEF, sensor fault, fault diagnosis, fault tolerant control, SMO.

I. INTRODUCTION

The wide application of AGF is conducive to the establish-
ment of an intelligent logistics system and improving logis-
tics efficiency. Correspondingly, greater demands are being
placed on the reliability of the control system, especially the
fault detection of primary sensors and fault-tolerant of the
system.

The fault diagnosis and tolerant control techniques of vehi-
cles have been intensively investigated. In [1], a fault diag-
nosis approach for finding the faulty in-wheel motor/motor
driver pair is developed, and based on the in-wheel
motor/motor driver faults diagnosis mechanism, a control-
allocation based vehicle fault-tolerant control system is
designed to accommodate the in-wheel motor/motor driver
faults by automatically allocating the control effort among
other healthy wheels. For the path-tracking problem for four-
wheel-steering and four-wheel-driving electric vehicles with
input constraints, actuator faults, and external resistance, a
hybrid fault-tolerant control approach, which combines the
linear-quadratic control method and the control Lyapunov
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function technique, is proposed [2]. However, few contri-
butions have been made for the fault diagnosis and tolerant
control of AGF.

For the model uncertainties, a SMO, which introduces a
fault estimation algorithm with adaptive law, is proposed.
The SMO has been widely applied to cope with this prob-
lem. An adaptive-gain second-order sliding mode (SOSM)
observer is developed for observing the PEM (polymer elec-
trolyte membrane) fuel cell system states, where the adaptive
law estimates the uncertain parameters [3]. In [4], a new
delay-derivative-dependent SMO design for a class of linear
uncertain time-varying delay systems is presented. Moreover,
the SMO should develop the capacity for discriminating
between sensor faults and input disturbances. A pseudo-
sliding form can be designed to suppress the impact of dis-
turbances [5] and the residual error of the system can also
be developed [6], [7]. Then, a SMO which introduces a fault
estimation algorithm with adaptive law is proposed in this
work. It is designed by the residual error and the residual
error is only sensitive to sensor faults which means that
the SMO is robust to unknown input disturbances. Except
for the SMO, an active fault-tolerant control method is
proposed. Different from the passive fault-tolerant control
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algorithm, state feedback and pseudo-inverse methods are
introduced to realize active fault-tolerant compensation [8].
On the basis of adaptive sliding mode control (ASM) and
fault-tolerant control distribution, an adaptive sliding mode
fault-tolerant coordination (ASM-FTC) control method is
proposed [9], which solves the problem of multimotor coordi-
nate operation against the actuator faults in the 4WID system.
Some advanced control strategies have also been proposed to
achieve better control effects, such as RBF neural network-
based supervisor control [10], deep learning based semi-
supervised control [11], nonlinear control of underactuated
systems [12], output feedback regulation control [13].
Different from the traditional control strategies proposed
on AGYV, this paper takes the AGF as the object and solves
the problem of multi-sensor fault diagnosis and fault-tolerant
control of AGF. Compared with conventional cars, it has more
complicated model uncertainties because of the movement of
the center of gravity and the variation of the cargo weight.
In order to solve the multi-sensor fault and fault-tolerant con-
trol problems of AGF, firstly, considering the sensor fault and
unknown disturbance, the three-degree-of-freedom forklift
model is established and an equivalent fault model of the
AGF system is also proposed. Secondly, an adaptive sliding
mode observer is designed. The observer sets different fault
thresholds for different types of sensors, so that the observer
has different sensitivity characteristics to different sensor
faults. In order to improve the accuracy of fault judgment,
a mathematical model of sensor fault characteristics is further
established, and different fault-tolerant output compensation
algorithms are designed for different fault types. Finally,
an active fault-tolerant control method, which is based on
state feedback, is proposed. It can restore the control system
to normal and maintain the stability of the control system. The
main contributions of this paper are summarized as follows:

1) Based on the three-degree-of-freedom dynamic model,
this paper proposes an AGF equivalent fault model,
which converts the redundant parameters in the output
term into the input term. Then the output is not dis-
turbed, which facilitates the design of the observer.

2) A SMO is proposed which can detect multi-sensor
faults in AGF, and the SMO is robust to unknown input
interference.

3) An active fault-tolerant control method based on state
feedback is proposed, which can restore the control sys-
tem to normal and maintain the stability of the control
system. Experiments have also proved the effectiveness
of this method.

The rest of the paper is organized as follows. Section 2 gives
the equivalent AGF fault model based on the three-degree-
of-freedom forklift model. In Section 3, an adaptive SMO is
designed. It can judge the faulty sensors according to different
characteristics of faults residual. Then, a mathematical model
of sensor fault characteristics is also established to further
determine the type of sensor faults. In Section 4, for different
fault types, an active fault-tolerant control method based on
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FIGURE 1. Dynamic model of forklift: (a) Top view; (b) Rear view.

state feedback is given. And it proves that the system is stable
in the sense of Lyapunov. Experimental results are discussed
in Section 5 and the conclusion is presented in Section 6.

Il. AGF FAULT MODEL
A. THREE-DEGREE-OF-FREEDOM FORKLIFT DYNAMICS
MODEL
Considering the working principle of AGF and the influence
of the environment, the two-degree-of-freedom dynamics
model cannot reflect the stability when the forklift is loaded.
Then a three-degree-of-freedom forklift dynamics model is
introduced in this manuscript [14], [15]. It can reflect its oper-
ating conditions and the stability characteristics of the AGF
accurately. The horizontal ground is set as the coordinate
plane. The transverse pendulum motion moves around the Z-
axis, side-to-side motion move around the X-axis, and lateral
motion moves along the Y-axis. The three-degree-of-freedom
dynamics model of the forklift is shown in Figure 1.
The dynamics model of the forklift can be derived as [16]:
Lateral movement around the X-axis:

Lp —Led> =) My =L, €y
Lateral motion along the y-axis:
m( + uw) — mghygp = ZFy, = Fy )
Transverse pendulum motion around the Z-axis:
Lo —Iep=Y M;=M, A3)

where [, is the moment of inertia around the X-axis, I, is
the moment of inertia around the Z-axis, I,; is the product
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of inertia around the X and Z axes, h; is the distance from the
center of mass of suspension to the axis of lateral tilt, m is
suspension mass, p is the lateral angular velocity, O,, is the
center of the forklift’s tilt, Fy is the total external force in
the y-axis direction, p is the lateral angular acceleration, m
is the total mass of the forklift, L, is the external moment in
the X-axis direction, M, is the total external moment on the
Z-axis.

Ly = —cyp — kg + mgghgsing + mshsu(f + w)cos ¢
4)

Fy = Fy1 + Fyz + Fy3 + Fyq (5

M, = a(Fy + Fy2) — b(Fy3 + Fya) (6)

Since ¢ is small, it can be approximated as sin¢ = ¢,
cos ¢ = 1. Then the model can be derived as:

Lp — Lo —mshgu(B + ) = —cop — (ky — mygh)p
. . a
Lo—1I.p= akf(/g + ;w - 8f - Rf¢)
b
— bk, (B — ;w — & — Ry ) (7)
. . a
mu(p + w) — mshsp = ke (B + ;a) — 8 — Rro)

+ k(B — Sa) — & — Ry 9)

where Ry is the front axle roll steering coefficient, a, b are the
distances from the mass center of the forklift to the front and
rear axle respectively, ¢y is suspension camber damping, &y
is the suspension camber angle stiffness, k¢ is the equivalent
lateral stiffness of the front axle tire, R, is the rear axle roll
steering coefficient, k, is the equivalent lateral stiffness of the
rear axle tire.

In the model, yaw rate w, lateral tilt angle ¢, lateral tilt
angular velocity p, and mass center lateral deviation angle
B are used as state variables, and the equivalent monorail
model front wheel rotation angle &¢ is the input, namely
u(t) = 8. Thus, the equation can be written in the following
form:

(1) = Apxy(t) + Byuy (1)

8
Yp(8) = Cpxp(t) ®)

where

Ap=M{'M>, B, =M;{'M3, M3 =k kra 0 0],
1 0 0 0
0 1 0 0

“=1lo 0o 1 ol
(0 0 0 1
o mu 0 —mghg

| L 0 0 —I

M = —I; mshsu 0 1, ’

L0 0 1 0
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—kra+kb
A L — —kf — k- (kfRp+kR) 0
. .
kra®+k.b?
My =| Yk 4 bk (kR —kebR,) O
u
mghgsu 0 —(Kp —mysghs) —Cy
0 0 0 1

B. EQUIVALENT FAULT MODEL

Considering the effects of the fault term and the input dis-
turbance term, an equivalent fault model of the AGF system
including sensor faults and input disturbances is developed
with the three-degree-of-freedom model of the forklift.

Xp() = Apxy (D) + Byu(t) + Dpd(t)
Yp() = Cpxp(t) + Egpf

where x,(t) € R" is a state vector, D), is a known external
interference matrix, u(t) € R’ is the input vector, d(t) is an
unknown input disturbance, f; is a sensor fault vector, yp(t) €
R™ is the output vector, Ey, is a sensor fault distribution
matrix, Ay, B, C,, are matrices of known constants.

To filter the output y(t), we define a low-pass filter Z to
convert sensor faults from the output to the input equivalently
so that the output will not be disturbed [17]. The low-pass
filter Z is:

©))

7= —Arz+Ary (10)

where Ay is a stability matrix.
On the basis of (9) and (10), we get:

L 5] )

0 0
+ [AfDP}d(t)wL |:AfEsp:|fSp (11)

X
7= [0 I ] |: Pi|
Z
The new state variables and matrices are defined as:

T A 0
v=[x ] y:Zi’A:[Asic,- —Ag ]

B
7=l

0 0 ]
A

By substituting them into equation (11), we obtain the
following model:

x(t) = Ax(t) + Bu(t) + Dd(t) + Ef;
Yy = Cx(H)

where x(t) € R" is a state vector, D is the equivalent known
external interference matrix, y(t) € R™ is the equivalent
output vector, Es is the equivalent sensor fault distribution
matrix, A, B, and C are matrices of known constants.

In the model, all sensor faults and unknown terms can be
transformed into input terms, namely, the excess parameters

12)
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in the output terms can be equivalently transformed into input
terms so that the output is not disturbed [18].

To design the observer, we make the following assump-
tions:

Hypothesis 1: d(t) is bounded. It means there exists
A >0, lldOl = 2.

Hypothesis 2: There exists a matrix F such that
PD=CTFT.

Hypothesis 3: There exists a matrix L such that
Ap =A — LC is a stable matrix and there are two positive
deterministic real symmetric matrices P, Q satisfying Lya-
punov equation A} P + PAg = —Q.

Hpypothesis 4: There exists a positive symmetric matrix Py
such that Eg = —Py'ETPC~!.

IlIl. SMO DESIGN AND SENSOR FAULT DIAGNOSIS

A. SMO DESIGN

According to the AGF equivalent fault model, the following
sliding mode observer can be designed to estimate the state
quantity:

2(1) = AR(t) + Bu(t) + Dv + L(y — CR) + Efi(t)
() = Cx(1)
ey = (1) — y(1) is defined as the observer generated residual

that can be reached and maintained on the surface of the

sliding mode. v is a discrete switch item defined as:
Brrt, ey £0
—Phy- > ©
V= HFey } Y

0, ey =0

(13)

(14)

Since the residual only contains fault information, a fault
estimation algorithm is designed which can be adaptively
adjusted for better tracking performance [19]. It can be
derived as:

i = Eoey (15)

where Ey is a suitable matrix satisfying hypothesis 4. Fault
estimation is defined as fs(t) = f}(t) — fs(2), the state obser-
vation error is defined as e(t) = X(t) — x(¢). In summary,
the system estimates the error equation as follows:

{ &(t) = (A — LO)e(t) + D(v — d(1)) + Edfs
(16)
ey = Ce(t)
From Hypothesis 3, the equation can be written as:
{ é(t) = Age(t) + D(v — d(t)) + Edfi(1)
A7)
ey = Ce(t)

Theorem 1: Considering the fault model (17), the sensor
fault estimate error f; and the state observation error e are
both stabilized at 0 under the condition that Hypotheses 1 to
4 are both met.

Proof: When f; # 0, the Lyapunov function is selected:

V = e Pe + fT Pf, (18)
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and its derivative is calculated as:
V = &l e+ ef Pe + T PF, + T P,
= " (AT P + PAg)e + 2¢" PD(v — d) + 2¢" PES,

+277 PEF,
= —el Qe+ 2(FCe) (v — d) + 2f 1 (ET Pe + Pf,)
T T Fey
< —¢" Qe = 2Fey)! Py +2 | Fey | 1]
y
T T ~
+2fT(ET Pe + Pqf,)
< 2| Fey| (Br — Id1l) + 2 (E" Pe + Pofy)
< 2fT(ET Pe + Pqofy)

Thus when f; = —Py 'ETpe = Epey, it is guaranteed that
1% < 0. Therefore, both the fault estimation error fs and the
state observation error e converge in the zero domain.

From the proof of Theorem 1 and Eq. (17), the residual
ey(t) = J(t) — y(¢) is not affected by the unknown input per-
turbation and it will only be affected by the fault f;. Therefore,
the residuals are only sensitive to faults occurring in system
components, thus it proves that the robustness of the method
to unknown input perturbations. When the sensor does not
fail, the state observation error converges to zero, so it can be
used as a fault detection observer. At the same time, by setting
specific thresholds for different types of sensors based on the
size of their respective eigenvectors at the time of the fault,
it is possible to accurately determine the fault in different
situations. The following thresholds can be set to determine
if the system is malfunctioning:

”eyo H2 < u; No fault occurs

k(t) = (19)

||ey0 ||2 > u; Fault occurs
where w; is the maximum value of the residuals that would
have occurred if each sensor had not failed.

Note 1: Inserting the discontinuous switching term into the
observer can effectively suppress the unknown input pertur-
bation, thus making the observer robust to the unknown input
perturbation. However, inserting the discontinuous switching
term causes the sliding mode control to be discontinuous
and the system will generate high-frequency jitter and distur-
bance. This problem can be solved by replacing the discon-
tinuous switching term with a saturation function to suppress
the jitter. As follows:

Fe,
v=—P | (20)

|Fey|| +4

where § is a small constant.

B. SENSOR FAULT DIAGNOSIS AND FAULT
CHARACTERIZATION MODELING

The accuracy of sensor measurement data is critical to the
safety of the entire AGF system, so the main sensor faults
involved in AGF systems are classified. The observer method
described above can determine which sensor has failed and
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TABLE 1. i represents the sensor.

Symbol Represented Sensors

i=1 the left front wheel angle sensor
i=2 the right front wheel angle sensor
i=3 the left rear wheel angle sensor

i=4 the right rear wheel angle sensor
i=5 the yaw rate sensor

i=6 the tilt angle velocity sensor

therefore the type of sensor faults that has occurred, allow-
ing for fault-tolerant compensation and active fault-tolerant
control of the sensor.

Definition: type of sensor faults

Sensor Noise Faults: During the measurement and trans-
mission process, the signal is disturbed by the external
environment, and the output value contains a lot of noise
compared to the normal value.

Sensor Stuck Faults: When the sensor is damaged, powered
down, or suddenly short-circuited, its output value is stuck at
a fixed value.

Sensor Drift Faults: When the sensor is working, there is a
problem with the connection of its internal components, and
there is a constant deviation between the output value and the
normal value.

To accurately determine the type of sensor faults, it is
necessary to analyze the sensor fault characteristics and then
model each type of sensor fault. The normal sensor measure-
ment model is as follows:

Ymij = Yrij + Ayjj 21

where y,,; is the measured value of the sensor, y,; is the
real value, Ay; is the measurement error of the sensor, i are
different types of sensors, j is the type of sensor fault.

Each sensor has its threshold value under different fault
conditions, and when the corresponding threshold value is
exceeded, it is determined what kind of fault occurs in that
Sensor.

The above introduces residuals as a fault determination, but
only considering the variation of residuals to determine the
type of fault is not sufficient to make a specific distinction
between sensor faults. By analyzing the characteristics of
the sensor measurement data and establishing a mathematical
model of the sensor fault characteristics, the fault determina-
tion accuracy can be improved.

Residual definition:

Sm —Ofes  1=1,2,3,4
Rpi = Wfip — Wfes 1=13 (22)
Pfin — Dfes i=6

where Ry is the residual, &5, is the measured value, 87 is the
observer estimate, i is the sensor type, As shown in Table 1:
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FIGURE 2. Sensor faults zone.

1) SENSOR NOISE FAULT MODEL

Ymij = Yrj + Ayij
Std (Rfsi) € [Coir Coail (23)
[Mean (Rysi)| € [0, My

where y,; is the real value, Cy2;, Myy; are the upper limits of
the standard deviation of the residuals that can be tolerated
by each sensor, Ay;; is a noise disturbance in the sensor, Cy1;
is the lower limit of the residual standard deviation of the
tolerable range of noise fault compensation for each sensor.

2) SENSOR STUCK FAULT MODEL

Ymij = Ci
Mean (Ryi) = M (24
Std (Rpi) < Ssoi

where C; is a fixed constant value, S50, is the upper limit of
the measured value.

3) SENSOR DRIFT FAULT MODEL

Ymij = Yrij + ARij
Std (Rgsi) € [Coois Coil (25)
|Mean (Rgi)| € [Min1i, Miil

where AR;; is the error under drift interference, M; is
the upper limit of the sensor’s tolerance for compensating
residual standard deviation, Csq; is the lower limit of the
residual standard deviation of the fault-tolerant compensation
range for each sensor drift.

In this paper, we mainly study the noise fault, jam fault,
and drift fault, and after determining the specific fault type of
each sensor, the fault-tolerant compensation algorithm deals
with them. The measurement data is partially valid when the
sensor has noise and drift faults, while the measurement data
is invalid when the sensor has stuck faults and needs to be
dealt with first. In practice, according to the fault charac-
teristic model of each sensor, the fault can be divided into
three areas: the fault tolerant compensation area, the normal
working area, and the non-fault tolerant compensation area.
As shown in Figure 2:
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Fault

on standard deviation of
measurement data

Normal measurement
data

diagnosis Output
Fault-tolerant
» Sensor stuck fault » compensation according
to sensor fault type

A4

Sensor noise fault —

ault diagnosis based
on measurement data
residuals

Output fault
compensation value

Sensor drift fault —

\ 4

Sensor measurement data
and residuals are normal

Output sensor
measurement value

FIGURE 3. Fault-tolerant compensation flow chart.

IV. ACTIVE FAULT TOLERANT CONTROL ALGORITHM
DESIGN

A. FAULT DIAGNOSIS OUTPUT PROCESSING FLOW
According to the different types of sensor faults, the fault-
tolerant compensation method is designed as shown in
Figure 3:

1) ACTIVE FAULT-TOLERANT CONTROL ALGORITHM BASED
ON STATE FEEDBACK
The fault-tolerant compensation control algorithm can make
the output close to the output value of a normal system. But
the fault-tolerant compensation method does not consider
the effects of system parameter uncertainty. Introducing state
feedback and pseudo-reverse method, an active fault-tolerant
control method for the AGF uncertainty system is proposed,
which can effectively ensure the stability of the AGF control
system by restoring the sensor output value to a near-normal
operating state in the event of a fault.

Based on the fault system model (12) and the fault esti-
mation deviation relationship fs(t) = fs(t) — fs(2), the active
fault-tolerant control ratio is designed as follow:

U(r) = Kx(t) + BE,f; (26)

To ensure the built active fault-tolerant controller stable,
some Hypotheses are proposed as follow:

Hypothesis 1: d(t) is bounded. It means there exists A >
0, ld® = A.

Hypothesis 2: There exists a minimal value 7 such that 8 <
A+ T.

Hypothesis 3: There exists a matrix F such that PD =
CTFT.

Hypothesis 4: There exists a matrix L such that Ag = A —
LC is a stable matrix and there are two positive deterministic
real symmetric matrices P, Q satisfying Lyapunov’s equation
ATP+PA) = —0Q.

Hypothesis 5: There exists a positive symmetric matrix Py
such that Eg = —Py'ETPC~!.
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Hypothesis 6: There exists fault estimation deviation e(t)
such that fy(t) = 1eWe(t) — Cize“(’)e(t) +c1.
Hypothesis 7: There exists external disturbance d(#) such

that |[Fe,| < alDIPIWIE where ¢ = 0.5 | . c1. o, and
B are arbitrary constants.

As defined above: the fault estimation error is defined as
fs(t) = fs(t) — fs(¢), the state observation error is defined as
e(t) = x(r) — x(r),the output estimation error is defined as
ey(t) = 3(t) — y(t).Introduce the feedback control rate into
the fault equation, where the closed-loop expression of the

fault equation is as follows:

%(t) = Ax(t) + Bkx(t) — BB'Ef; + Dd(t) + Ef;
27
y(t) = Cx(1)
Simplified:
(1) = (A + BRx(t) — Es(fy — f,) + Dd(t) o8
y(t) = Cx(1)
The discontinuous switching term v is defined as:
Fe,
——, e #0
v = | Fey (29)
0, ey, =0

Theorem 2: Considering the fault model (28), the sensor
fault estimate error f; and the state observation error e are
both stabilized at 0 under the condition that hypotheses 1 to
7 are both met.

Proof: The Lyapunov function is selected:
V=¢Te +]~‘STP]~’S + xT Px (30)

and its derivative is calculated as:

T Pe + e Pe+ FT P, + TP, + 2T Pi
e’ Qe + 2(FCe)T (v — d) + 2f T (ET Pe + pf;) + 2x7 Px
= el Qe + 2(FCe)' (v — d) + 2fT (ET Pe + pf;)

14

VOLUME 9, 2021



H. Kang et al.: Sensor Fault Diagnosis and Fault Tolerant Control for Automated Guided Forklift

IEEE Access

+2xTp (Ax(t) + Bkx(t) — BB'E{f; + Dd(1) + EJS)
— " Qe+ 2(FCe) (v — d) + 27T (ET Pe + pfy)
+2xT P(A + BK)x + 2xPDd(t) — 2x” PE f,
el Qe + 2(FCe)! (v — d) + 27T (ET Pe + pf)
— A min(Q)||x||?
£ PR IR + @ DI I + % 1212 )2

IA

fs
eT Qe + 2(FCe) (v — d) + 2fT (ET Pe + pf-)
3l ~ Uiorz_ Loy
fs| —(Amin(Q1)—— [IPII—— IPII)]Ix]|
a X

+ x I1Es 1%

IA

+ x I1EsII?

+a||DI* 4] _
e Qe + 2(FCe)' (v — d) + 2f (ET Pe + pf,)
—2[|Feyll (& = ld)])

IA

2

+a DI AN + o IDI* 1dOI* + x IESlI |[fs

= o Qe+ 2(FCe) (v — d) + 27T (ET Pe + pf)
+a |IDI? d@)II?

—2||Fey|| <19 — lld@®Il —

o ||ID|? ||d<r)||2>
2||Fey ||

/s
e! Qe + 2(FCe)! (v — d) + 27T (ET Pe + pf)

2
+a DI IO + x I1Es|I

+ x IIEsII?

IA

fs

= ¢" Qe + 2(FCe) (v — d) + 27 (ET Pe + pfy)
+a IDI* IO + x IEI* £

—eT Qe + 2(Fey) (v — d) + 2f

x (ETPe+ pfy + X IESI2) + e IDI? ()|
—e! Qe + 2(Fey)" (v — d) + o |D))* | d(®)]?

—2||Fey|| <l3h - ) + 2 || Fey | lld(@)]l

+a |IDI? ld@)II?

IA

IA

Fe,
|| Fey||

IA

Thus V < 0. Therefore, both the fault estimation error f;
and the state observation error e converge in the zero domain.
It proves that the system is stable [18], [20].

V. EXPERIMENT RESULTS

The MIMA laser-guided AGF is used as the experimen-
tal platform, which is equipped with manual driving and
automatic navigation modes and four-wheel steering. The
experimental platform is shown in Figure 4. Based on
the given sensor fault type diagnosis strategy, the corre-
sponding fault-tolerant strategy, and the AGF fault model,
the following sensor experiments are designed to ver-
ify the effectiveness of the fault-tolerant compensation
algorithm.
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FIGURE 4. AGF experimental platform.
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FIGURE 5. Output (including noise).

A. SENSOR FAULT DIAGNOSIS EXPERIMENTS

The left front wheel angle sensor is used as a diagnostic
object. The sensor real value, the sensor fault value, and the
observer reconstruction value are observed when the sensor
has a noise fault, a stuck fault, and a drift fault, respectively.
where Cyy11 = 5 x 1073rad, Cy11 = 5 x 107 3rad, Co01 =
2 x 107" rad.

1) When a noise fault occurs in the sensor at the 6th
second, it can be seen in Figure 5 that the output value noise
gradually increases with time and the observer can achieve
noise reduction processing to restore the sensor real value.

2) When the sensor stuck fault and drift fault occur at the
8th second respectively, the sensor measured value gener-
ates an error, and the sensor output value reconfiguration is
performed by the above-mentioned observer. It can be seen
from Figure 6 and Figure 7 that the observer can achieve
the sensor value reconstruction and satisfy the fault-tolerant
control requirements.

B. ACTIVE FAULT-TOLERANT CONTROL EXPERIMENTS

In this experiment, we consider that the roll rate sensor,
the left front wheel angle sensor, and the yaw rate sensor
fail, respectively. In the experiment, we input the value of
0.6 rad /s for the front wheel steering angle, where
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FIGURE 6. Stuck fault compensation.
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FIGURE 7. Drift fault compensation.
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FIGURE 8. Tracking curve of roll angle under different fault tolerance
modes.

The noise Fault occurs in the roll rate sensor at the 6th
second;

The drift fault occurs in the left front wheel angle sensor at
the 6th second;

The stuck fault occurs in the yaw rate sensor at the 6th
second: stuck at 0.5 rad/s.

As shown in Figure 8, at the 6th second, a noise fault occurs
in the roll rate sensor, and a large amount of white noise floods
the original output in the fault-tolerant compensation control
and active fault-tolerant control curves. In the 8th second,
fault-tolerant compensation control and active fault-tolerant
control based on state feedback are added. They can suppress
the noise to a certain extent, and the active fault-tolerant
control is more effective than the fault-tolerant control.
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FIGURE 9. Tracking curve of left front wheel angle under different fault
tolerance modes.
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FIGURE 10. Tracking curve of yaw rate under different fault tolerant
modes.

As shown in Figure 9, at the 6th second, the drift fault
occurs in the left front wheel angle sensor, then the fault-
tolerant compensation curve and active fault-tolerant control
curve fluctuate significantly and deviate from the normal
value. At the 8th second, we introduce the fault-tolerant
compensation and active fault-tolerant control. Both of them
are effective and the left front wheel rotation angle value
is extremely close to the normal value after about 2 sec-
onds. It proves that they could return the system to nor-
mal operation. However, the fluctuation of the curve of the
fault-tolerant compensation control is larger than that of the
active fault-tolerant control. It means that the fault-tolerant
compensation control is not as effective as the active fault-
tolerant control.

As shown in Figure 10, at the 6th second, the stuck fault
occurs in the yaw rate sensor, and the fault-tolerant compen-
sation value and the active fault-tolerant control value change
significantly and deviate from the normal value. At the 8th
second, the active fault-tolerant control and the fault-tolerant
compensation control are introduced.

They can also implement fault tolerant control but com-
pared with the fault-tolerant compensation control, the active
fault-tolerant control can return to the normal value more
quickly with less fluctuation. It means that the fault-tolerant
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compensation is not as effective as the active fault-tolerant
control algorithm.

VI. CONCLUSION

As an important means of transportation of cargos, the safety
of AGF is the primary factor that must be considered. With
the development of electronic components, fault diagnosis
and fault-tolerant control technology have become extremely
important to ensure safety.

Firstly, according to the forklift three-degree-of-freedom
model, an equivalent fault model of the AGF system including
sensor faults and input disturbances is established. It con-
siders the influence of the fault item and the unknown input
disturbance item. An output low-pass filter is also introduced
to convert sensor faults and unknown disturbance items into
input items so that the output is not disturbed.

For the fault detection of multiple AGF sensors, a SMO
with adaptive regulation law is adopted. As sensors have
different working conditions, different residual thresholds are
set so that the designed observer can be sensitive to specific
sensor faults. At the same time, the characteristics of the
residual signal are used to design the adaptive rate and the
continuous switch is introduced to effectively suppress the
unknown input disturbance. It means that the observer is
robust to unknown input disturbances. In order to suppress the
sliding mode jitter, the discontinuous switching item is also
replaced with a saturation function. Then, the main sensor
characteristics of AGF are analyzed, and equivalent sensor
noise fault, drift fault, and stuck fault characteristic models
are established. After judging which sensor has a fault, we can
further use the fault characteristic model to analyze which
type of fault the sensor has.

Then, an active fault-tolerant control method for the AGF
uncertain system is proposed. It introduces the method
of state feedback and pseudo-inverse and the active fault-
tolerant control rate is designed according to the fault system
model and the error relationship of the fault estimation. It can
restore the sensor output value to normal when a fault occurs
and ensure system stability.

Finally, experiments verify the effectiveness of the pro-
posed method.
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