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ABSTRACT Aiming at stability and safety problems caused by the actuator failure of the automated guided
vehicle under the condition of centroid position change. The four-wheel independent drive four-wheel
independent steer (4WID/4WIS) AGV is studied for fault-tolerant control of single-wheel drive actuators
under the centroid position variation condition. First, 3-DOF vehicle model, drive-wheel dynamics model,
HSRI tire model, and the actuator loss of effectiveness model established. Second, a hierarchical controller
is designed with an optimal input controller based on Model Predictive Control (MPC) theory of the upper
layer, a desired yaw moment solver based on fuzzy theory of the middle layer, and a torque reconstruction
controls distributor based on the control gain in the lower layer. Then, the AGV is simulated and analyzed
in straight line and double line change conditions. The simulation results show that the yaw rate and the
centroid sideslip angle can closely track the theoretical value. The difference between the theoretical value
is kept within 5%. Finally, the 4WID/4WIS AGV prototype vehicle was developed and tested for straight-line
and double-lane change condition. The difference between simulation and experiment was within 4%. The
experimental results show that the designed controller is effective.

INDEX TERMS 4WID/4WIS, MPC, fault-tolerant control, drive torque reconstruction, centroid variation.

I. INTRODUCTION
The 4WID/AWIS AGV is a typical over-drive control system
with drive chain short, structure compact and high degree of
control freedom. In recent years, the application of active
safety technologies such as traction control system (TCS),
steer- by-wire (SBW), direct yaw rate moment control (DYC)
and 6G communication networks [1] has increased the
complexity of the system and the number of control actuators
while improving driving safety and flexibility. For the most
part, the AGV works in a harsh environment, increasing the
probability of driving system failure and creating the problem
of handling tasks not total between stations, which places
higher demands on the real-time and reliability of fault-
tolerant control.

Domestic and foreign scholars have conducted research
on fault-tolerant control (FTC) of drive actuators based on
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making full use of the over-redundancy characteristics of
4WID/4WIS vehicles [2]-[4]. FTC is generally divided into
two categories, namely passive fault-tolerant control (PFTC)
and active fault-tolerant control (AFTC). PFTC is a feedback
control that enables closed-loop control. Robust to specific
faults and does not require fault details exactly are easy to
implement. Feedback linearization method (FLM) has found
many applications in solving nonlinear system problems.
Cooperative game theory is introduced in the FLM frame-
work by considering the four drive actuators as participants
and deriving pareto strategies among the participants based
on distributed model predictive control (DMPC) using
convex iterative method [5]. It can also be combined
with terminal sliding membrane control (TSMC) for com-
plementary advantages to produce higher robustness [6].
Nevertheless, FLM cannot handle unexpected disturbances
generated externally, modeling uncertainties, and coupling
effects between drivers [7]. Sliding mode control (SMC)
has received an army of attention from researchers in the
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field of FTC due to its insensitivity and robustness to
perturbations and uncertainties. Common control strategies
include the torque quadratic programming based on the use
of an adaptive variable exponential convergence rate [8] or
the exact reconfiguration of the actuator torque using the
sliding mode variably structure equivalence principle based
on the estimate of fault states, disturbances and the control
gain of fault using an observer [9]-[11]. The grouping of drive
actuators in the SMC framework is innovative. Each group of
actuators implements a specific control objective, rearranging
the steering geometry according to the wheel position of
fault, and effectively avoids strong coupling effects between
the control objectives [12]. The combination of predictive
control and reconfiguration control methods allows for the
vehicle post-failure stability control [13], and reconfiguration
of the drive-wheel control force can alleviate the failed wheel
torque demand [14]. The implementation of multi-method
toggle FTC enables torque reconfiguration based on real-time
operating conditions to improve power performance while
ensuring stability [15], [16]. Similar to multi-method switch-
ing FTC there is also multi-model switching FTC, which
enables stable exchange of dynamic data, identification of
the match between the current operating state and the set of
typical operating modes, and smooth switching of the control
method according to the real-time state [17]. It is worth noting
that it is impractical to consider the vehicle longitudinal speed
as a constant in the controller design [18]. Considering the
problem that the vehicle longitudinal velocity is time-varying
and the uncertainty of actuator saturation due to the failure
of the drive actuator, a non-fragile linear parameter-varying
(LPV) that satisfies the vehicle dynamics is proposed to limit
the centroid sideslip angle and the yaw rate to ensure the
lateral stability and handling performance of the vehicle [19].

The above researches are all PFTC, where the controller
is designed offline without changing the structure and
parameters, which may lead to closed-loop systems that
are insensitive to certain types of faults. AFTC is a future-
oriented feed-forward control with higher adaptiveness to
the time and magnitude of faults than PFTC, which can
improve the performance of the control system to a greater
extent. Difference from previous studies is focusing on
fault detection and isolation (FDI) [20], [21]. In response
to the current distributed drive vehicle FTC over-reliance
on accurate vehicle dynamics model and fault diagnosis
and detection (FDD), a multi-input multiple output no
model adaptive fault-tolerant control method is proposed
to collaborative drive the system to generate additional
transverse swing moments to adaptively compensate for
the faulty drive actuators [22]-[26] and achieve multi-
objective optimization [27], [28]. Considering the effect of
the difference between the torque demand and the actual
torque input generated by inaccurate FDD in FTC on the
stability of closed-loop control, the control assignment (CA)
strategy and TSC is designed to be integrated to improve
the robustness and stability under fault conditions [29].
Online optimization based on CA can effectively reduce the
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workload and computation time for fault-tolerant control of
redundant systems [30]. The combination of ex ante control
and ex post control allows for optimal performance of the
vehicle after a failure. A control strategy combining baseline
controller, reconfigurable controller and FDD is proposed
to reconfigure the drive assignment based on real-time
faults [31], [32]. Finite-time FTC is important for practical
systems, namely, to eliminate the effects of drive actuator
failures and nonlinear disturbance inputs in finite time so
that the control input is limited to the desired constraint [33].
Shortening the recognition speed of FTC algorithm to achieve
control in finite time is a common class of research directions
such as the Kalman filter [34], the Unscented Kalman filter
(UKF) [35], and the wavelet filter [36]. The discrete-time
synthesis algorithm has the advantages of operation time
fast, occupation space small and robustness, and is gradually
used in finite-time FTC. Delta operator has the advantage
of high sensitivity and fast sampling in the development
of discrete-time integrated algorithms, combined with the
fault tolerance of MPC [37]-[41] to preserve the steering
capability while ensuring stability [42]. A coupled non-
linear dynamics discrete-time adaptive three-step control
is proposed considering the vehicle tire adhesion limit
characteristics. The algorithm achieves coordinated lateral
and longitudinal control by adaptively updating the law and
controller reconfiguration in discrete time [43]. The subjects
of the above research are all passenger cars, and the effect
of the change of the centroid position on the drive actuator
FTC is negligible. Nevertheless, when the object of research
is changed to an AGYV, the load size random and position
casual in the course of operation will lead to changes in
the centroid position. This will cause the system’s input
and output unbounded, eccentric moment generation to the
motion performance overall of the AGV to interfere with the
problem is not considered in the former scholars.

Thus, the main contributions and innovations of this paper
are as follows:

1) When considering yaw stability control for passenger
cars, the centroid is simplified to a parametric constant for
the vehicle. However, AGV changed the position of the
vehicle’s centroid in the course of operation due to changes
in load size and position. Few dynamics control strategies
have investigated effect of changes in the centroid position
on dynamics. Therefore, the research of control strategies for
centroid variation conditions is innovative.

2) The research of the drive actuator FTC while consid-
ering changes in the position of the centroid is place higher
demands of accuracy requirements and real-time on the
controller. This paper takes a highly redundant 4WID/4WIS
system as an entry point for the synergistic cooperation of
multiple actuators and the precise reconfiguration of drive
torque distribution based on fault information specific to
improve safety and stability.

3) A single control method cannot meet the current needs
of multi-objective optimisation. In this paper, the MPC is
used as the main controller of the system to exploit the
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FIGURE 1. Vehicle dynamics model.

ability of rolling optimisation to find the optimal solution.
Combined with fuzzy control, it makes full use of actuator
state information to improve the performance and stability of
the closed-loop system.

The rest of this paper organized is as follows. Chapter II
establishes the model of the AGV system and problem
statement; Chapter III designs the active fault-tolerant
controller based on the centroid variable condition; Chap-
ter IV simulates and analyzes the controller established;
Chapter V conducting the algorithm verification experiments,
and finally gives the conclusion in Chapter VI.

Il. SYSTEM MODEL AND PROBLEM STATEMENT

A. VEHICLE DYNAMICS MODEL

This paper takes the AGV as the research object and the whole
vehicle adopts wire control technology. Four hub motors and
four steering motors are used as drive actuators. In the design
of the over-redundant mechanism control system, a simplified
model that can reflect the basic characteristics of the vehicle
system is required, as shown in FIGURE 1.

InFIGURE 1, CGis the AGV centroid, x, is the component
of the centroid on the x-axis of the absolute coordinate
system, y, is the component of the centroid on the y-axis
of the absolute coordinate system, and V is the vehicle’s
centroid velocity. Where including longitudinal, lateral and
lateral motion, the motion equation is as follows:

Longitudinal motion equation:

m (\.)x — vyy) = Fyf1 co8 8f1 + Fyfr €OS 8f + Fypy COS 8y
+ Fyyy €08 8y + Fyp 8in 8,y + Fypy SiN 6,y
— Fyp sindg — Fyy sin &g @))

In the motion equation, m is the AGV quality, v, is the
longitudinal acceleration, vy is the lateral velocity of the
centroid in the vehicle body coordinate system, y is the yaw
rate, and Fy; and Fy; (i =1, fr, rl, rr) are the tire longitudinal
force and lateral force. §;; and &y, are the left and right steering
angles of the front wheels, 6,y and §,, are the left and right
steering angles of the rear wheels.
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Lateral motion equation:

m <§y + vxy) = Fysindp + Fy1 cos 8 + Fygy sin 8y
+ F){ - COS ‘Sfr + Fyrl cos &, + Fyrr COS &y

— Fyyy sindy — Fyyy Sin gy, )

In the motion equation, vy is the lateral acceleration, v, is
the longitudinal velocity of the centroid in the vehicle body
coordinate system.

Yaw motion equation:

I ); _r Fyq sin g + Fyy cos 8p
= +Fyfi- 8in 8 + Fyp sin 8

) Fyy 8in 8,7 — Fyyy cOs 8y
" +Fxrr Sin arr + Fyrr cos Srr

+dy Fyq sindp — Fyyy cos &g
—Fyr8in 8y — Fiyyy cOS 8y

Ff cos 8 — Fypy sin 8
+da ( +Fyy 0S8y + Fypr 510 8y 3

In the motion equation, /, is the inertia moment of the AGV
around the z-axis, y is the yaw angular acceleration, Ly and
L, are the distances from the centroid to the front and rear
axles respectively, d; and d; are the distance from left and
right wheels to the equivalent wheels respectively.

Take one driving wheel as an example, considering the
dynamic characteristics of wheels, and ignoring friction and
rolling resistance. The differential equation of wheel motion
can be written as:

Jo@;=T;— FuR 4)

In the equation, J,, is the wheel inertia moment, w; is
the wheel rotation angular acceleration, 7; is the wheel
input torque, R is the wheel effective rolling radius,
i=(l,fr,rl, rr).

Considering that the actual longitudinal force and lateral
force of the tire difficult to measure, but the design of the
controller requires calculation fast and accurate. In this paper,
the HSRI (Highway Safety Research Institute) tire model is
established to estimate the lateral force and longitudinal force
of the tire.

Cihif (1 = 1)), H<1)2
in =

(Cehi/ (1 =2) (1/H — 1/ (4H?)), H >1/2

Cytana;/ (1 —2;), H <1/2
Fyi =1 (Cytane;/ (1 — 1)) (1/H — 1/ (4H?)),

H=>1/2
(%)
where

H= —— o + ° tan o
L—Ai  ukFy L= pFy

In the equation, Cy and C, are tire longitudinal stiffness
and cornering stiffness respectively, «;, A; are tire cornering

68997



IEEE Access

Q. Zhang et al.: Fault-Tolerant Control of Automated Guided Vehicle Under Centroid Variation

MPC v.s
controller

Veer Be Assignment
, =DOL Desired target of drive
L84 reference [Yef = torque based

moment 5
model on objective

function

M,

Reconfigurati i M. Vehicle
U, =1y, — onofdrive — dynamic
torque model

Desired target moment solver layer

Reconfigured distribution layer

FIGURE 2. System control block diagram.

TABLE 1. Drive actuator failure fault parameters.

Fault types Value of : Value of AT;
Loss of effectiveness 0<ni<1 AT=0
Healthy ni=1 AT=0

angle and slip rate respectively, F;; is the vertical force of each
wheel tire, and u; is the road adhesion coefficient.

Remark 1: Estimation of the vertical force F,; for each
wheel by means of a triaxial accelerometer [44] embedded
in the tyre.

B. ACTUATOR FAILURE MODEL

The research goal of this paper is to realize the yaw stability
control when a single drive actuator fails under the centroid
variation condition. The failure state can be expressed in a
unified form:

T; = niTg + AT; (6)

In the equation, 7; is the actual drive actuator expected
control force, Ty; is the expected output torque of each motor.
AT; is the additional torque caused by a faulty drive actuator,
n; is the control gain. When n; = 1, AT; = 0, the drive
actuator is in a healthy state; When n; = 1, AT; = ¢, the drive
actuator is in a additive fault state; When n; = 0, AT; = c,
the drive actuator is in a stuck at fixed level fault state; When
ni € (0,1), AT; = 0, the drive actuator is in a loss of
effectiveness state, ¢ is a constant. This paper only considers
the loss of effectiveness state.

Remark 2: The solution of T; can further calculate the
driving force F, so as to obtain the inputs Fy; and Fy; in the
dynamic model. This paper focuses on the loss of effective-
ness of one of the drive actuators. Table 1 summarizes the
relationship between actuator failure and ;.

The research goal of this paper is to realize the dynamic
reconstruction torque compensation for the drive actuator loss
of effectiveness under the centroid variation condition. It is
assumed that the fault information required has been obtained
from the ideal FDD system, but any FDD algorithm will have
certain errors. The error of models is between the actual fault
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E and the measurement fault E*, which can refer (7)
IAE|l = |E —E*|| <& ™

Refer (7), A > 0 indicates the degree of the FDD system
inaccuracy within the known range in the controller design.

C. PROBLEM STATEMENT

This paper takes 4WID/4WIS AGV as the research object,
and researches the yaw stability control for the problem of
drive actuator loss of effectiveness under the condition of
varying centroid.

Refer FIGURE 2, in order to solve the above problem, this
paper uses AFTC based on layered control, which consists
of MPC controller layer, expectation target torque layer and
control gain-based torque reconstruction layer. When AGV is
operating, the uneven load weight and the irregular placement
will cause the centroid position to change. When the AGV is
in the unstable state, the controller will input the target vehicle
speed V and wheel rotation angle § into the 2-DOF reference
model to generate the expectation yaw rate y; and expectation
centroid sideslip angle B4. v4, Ba and the actual measured
yaw rate y and the centroid sideslip g of the AGV MPC
controller is differenced to obtain Ay, AB. First, the desired
yaw moment is solved by fuzzy theory, and the driving force
is assigned according to the objective function. Next, the
desired output torque obtained from the reference model is
differenced the actual output torque measured by the actual
sensor to obtain the control gain, and to determine whether
there is a loss of effectiveness fault in the four drive actuators.
Provided that n; = 1, there is no fault and the drive torque
is distributed according to the objective function. Provided
that 0 < n; < 1, there is a loss of effectiveness fault. The
fault needs to be modeled and the solved desired drive torque
is input into the torque reconstruction module. According to
different fault conditions, different reconfiguration control
rates are used, and finally the reconfigured drive force is
distributed to the drive actuators to achieve the stability of
the AGV.

Ill. AFTC DESIGN
A. MPC CONTROLLER DESIGN

MPC is a non-linear feedback control strategy applied to
predict the future state of the system based on the model
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FIGURE 4. 2-DOF reference model.

established. The error between the predicted and actual output
can be reduced by rolling optimization and the optimization
problem is continuously refreshed to achieve optimal control
in a locally finite time. The MPC control flow chart in this
paper is shown in FIGURE 3.

Refer FIGURE 3, when the centroid position changes or
the drive actuator fails during AGV operation leading to
instability, MPC solves the y;", B} of the controlled object
at the moment k by the prediction model, and the yi, Bi of
the real-time state of the controlled object estimated by the
sensor is processed as a difference for feedback correction.
The obtained Ay, AB is rolled and optimized based on the
objective function and constraints to obtain y;", |, B, ; atk+1
moments, and acting on the controlled to turn thumbs down
on realize the closed-loop control and solve for the optimal
solution in finite time.

The accuracy of the prediction model determines the
control effect of the MPC controller, but as the accuracy
increases, the mathematical model becomes more complex
and the computational volume rises, leading to a decrease
in real-time making the control system useless. Considering
that MPC itself has the characteristics of feedback correction
and has certain robustness. Therefore, the prediction model
in this paper chooses a 2-DOF reference model as shown in
FIGURE 4, which can be expressed by the equation:

_5,>

my (/3 +y) = kr (ﬂ + 5/') +k; (ﬂ - Lrvy

v
. L L
LY =kl <ﬁ +22 5]’) — koL (ﬂ - 6,)

where Jy, &, is the front wheel steering angle and rear wheel
steering angle of the 2-DOF reference model respectively,
and ky, k, is the front wheel lateral deflection stiffness and
rear wheel lateral deflection stiffness of the 2-DOF reference
model respectively.
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Express equation (8) as a state-space expression of the
system in the following form:

X (1) = Aex (t) + Beu (1)

)]
Ye (£) = Cex (2)
where
ke +k keLy — kyLy 1
A - my my?
© keLy — kyL, kaf2 + er,g ’
L I, VA
 kr k,
my mv 1 0
Be=1" wr ki | CC—[O 1]
I I
5 5
t) = 1) =
x=|,| wo={y
Discretizing equation (9):
k+1)=Ax (k) + Bu(k
x (k +1) = Ax (k) + Bu (k) (10)
Ye (k) = Cex (k)

To satisfy the MPC solution requirements, equation (11) is
rewritten in incremental form:

Ax (k + 1) = AAx (k) + BAu (k) an
Ye (k) = CcAx (k) +ye (kK — 1)

where, A=eTS B = fOTS ATdt o B,

Ax(k) = x(k) — x(k — 1), Au(k) = u(k) — u(k — 1).

Based on the current AGV state information x(k), y(k), the
state variable values in the future p sampled time domains can
be predicted, namely:

Ax(k+plk)
=AAxk+p—1lk)+BAuk+p—1)
= APAAx (k) + AP"'BAu (k) + AP 2BAu (k + 1)

TR +AP"BAU (k +m — 1) (12)
Y, (k+1]k)
= Sy Ax (k) + Tyc (k) + Sy AU (k) (13)

where,Y), (k + 1|k ) and S,,, as shown at the bottom of the next
page.

MPC online finite time domain rolling optimization
module needs to be carried out based on certain objective
function, this paper researches the instability caused by
the change of centroid position or drive actuator loss of
effectiveness of the AGYV, so the stability function is used for
optimization, namely:

Jap = |7y (Yp (k + 11k) — R (k + )| + It AU (k)12
(14)

where, 1, is a matrix of weighting coefficients related
to vehicle state deviations, 7, is a matrix of weighting
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coefficients related to the rate of change of control quantities.
The first term in the equation indicates that the AGV output
follows the desired output, and the second term indicates that
the amount of control should not be too large and thus affect
the AGV stability.

To ensure optimal control performance after AGV desta-
bilization, the following constraints on the inputs need to be
applied according to the actual conditions:

Umin (kK + 1) < u(k + i) < umax (kK +1),
i=0,1,---,m—1

Aumin (k +1) < Au(k + i) < Aumax (k + 1),
i=0,1,--- ., m—1

Xmin (kK + 1) < x (kK +1) < Xmax (kK + 1),
i=0,1,---,p

X min (k1) <X (k +) < %y (K + 1),
i:O’l’...’p

(15)

B. EXPECTATION TARGET MOMENT LAYER

The expectation target moment layer contains two modules:
the desired yaw moment and the target function-based drive
force assignment. When the AGV is in the centroid variation
condition, this paper adopts a controller based on fuzzy
theory, which takes Ay, Af as input quantities and solves the
output quantity expected transverse swing moment M, after
fuzzification, fuzzy inference and defuzzification. The fuzzy
controller input and output affiliation functions are chosen
as triangular functions. According to the system model, the
input and output theoretical domains is [—1 1], the input fuzzy
sets are [NB, NS, ZO, PS, PB], and the output fuzzy sets are
[NB, NM, NS, ZO, PS, PM, PB]. With Ay and AB as the

control parameters, the “‘Mamdani” type reasoning and the
area center of gravity method used for defuzzification, and
My is finally solved.

The My solved by the fuzzy controller needs to satisfy the
yaw moment generated by each drive actuator and ground
force on the AGV centroid. Therefore, the target torque
assigned to each drive actuator needs to satisfy the following
constraints:

Ty +Tp+ T+ Tn
=T, (T,«-, cos 8s + Ty cos 8,,) d>
— (Tp cos 8 + Ty cos 8,7) d
+ (T sin 8 + Ty sinép) Ly
+ (Tyysind,; — Ty sin ) Ly = M4R

(16)

where T; is the drive actuator torque and 7y is the total AGV
drive torque.

When AGV advances, motor torque output must also
meet the requirements of the actual application. Namely,
no negative torque, no more than the maximum output torque
and consider the constraints of the road conditions. Therefore,
the following constraints need satisfy:

0 < Ti =< DiTimax

ﬂ

a7

EI < uikFz

where Tjnqy 1S the maximum output torque of the drive.
For the destabilization problem caused by the change of

the centroid position of AGV under the fault-free condition.

This paper adopts the nominal control distribution rate with

the objective of maximizing the tire adhesion margin and

improving the vehicle stability. The objective function is as

Ve (k +11]k)
Ve (k +2 k)
Y, (k+11k) = ) , AU (k) =
velk+plk) |,
T C.B 0
2 .
ZCCAHB C.B
i=1
§ — m ) m—1 )
w= Z C.A'B Z C.A'B
i=1 i=1
p ' p—1 _
Z C.A'B Z C.A'B
L i=1 =1
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- CA T
2
Au (k) C.A
Au(k+1) ,;
. ’ SX = . ’
Auk+m—1) p '
mx1 ZCcAl
- =1 = px1
0 -
0
Incxnc
1" Incxnc
C.B ’ o
Incxnc [7)(1
p—m+1 ‘
> cA'B
i=1 = pxm
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follows:
2 2 2 2
, Fatbyp | Fpthp
min J = ¢ o) 2 )
g s F e
2 2
Fxrl +Fyrl F,\%rr +F)%rr
e g (1)
/"l’rlerl W

where c1, ¢2, 3, c4 are the weighting coefficients.

In the HSRI tire model, the following relationship exists
between the lateral and longitudinal tire forces:
_ Gy

F.;
yl Cx

——Fui 19)

Equation (18) can be written as:
2 2
'in + Fyi

_ 4
min /= Zi:“ “ (Mi zi)2

=3 i 1+(Cyai>2
B = 4 (Mz Zl) Cidi

= — (20)
Zl =4 (l/«z zz)
where,
Cyai \?
ki=1 -
l * <Cx)‘i>

The (20) can be further simplified as:

min J = x’ Ox (21)

where,

T .
x:[Fxﬂ Fxpr Fxn Fxrr] , 0 =diag

( HiFzi )2
civki
In this paper, the quadratic programming method is used to
solve the objective function, definite:
T
[T Tp T Tu]” =Rx

g=1[Ts Ma", p=

Then the equation constraint can be written as:

q=Bp (22)
where B, as shown at the bottom of the page.

The above equations are modeled using Simulink with
the input quantities My, Ty, F;, v, 8, 8. The quadratic
programming algorithm of the embedded toolbox can be
invoked to solve the objective function for the required
stability under variable centroid conditions.

M T,

Nominal control
distribution rate

Fault
Information

Healthy

Loss of
effectiveness

l Hard fault }

l Soft fault

Reconfiguration
of the control
distribution rate

u,

v

FIGURE 5. Torque reconstruction control flow chart.

C. MOMENT RECONFIGURATION LAYER
The instability caused by the centroid position variation of
the AGV in the handling task between workstations in the
smart factory can be controlled by the above stability-based
nominal control distribution rate to complete the transverse
pendulum stability control. However, when the drive actuator
fails to provide the desired torque, the AGV can easily
turn unstable again. Therefore, this paper investigates the
loss of effectiveness of a single drive actuator, and when a
single drive actuator fails, the output torque of three normal
drive actuators is reconstructed according to the specific loss
of effectiveness situation to generate additional transverse
moment to improve the transverse stability of the vehicle
while satisfying the longitudinal force requirement. The
torque reconstruction control flow chart is shown in Fig.5.
In FIGURE 5, it can be seen that the reconfiguration
control allocation method proposed in this paper is as follows:
The AGV travels under the change of centroid position and
the control input u; of each actuator is calculated using the
nominal control distribution rate.
Based on the fault information, determine the form of
failure of the drive actuator: Healthy, soft fault, hard fault.
Depending on the specific form of failure, the corre-
sponding reconfiguration control distribution rate is used.
At present, the actuator control input u is the reconfiguration
actuator control input u,.

1) CONTROL GAIN MODULE DESIGN

The relationship between the output torque of the drive
actuator and the output power and speed is as follows:

P;
T;, = 9550—

n;

(23)

where P; is the motor output power, #n; is the motor speed.

1 1 1
B= R [Lf sindy —dycosdg Ly sindy + dp cos 8y
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1 1
L,siné,; —dycos$;;  —Ly sin 8y + do c0s 6 }
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Refer (23), it is known that when AGV travels at a certain
speed and a certain drive actuator fails. It is necessary to
ensure that the speed of the failed drive actuator remains
unchanged if it wants to maintain the driving state currently,
then the reduction of output power leads to the reduction
of output torque. By bringing the calculation result of (23)
into (6) and solving for the value of control gain n;, it is
possible to visualize the faulty drive actuator and its degree
of loss of effectiveness, so that the desired drive torque can
be reconstructed according to the failure situation specific to
realize the yaw stability control after the change of centroid
position and the loss of effectiveness of a single drive actuator.

2) TORQUE RECONFIGURATION MODULE DESIGN

For the 4WID/4WIS AGYV, there are four cases according
to the location of the faulty drive actuator, and this paper
takes the left front drive actuator loss of effectiveness as an
example for drive reconfiguration redistribution. Assuming
that the lost torque of the left front drive actuator is 7', then
substituting Tfew = Ty — T into (16) gives:

T+ (Tn —T) + Trr + T
= Tanew (Tfr cos 8 + Ty €088,y ) da
—[(Tj = T) cos dp + Ty cos 8] di (24)
+ [Tfr sin 87 + (Tﬂ - T) sin Sﬂ] Ly
+ (Tyy sindy,; — Ty Sin ) Ly = MgpewR

In order to maintain the current state of travel of the AGV,
it is necessary to meet:

Tanew = Ta

(25)
Minew = My

Refer (18), the lateral force lost by the left front drive
actuator can be compensated by increasing the output torque
of the right front wheel drive actuator, and the loss of
longitudinal force can be compensated by adjusting the
output torque of the remaining normal drive actuators,
namely,

Tpew =T —T
Tfinew =T +T
Tyinew = Ty + T cos 8p
Tyrnew = Ty + T cos op

(26)

Similarly, when other driving actuators fail individually.
They can all be solved according to equation (26), and
according to the different values of n; taken. They can be
divided into three cases: healthy state, soft failure and hard
failure, and the drive torque reconstruction redistribution
strategy is shown in TABLE 2.

IV. SIMULATION ANALYSIS

The active fault-tolerant control method for driving actuators
loss of effectiveness under variable centroid conditions
proposed in this paper is jointly simulated by Carsim and
Matlab/Simulink to examine the control effect on the yaw
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TABLE 2. Driver torque reconfiguration redistribution strategy.

Drive actuator Fault Reconfigure control
failure conditions Constraints strategy
Residual control
variables: Ty, T, T4, Tr
Control
Healthy Tr=Tai Objectives: equation
(18)
Binding
Conditions: equation
(16) ,(17)
Residual control
variables: Ty, T, T, Tr
single drive Control
actuator soft Ti=niTai Objectives: equation
failure (26)
Binding
Conditions: equation
(24),(25)
Residual control
variables: Tp, T, T
. . Control
single drive Objectives: equation
actuator hard =0 ) .o
. (26)
failure e
Binding
Conditions: equation
(24),(25)
TABLE 3. “Zhiyan V1” vehicle parameters.
Parameters Value
vehicle quality/kg 108
Wheel roll radius/m 0.10
Wheelbase/m 0.59
Distance from the centroid to the front axle L/m 0.32
Distance from the centroid to the rear axle L,/m 0.37
Vehicle rotational inertia L/(kg.m?) 70
Front and rear axle distance L/m 0.69

stability of AGV when the control strategy takes into account
both the influence of centroid change and drive loss of
effectiveness. Referring to the parameters of the 4WID/4WIS
AGV “Zhiyan V1 developed by the group, as shown in
TABLE 3. Build the vehicle model corresponded in Carsim.

In this paper, the fault-tolerant control of single drive
actuator loss of effectiveness is researched, assuming that
the left front actuator fails, and the two operating conditions
followed are selected for the research: the straight-line
condition and the double lane change condition.

A. STRAIGHT-LINE CONDITION

The AFTC effectiveness when the single actuator of the
AGV loss of effectiveness (taking the left front wheel as
an example) is verified by a uniform speed straight-line
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FIGURE 6. Response of each parameter under straight-line conditions.

condition. The stability of the AGV after a loss of effec-
tiveness is determined based on parameters such as the yaw
rate, the centroid sideslip angle, and the trajectory of the
motion. The left front wheel drive actuator fails at t=3s.
The simulation results are shown in FIGURE 6.

Refer FIGURE 6 (a) and (b), under the straight-line
condition, the yaw rate and the centroid sideslip angle of the
AGYV should be zero. Nevertheless, according to AGV actual
function, the random weight and position of cargo let the
centroid position of AGV change, thus producing a certain
yaw rate response and centroid sideslip angle response.
At t=3s, the left front wheel drive actuator fails, causing the
yaw rate response and the centroid sideslip angle response
to increase, exceeding the theoretical values by 30% and
40% respectively at the peak. Comparing the three curves
in the figure, it can be seen that AFTC can suppress the
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further expansion of the yaw rate and the centroid sideslip
angle, and the error is kept within 3% from the theoretical
value, which can closely follow the theoretical value. Refer
FIGURE 6 (c) and (d), in the first 3s, the four-wheel torque
is adjusted according to the objective function J to solve the
instability caused by the change of AGV centroid position,
when the left front wheel drive actuator control gains ng = 1.
When t=3s, 77 = 0.8, indicating that the output torque
of the left front wheel drive actuator is 80% of the desired
torque, the right front wheel actuator increases the torque to
compensate for the lateral force, and the remaining wheel
actuators adjust the torque to compensate for the longitudinal
force to realize the stability of the AGV. When t=5s, the
remaining wheel torque reconstruction is completed and the
output torque of the left front wheel is equal to the desired
torque, 77 = 1. Refer FIGURE 6 (¢) and (f), in the first 3s,
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FIGURE 7. Response of each parameter under double lane change conditions.

the change of vehicle centroid position causes the AGV to
slightly deviate from the straight trajectory, and the vehicle
speed fluctuates around 60km/h. When the left front wheel
drive actuator fails, the AFTC is able to suppress the AGV
from deviating significantly from its trajectory, remaining
within a 0.2m error range. The vehicle speed is able to
follow the ideal vehicle speed, maintaining a constant speed
of 60km/h. In the uncontrolled state, the vehicle speed drops
rapidly to zero, losing kinetic energy to ensure the stability
of the vehicle. In summary, under straight-line conditions,the
AFTC proposed in this paper is able to achieve stability that
takes into account the change of centroid position and single-
wheel drive actuator loss of effectiveness.

B. DOUBLE-LINE CHANGE CONDITION

The effectiveness of AFTC when the single wheel of the AGV
fails (taking the left front wheel as an example) is verified
by a complex double lane change condition. The stability of
the vehicle after a loss of effectiveness is determined based
on wheel torque, the control gain, and simulated vehicle
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speed. The left front wheel drive actuator fails at t=4s. The
simulation results are shown in FIGURE 7.

Refer FIGURE 7 (a) and (b), under the double lane change
condition, the AGV yaw rate and centroid sideslip angle
should be zero for the Os to 4s accelerated straight-line driving
part. Nevertheless, according to the actual function of AGV,
the irregularity of the cargo weight and position makes the
AGYV centroid position change, thus producing certain yaw
rate response and centroid sideslip angle response. At t=4s,
the AGV changed the driving road and the left front wheel
drive actuator failed, causing the yaw rate response and the
centroid sideslip angle response to increase and exceed the
theoretical values by 30% and 10% respectively at the peak.
Comparing the three curves in FIGURE 7 (a) and (b), it can
be seen that AFTC can suppress the yaw rate response and
the centroid sideslip angle response, and it can follow the
ideal value well, which is closer to O than no control. Refer
FIGURE 7(c) and (d), in the first 4s, the four-wheel torque
is adjusted according to the objective function J to solve
the instability caused by the change of the AGV centroid
position, when the left front wheel drive actuator control gains

VOLUME 10, 2022



Q. Zhang et al.: Fault-Tolerant Control of Automated Guided Vehicle Under Centroid Variation

IEEE Access

Upper cgmputer
WiFi
communication

Three dimensional position,
Attitude, velocity and acceleration,
Yaw rate, Sideslip angle of mass
center

signal acquisition

Serial Serial
pC communication

Lower machine
& Motion control

communication

‘.. y
&) \

Integrated
navigation system

Brake by wire

J
Steer by wire
5 / i
Sample vehicle based on low speed steering

yaw stability control

5 '\\
Push rod by wire Drive by wire
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np = 1. When t=4s, ng = 0.75, indicating that the output
torque of the left front wheel drive actuator is 75% of the
desired torque, the right front wheel increases to compensate
the lateral force, and the other wheels adjust the torque to
compensate the longitudinal force, compared with the state
without control, the wheel return resistance is reduced and the
stability is better controlled. When t=6s, the remaining wheel
torque reconstruction is completed and the output torque of
the left front wheel is equal to the desired torque, n7 = 1.
Refer FIGURE 7 (e) and (f), in the first 4s, the change in the
vehicle’s centroid position causes the AGV to deviate slightly
from its straight trajectory, and the vehicle speed rises steadily
from 50km/h with the double line change condition. When the
left front wheel drive actuator fails, AFTC is able to suppress
the AGV from deviating significantly from the trajectory,
the error stays within 0.1m and the vehicle speed is able
to follow the ideal vehicle speed. In the uncontrolled state,
the vehicle deviates significantly from its intended trajectory.
Stable control is achieved through uniform motion, and it is
not possible to complete the double line change condition.
In summary, the AFTC proposed in this paper can take into
account the stability of centroid position change and single-
wheel drive actuator loss of effectiveness under double line
change condition.

V. EXPERIMENTAL VERIFICATION

A. AGV PROTOTYPE VEHICLE DESIGN

The prototype vehicle for this experiment is independently
designed and manufactured 4WID/4WIS AGYV, the physical
expansion diagram is shown in FIGURE 8, and the vehicle
parameters and motor parameters are shown in TABLE 4.

VOLUME 10, 2022

TABLE 4. Main parameters of vehicle and wheel motor.

Parameter Value
Overall dimensions of the vehicle (
long/wide/high) /mm 890/690/560
wheelbase /mm 690
Tire diameter /mm 200
Track width /mm 590
Vehicle quality /kg 128
Braking type Dlsﬁrzllf;trlc
Rated output power /W 50-300
Rated speed /RPM 400
Rated torque / (N'm) 5
Rated voltage /VDC 24-48

The AGV prototype uses TMS320F28335 DSP as the
lower computer for control and the embedded mini IPC as the
upper computer. The four wheel motor drive actuators use a
multi-method switching mode of operation to achieve optimal
power and driving performance. The servo motor steering
system provides closed-loop control of the heading angle of
the AGV through the inertial navigation system (INS) for
stable, fast and accurate operation. Linear motor let platform
lifting or lowering to facilitate loading and unloading of
cargoes by AGV. By extending the Kalman filter, the Aerial
Head Reference System (AHRS), provides highly accurate
heading, yaw and pitch angle data as well as raw data such
as angular velocity and acceleration under either static or
dynamic conditions. The DSP collects signals in real time and
uploads them to the IPC, which issues control commands to
the DSP through the CAN bus or RS232 control interface,
and the DSP directly controls the corresponding equipment
according to the commands. In summary, the developed AGV
prototype is able to meet the experimental requirements of
both straight line and double lane change conditions.

B. EXPERIMENTAL RESULTS AND ANALYSIS

Firstly, the uniform speed straight-line condition experiment
is conducted. When t=3s, the DSP gives the control signal to
the left front wheel drive actuator, so that the left front wheel
driving actuator runs at 80% power to simulate the driving
actuator fault loss of effectiveness, and the experimental
results are shown in Figure 9.

Refer FIGURE 9 (a) and (b), 0s~2s, the vehicle starts to
drive after loading the cargo. The cargo placement position
is irregular so that the AGV centroid position changes thus
leading to fluctuations in the yaw rate and the centroid
sideslip angle response. The AGV generates the instability
trend or is about to be instability, but the controller does
not detect the driving actuator fault loss of effectiveness.
After judging by logic, nominal control of the distribution
rate is adopted to distribute drive force with stability as
the goal to achieve stability. From 2s to 3s, the yaw rate

69005



IEEE Access

Q. Zhang et al.: Fault-Tolerant Control of Automated Guided Vehicle Under Centroid Variation

=
=
T

=
t
T

Yaw rate/rad/s
=
N
T

&
T

= = +Theoretical value
= = - Simulation value
Actual value

. . . L L . . . . )
0 1 2 3 4 5 6 7 8 9 10
Time/s

(a)Yaw rate

53
T

= = :Theoretical value
= = Simulation value
Actual value

Centroid sideslip angle/rad

0 1 2 3 4 5 6 7 8 9 10
Time/s

(b) Centroid sideslip angle

i
1

eoretical value
Actual value

13
T

splacement/m
.

-0.05 |

L L L L )
0 50 100 150 200 250 300
Longitudinal displacement/m

(c)motion trajectory

Speed/Km/h
2

= = :Simulation value
AFTC

= = :Theoretical value

Time/s

(d)Simulation speed

Torque/N.m

Time/s

(e) Wheel torque

FIGURE 9. Experimental parameter response under straight-line
conditions.

and the centroid sideslip response is smooth, indicating
that the AGV destabilization trend is effectively controlled.
At t=3s, the DSP gives a signal to the left-front driving
actuator with 80% torque output to simulate a loss of
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effectiveness. The controller detects that the left-front control
gains 17 = 0.8 and immediately reconfigures the drive
torque for the healthy wheel drive actuator, and the drive
torque reconfiguration is completed at t=5s. After 5s, the
yaw rate responce and the centroid sideslip angle responce
gradually stabilized, indicating that the AGV was in a stable
state. Refer FIGURE 9 (c), AFTC can well suppress the
degree of trajectory deviation after the driving actuator loss
of effectiveness and ensure the safety of driving. Refer
FIGURE 9 (d), the change of the centroid position and the
driving actuator loss of effectiveness produces fluctuations
in the vehicle speed, and the actual speed can still closely
follow the theoretical value under the AFTC action. Refer
FIGURE 9(e), the variation of the output torque of each drive
actuator is seen more visually. Instability due to change in
the centroid position, uniform distribution of driving torque
among wheels in the absence of the driving actuator loss of
effectiveness. After 3s, the left-front driving actuator fails and
the driving torque decreases. The healthy wheels remained
carry out drive reconfiguration to generate additional yaw
moment to compensate for the vehicle yaw moment around
the centroid to achieve AGV stability. In summary, under
straight-line conditions,the AFTC proposed in this paper is
able to achieve stability that takes into account the change
of centroid position and single-wheel driving actuator loss of
effectiveness.

Next, a double lane change condition experiment was
conducted.When t=4s, the DSP gave the control signal to
the left front wheel drive actuator to make the left front
wheel drive actuator run at 75% power to simulate the driving
actuator loss of effectiveness, and the experimental results are
shown in FIGURE 10.

Refer FIGURE 10 (a) and (b), the position of the centroid
changes after the AGV is loaded with cargo during Os~4s.
The fluctuations in the yaw rate and the centroid sideslip
angle indicate that the AGV has a tendency to be unstable
or is about to be unstable. At this time, the control gain
of each wheel drive actuator is 1. The nominal control
distribution rate is adopted, and the driving force is distributed
with stability as the goal to realize the stability of AGV.
At t=4s, the DSP gives the signal to the left front wheel
drive actuator, the left-front actuator control gains n; =
0.8, and the controller immediately reconstructs the drive
torque for the rest of the wheel drive actuator. t=6s, the
drive torque reconstruction is completed. After t=6s, the yaw
rate and the centroid sideslip angle response is gradually
stabilized, indicating that the AGV is in a stable state.
Refer FIGURE 10(c), AFTC is able to closely follow the
predetermined driving trajectory to ensure the safety of
driving. Refer FIGURE 10(d), the change of the centroid
position and the drive actuator loss of effectiveness produced
fluctuations on the vehicle speed, and the actual speed
was able to remain stable under the AFTC action. Refer
FIGURE 10(e), the variation of the output torque of each
drive actuator is seen more visually. Instability due to change
in the centroid position, uniform distribution of drive torque
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FIGURE 10. Experimental parameter response under double lane change
conditions.

among wheels in the absence of drive actuator loss of
effectiveness. After 4s, the left front drive actuator fails and
the drive torque decreases. The healthy actuator remained
carry out drive reconfiguration to generate additional yaw
moment to compensate for the vehicle yaw moment around
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the centroid to achieve AGV stability control. In summary,
the AFTC proposed in this paper can take into account the
stability of centroid position change and single-wheel drive
actuator loss of effectiveness under double lane change
condition.

VI. CONCLUSION

1) In this paper, the 4WID/AWIS AGV is used as the
research object. The three-degree-of-freedom model of the
vehicle body, the driving-wheel model, the HSRI tire model
and the actuator loss of effectiveness model established to
provide a theoretical basis for modeling in Simulink.

2) A hierarchical AFTC strategy is designed to address the
problem of the driving actuator loss of effectiveness affecting
the completion of handling tasks under AGV variable cen-
troid conditions. The upper layer is an MPC-based optimal
input solver controller, which solves the optimal state input of
the AGV and establishes the 2-DOF ideal model. The middle
layer is a fuzzy theory based expectation target moment
solver, which solves the ideal additional yaw moment and
establishes the driving torque distribution method based
on the objective stability function. The lower layer is a
control gain based driving torque reconfiguration distribution
controller, which reconfigures the driving moments remained
of the healthy wheels to ensure the stability of the AGV when
the position of the centroid changes and the single-wheel
driving actuator fails.

3) A joint simulation platform based on Carsim and
Matlab/Simulink was established for testing. The vehicle
model and simulation conditions are established in Carsim
environment, and the driving wheel model, the actuator loss
of effectiveness model and the controller model established
in Simulink. After adding AFTC control, the yaw rate and
centroid sideslip angle can closely track the theoretical values
and keep the error within 4%. The travel trajectory and
vehicle speed simulated is corrected and kept stable. The
simulation results show the reasonableness of the established
AFTC strategy under straight line and double lane change
conditions, which can improve the stability of AGV under the
change of centroid position and single-wheel drive actuator
loss of effectiveness.

4) Real-vehicle experiments on the control strategy were
conducted, and a 4WID/4WIS AGYV prototype was developed
to simulate the handling task between two workstations in
a straight-line scenario and a double lane change scenario
in a factory. The experiments show that the yaw rate and
centroid sideslip angle is within 5% of the theoretical value,
and there is no significant change in driving trajectory and
vehicle speed. The ATFC control strategy designed in this
paper can reduce the delay, accelerate the response speed and
improve the stability of the AGV. The experimental results
are basically consistent with the simulation results, which
verifies the correctness of the algorithm.
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