82

A

UNIVERSITY University of Wollongong
OF WOLLONGONG .
AUSTRALIA Research Online

Faculty of Engineering and Information Sciences -

Papers: Part A Faculty of Engineering and Information Sciences

2016

Fault-tolerant control of electric vehicles with in-
wheel motors using actuator-grouping sliding
mode controllers

Boyuan Li
University of Wollongong, bl995@uowmail.edu.au

Haiping Du
University of Wollongong, hdu@uow.edu.au

Weihua Li

University of Wollongong, weihuali@uow.edu.au

Publication Details

B. Li, H. Du & W. Li, "Fault-tolerant control of electric vehicles with in-wheel motors using actuator-grouping sliding mode
controllers," Mechanical Systems and Signal Processing, vol. 72-73, pp. 462-485, 2016.

Research Online is the open access institutional repository for the University of Wollongong. For further information contact the UOW Library:

research-pubs@uow.edu.au


http://ro.uow.edu.au/
http://ro.uow.edu.au/
http://ro.uow.edu.au/
http://ro.uow.edu.au
http://ro.uow.edu.au/eispapers
http://ro.uow.edu.au/eispapers
http://ro.uow.edu.au/eis

Fault-tolerant control of electric vehicles with in-wheel motors using
actuator-grouping shding mode controllers

Abstract

Although electric vehicles with in-wheel motors have been regarded as one of the promising vehicle
architectures in recent years, the probability of in-wheel motor fault is still a crucial issue due to the system
complexity and large number of control actuators. In this study, a modified sliding mode control (SMC) is
applied to achieve fault-tolerant control of electric vehicles with four-wheel-independent-steering (4WIS) and
four-wheel-independent-driving (4WID). Unlike in traditional SMC, in this approach the steering geometry
is re-arranged according to the location of faulty wheels in the modified SMC. Three SMC control laws for
longitudinal velocity control, lateral velocity control and yaw rate control are designed based on specific
vehicle motion scenarios. In addition the actuator-grouping SMC method is proposed so that driving
actuators are grouped and each group of actuators can be used to achieve the specific control target, which
avoids the strong coupling effect between each control target. Simulation results prove that the proposed
modified SMC can achieve good vehicle dynamics control performance in normal driving and large steering
angle turning scenarios. In addition, the proposed actuator-grouping SMC can solve the coupling effect of
different control targets and the control performance is improved.

Keywords
fault, controllers, tolerant, control, electric, vehicles, wheel, motors, actuator, grouping, sliding, mode

Disciplines
Engineering | Science and Technology Studies

Publication Details
B. Li, H. Du & W. Lj, "Fault-tolerant control of electric vehicles with in-wheel motors using actuator-grouping
sliding mode controllers," Mechanical Systems and Signal Processing, vol. 72-73, pp. 462-48S, 2016.

This journal article is available at Research Online: http://ro.uow.edu.au/eispapers/S015


http://ro.uow.edu.au/eispapers/5015

Fault-tolerant control of electric vehicles with in-wheel motors using
actuator-grouping sliding mode controllers

Boyuan Li', Haiping Du! and Weihua Li?

1. School of Electrical, Computer and Telecommunications Engineering, University of Wollongong,
Wollongong, NSW 2522, Australia

2. School of Mechanical, Material and Mechatronic Engineering, University of Wollongong,
Wollongong, NSW 2522, Australia

Abstract:

Although electric vehicles with in-wheel motors have been regarded as one of the promising
vehicle architectures in recent years, the probability of in-wheel motor fault is still a crucial
issue due to the system complexity and large number of control actuators. In this study, a
modified sliding mode control (SMC) is applied to achieve fault-tolerant control of electric
vehicles with four-wheel-independent-steering (4WIS) and four-wheel-independent-driving
(4WID). Unlike in traditional SMC, in this approach the steering geometry is re-arranged
according to the location of faulty wheels in the modified SMC. Three SMC control laws for
longitudinal velocity control, lateral velocity control and yaw rate control are designed based
on specific vehicle motion scenarios. In addition the actuator-grouping SMC method is
proposed so that driving actuators are grouped and each group of actuators can be used to
achieve the specific control target, which avoids the strong coupling effect between each
control target. Simulation results prove that the proposed modified SMC can achieve good
vehicle dynamics control performance in normal driving and large steering angle turning
scenarios. In addition, the proposed actuator-grouping SMC can solve the coupling effect of
different control targets and the control performance is improved.

Key words: yaw rate control, side-slip angle control, longitudinal velocity control, fault-tolerant
control, sliding mode control, electric vehicle, in-wheel motors

I. Introduction

In recent years, due to the considerable potential in the reduction of emissions and fuel
consumption, electric vehicles have been regarded as the promising vehicle architecture of
the future. Because of the use of electric motors, such vehicles can have both four-wheel-
independent-steering (4WIS) and four-wheel-independent-driving (4WID). In 4WID vehicles,
four in-wheel motors are used to drive the four wheels and each individual wheel can be
independently driven or controlled. Similarly, 4WIS electric vehicles can also have different



steering angles for each wheel. Thus, for a 4WIS and 4WID electric vehicle, there is a total of
eight control actuators which can be utilised to enhance the performance of traction control
and direct yaw-moment control, and other advanced vehicle control strategies like energy-
efficient control [1]-[4].

Compared with conventional vehicles, however, the probability of an in-wheel motor fault is
a crucial issue due to the system complexity and large number of control actuators. The in-
wheel motor fault may be caused by mechanical problems, over-heating of the motors or a
fault associated with the motor drivers [5]. In addition, uneven road conditions can cause the
individual wheel to lose contact with the road, thus losing friction force and this can cause a
fault in an individual wheel. The fault of the in-wheel motor compromises the vehicle’s
dynamic control performance when conventional controllers are applied, so the design of the
fault-tolerant controllers for electric vehicles is especially important.

Previously, to improve the robustness of the vehicle traction control, the model following
control (MFC) approach has been proposed. This only required the input information of
vehicle torque and wheel rotation speed [6-8]. Then the maximum transmissible torque
estimation (MTTE) approach was developed to further improve the robust control
performance of MFC [9]. Recently, a fault-tolerant control method based on MTTE has been
suggested using a proportional-integral (PI) type disturbance observer [10], but this method
only concerned the uncertainties of the mathematical model and sensor faults and did not
focus on the failure of one specific wheel.

Driving actuator failure could be handled using the well-known H,, robust control method,
but the dynamic performance of the vehicle under healthy conditions was also compromised
[11]. To overcome this disadvantage, various active fault-tolerant controllers (AFTC) have
been proposed based on the application of a fault detection and isolation (FDI) module
[12][13]. According to the fault severity, different control structures and control parameters
are selected after the fault is detected. In [14], two control structures in the AFTC approach
were proposed to achieve the fault-tolerant control of an induction-motor affected by a speed-
sensor fault. The first control structure was the PI controller for the healthy mode and the
second controller was the H,, robust controller for the faulty mode.

This means, however, that specific controller strategies can be implemented only after the
fault has been detected and therefore fault diagnosis is important for fault-tolerant control. In
the literature, a number of fault diagnosis control strategies for conventional ground vehicles
have been suggested, but these control methods are not for electric vehicles [15-17]. Several
fault diagnosis methods for electric vehicles have been proposed [18][19], but motor failures
are hard to diagnose using only the current and voltage sensors in the in-wheel motor. In [5]
and [20], the faulty wheel could be identified by estimating the individual motor control gain
without the knowledge of the specific tyre-road friction coefficient.

Apart from the fault of a sensor or a fault caused by the disturbance and model uncertainty,
much study has been done into the failure of the specific in-wheel motor. A control method
has been proposed in which the faulty wheel and its opposite side wheel were isolated but this



degrades the performance and stability of the vehicle [21]. Wenbo et al. proposed a control
strategy to enhance the performance of the vehicle in a small turn or at low speed, but
conditions where the vehicle is moving in a sharp turn or at high speed were not discussed
[22]. Xin et al. classified the control strategy into the failure-driving mode, which guaranteed
the vehicle continued moving and the failure-stopping mode, which stopped the vehicle [23].
In [5], a sliding mode controller (SMC) was implemented as the high level controller to
achieve the desired longitudinal velocity, lateral velocity and yaw rate, then the four driving
torques of each wheel could be generated to achieve these values. An adaptive-control-based
passive fault-tolerant controller was also designed to maintain vehicle stability and track the
desired vehicle motion [20]. Wang and Wang also introduced an improved passive fault-
tolerant controller which grouped the actuators having similar effects on the control of the
system into one sub-system [24]. This control method was promising due to the direct
distribution of the high-level control targets to each of the group of actuators in the lower
level.

The adaptive control method, however, has the problem of high computational cost compared
with the SMC method. For this reason many see SMC control in fault-tolerant control of
4WID vehicles as quite promising. In order to achieve better control performance, however,
SMC needs large control gains and this will cause a large chattering effect. Alipour et al.
suggested the proportional-integral sliding mode control (PISMC) strategy to improve the
fault-tolerant control performance of the traditional SMC so that a smaller control gain could
be selected and the chattering effect could be reduced [25]. Although the SMC control gain
can be reduced significantly, however, the improvement of the actual dynamics control
performance over the traditional SMC is not assured. Song et al. applied terminal sliding
mode control (TSMC) to achieve the finite-time convergence and quick responsiveness on
the terminal sliding manifold [26]. If the SMC method is applied in a 4WID vehicle to
achieve multiple control targets, the control effort is allocated into the driving actuators of
four wheels. One big problem is the coupling effect between different control targets and
grouping the driving actuators is one of the solutions to solve this problem. For instance, the
two front wheels can be considered as one group in order to control the body slip angle only,
while the two rear wheels can also be regarded as one group in order to achieve the desired
yaw rate. In this way, the control actuators related to the body slip angle will not have a
strong effect on the control performance of the yaw rate. Except for [25] however, it appears
that few researchers have examined the grouping of the driving actuators. Actuators having a
similar control effect were grouped in [25], but this was not related to the coupling effect
between different control targets.

This paper focuses on the fault-tolerant control method and the location of the specific faulty
wheel is assumed to be known. This assumption is reasonable according to the literature
[5][19][20][24]. The newly proposed SMC fault-tolerant controller focuses primarily on
4AWIS-4WID electric vehicles. The main contribution of this paper is to solve the coupling
effect of different control targets by grouping the actual driving actuators in fault-tolerant
control of a 4WID vehicle. In addition, due to the fault of one specific wheel, the steering



geometry of the whole vehicle will be re-arranged and the actual steering actuators will be
adjusted in the 4WIS vehicle.

The rest of this paper is organised as follows. Vehicle modelling is presented in Section 2.
The steering geometry during the wheel fault is discussed in Section 3. The SMC method and
its modification are shown in Section 4. The simulation results of comparing the SMC
method with other stability controllers are shown in Section 5. Section 6 describes the
strategy of grouping driving actuators in the SMC method to achieve better control
performance. Section 7 shows the advantage of grouping the driving actuators in SMC over
the traditional SMC methods. Finally, the conclusion is given in Section 8.

I1. Vehicle Dynamics Model

2.1 Vehicle dynamics model

In this paper, a 4WIS-4WID vehicle model, as shown in Figure 1, is utilised to describe the
dynamics motion of the electric vehicle with in-wheel steering and driving motors [27][28].
This model is used to validate the performance of the proposed control method.

1 IRC

Figure 1. 4WIS-4WID vehicle dynamics model, where IRC represents the instantaneous
centre of rotation.

The equations of motion of this model are described as follows:



Longitudinal motion:

mf?x = mvyr + (Fxfl + Fxfr + Fxrl + Fxrr)

1)

Lateral motion:

mvy, = —mu,r + (Fyﬂ + Fypr + Fyrp + Fyrr)

(2)

Yaw motion:

. bf br
Izr = lf(Fyfl + Fyfr) - lr(Fyrl + Fyrr) + 7 (Fxfl - Fxfr) + 7(Fxrl - Fxrr)

3)

where v,,v,,r are the vehicle longitudinal velocity, lateral velocity, and yaw rate,
respectively. Fys, Fyfr, Fyri, Ferr are the vehicle front left, front right, rear left and rear right
longitudinal tyre forces, respectively, and F ¢, F, ¢y, Fyyq, Fyry are the vehicle front left, front
right, rear left and rear right lateral tyre forces, respectively. [ and [, are the front and rear
wheel base lengths, while br and b,. are the front and rear track widths. I, and m are the
moment of vehicle inertia in terms of yaw axis and vehicle mass.

The tyre traction or brake force and side force are defined as F;; and F;, respectively, which
can be related to the longitudinal and the lateral tyre forces by the steering angle §; as
follows:

in = Fti CcoSs 61’ — Fsi sin 6i
Fyi = Fti sin 61' + Fsi Ccos 61'
4)

where i = f1, fr,rl,rr, which represents the front left, front right, rear left and rear right
wheel, respectively.

2.2 Vehicle tyre model

The non-linear Dugoff tyre model is used in this paper [29], and is described by:

uF,; ll — &U; ’slz + tan? ail (1-s5))

2\/C525i2 + C2Ztan? q;

Aiz




A@2=-24) (4 <1)
fe) = { 1 >1)
R, = Cltan alf(/l)
Fa= 1201 2

()

where u is the tyre-road friction coefficient. F,; is the vertical load of each wheel. Cs is the
longitudinal cornering stiffness and C, is the lateral cornering stiffness. s; is the longitudinal
slip ratio, and «; is the lateral slip angle. ¢, is a constant value, and v;; is the vehicle velocity
component in the wheel plane which is defined for each wheel as:

1
Vi1 = (vx + Ebfr) cos 65 + (vy + lfr) sin 6y,

cos b + (vy + lfr) sin &y,

( 1 )
2
1
Vi = (vx +3 brr) cos &y — (I,r —vy) sin &,
1
( > brr) €0S Oy — vy) sin &,

(6)
1. Steering Geometry while Wheel-fault Happening

According to [30][31], a complete steering model for an individual wheel of the electric
vehicle can be presented by the following equation:

]Effsl + beff6l + k6l =14 + T]' + Tact (7)

where J. ;¢ is the effective moment of inertia and b,z is the effective damping coefficient. k
is the jack-up moment coefficient. , is the total alignment moment, which is the moment
generated about the steering axis from the lateral force. 7; is the reaction torque produced
from the vertical tyre force and suspension travel as a function of steering angle. t,.; is the
actual steering torque generated from the steering motor. The output steering angle §; can be
controlled by adjusting the actual steering torque t,.; according to the desired steering angle
given by the driver. Therefore, the steering angle of an individual wheel §; is assumed to be
known when all the wheels work well. However, when an individual steering motor cannot



work, the actual steering torque is zero and the output steering angle is governed by the
following equation:

]eff6l + beff& + ké‘l =Tq4 + Tj (8)

In [32], it is suggested that the jacking torque does not play the important role when the
vehicle longitudinal velocity is large and the tyre lateral force is large. In this study, the
vehicle initial longitudinal velocity is 20 m/s or 15 m/s, which is quite large. Thus, the effect
of jacking torque can be neglected and the steering angle is determined by the total alignment
moment 7,

- _ _ tpoCa : ) .
Ty = (tm + tpo SnF,, |tan a;| ) F; 9)
where t, is the mechanical trail and ¢, is the initial pneumatic trail.

If one wheel is faulty during vehicle turning, the steering angle of other three wheels must be
adjusted according to the steering geometry in Figure 2 to maintain the turning. One simple
method to realise the geometry in Figure 2 is shown as follows:

1) If the faulty wheel is the front wheel, the vehicle ICR is located on the extension cord of
the front track. The steering angle of the healthy front wheel is zero and the steering angle of
the front faulty wheel is determined by equations (8) and (9). The steering angles of the rear
left and rear right wheels can be calculated as [33]:

6; = tan~ (D" (x; — x1¢r), —D" (i — Yicr)) (10)

le+l
Where XicrR = lf and Yicr = f5 -

.1 = rl,rr, which presents the rear left and rear right wheel,
d

respectively. &, is the desired steering angle, which is determined by the driver. (x,;, y,;) =

(—lr,bz—f) and (X, Vyr) = (—lr,—%f) are the positions of the wheel centre. DT =1, if

turning in an anti-clockwise direction; DT = —1, if turning in a clockwise direction.

It should be noted that if the driver’s desired steering centre is &, the vehicle turning radius

ISR = lfai. The turning radius is the distance between the vehicle centre of gravity and the
d

ICR but in this paper it is assumed that the distance between the front wheel centre (rear
wheel centre) and the ICR is the turning radius. This assumption is reasonable because
usually, the turn radius is much larger than the vehicle wheel base.

2) If the faulty wheel is the rear wheel, the vehicle ICR is located on the extension cord of the
rear track. The steering angle of the rear healthy wheel is zero and the steering angle of the
rear faulty wheel can be determined by equations (8) and (9). The steering angles of the front
left and front right wheel can be calculated using equation (10). In equation (10), i = fI, fr,

which represents the front left and front right wheel, respectively. In addition, x;.r = —[,- and
L+l br

b .-
Yicr =5 X1 Vr1) = (—lr,yf) and (xpp, Vi) = (—lr,—7) are positions of the wheel

centre. DT = 1, if the turning is anti-clockwise; DT = —1, if the turning is clockwise.




The motor driver and in-wheel motor driving unit can be described by a control gain k;,
which is related to the in-wheel driving motor of each wheel.
T;
ki = (11)
where T; is the driving torque of each wheel of the in-wheel motor and u; is the input voltage
of the in-wheel motor.

If the driving wheel is in a healthy condition, the normalised control gain k; is assumed to be
equal to 1. The value of k; can be estimated by various fault diagnosis methods. [5][20] The
specific faulty wheel can be identified according to the estimation results of the control gain
of driving torque k;.

by, O by v, b
2 A2 L2 a2
- == - === p it Al
| ! 5fl 6fr
6fl 5fr IRC | /P
_*___ R ____________/:/, B Ny : -\-\--------- ----------- :\
I ! ' 7 AN AN
: : I /’/ //, : \\\\ E N
lf 1 //’/ ,/ lf | \\\ i \\\
I // // I \\ : \\
1 H ©,0) [ ’ 1 ! S \
v i 0,0 2 ’ v ! S
v, i ) —— S % ! L . > \
y 4 : T , y 4+ (0,0) AN .
: T . RS
b P L | RN
: o ,’/ Spr E s " 1 E AN
e g 1 N

Figure 2. The vehicle steering geometry when one of the four wheels is the faulty wheel.

It should be noted that if the two front wheels of the vehicle cannot work during turning, the
vehicle can move like a rear wheel steering vehicle. Similarly, if the two rear wheels of the
vehicle are faulty during turning, the vehicle can move as a front wheel steering vehicle.
However, if one of the front wheels and one of the rear wheels cannot work or more than
three wheels are faulty, the vehicle cannot make a turn and must stop.

IV. Sliding Mode Controller Design

To evaluate the SMC, the vehicle dynamics equation (1)-(3) can be simplified using the
following equations [5]:

Uy = VT + %Fx (12a)
by = —v,r +—F, (12b)
F=2M, (12¢)



where F,, E, and M, are the total longitudinal force, lateral force and yaw moment.
E =Fxfl+Fxfr+Fxrl+Fxrr (13a)

Fy =Fypi+ Fypr + Fyry + By (13b)

b b
M, = lf(FJ/fl + FJ'fr) - lr(Fyrl + Fyrr) + ?f(Fxfl - Fxfr) + ?r(Fxrl - Fxrr)

(13c¢)
According to [20], equation (12) can be rewritten as:
Uy 124
lvy] = l_vxrl + By(éi)Fs + Bx(si)Ft (14)
; 0
r

where F, = [thl thr Firy Ftrr]T1 Fg = [FSfl FSfT Fst Es*rr]T, which presents the
tyre force along the wheel direction and perpendicular to the wheel direction, respectively.

By (61)
[~ 0 o B b
m [ cos 8 €os Opy cos &y cos 0, ]
_lo l 0 | sindg;  sin &g, sin 8, sin §,., |
7 om b b b _ b o
| 0 0 1 |llf sin 6fl + 7f cos 6fl lf sin 6fr - ?f cos 6fr ?T cos 67”1 - lr sin 67”1 - ?r cos 6?”7" - lT sin 6TTJ
| 1]
By(ai)
1
[g 0 0] —sindy —sinédp, —sin g, —sin 6,
N 0 l 0 | cos &y, COS Oy cos &y coS &,y
h m b b b, b,
[0 0 1‘ lp cos & — ?f sindg I cos &g + ?f sindp,  — ?r sin §,; — I, cos 6, ?r sin 8, — 1, cos 8,
I,

According to the wheel dynamics and equation (11), the individual tyre longitudinal force Fy;
can be written as:

Fyy = e (15)

Therefore, the longitudinal tyre force can be presented by the following equation:
[kfl 0 0 0 —| U [wfl—|
FtZL 0 kfr 0 0 ufr Iﬂ d)fr

Rol 0 0 ky O |[Urt| Rol|op
0 0 0 kedlter Dy

(16)

Based on (16), vehicle model (14) can be rewritten as:



. ke O 0 0 ([un [@r1]

Uy Uyr B 6 / .

vy | = |=wr| + B, (8)Fs + <@ (10 k00 ) Crr
.y 0 yrmns R(u \ 0 0 krl 0 Urt @ Wy
r l 0 0 0 krrJ Urr ld)WJ

(17

It is assumed that the lateral tyre force can be described by the following equation related to
the side-slip angle if the linear relationship is assumed:

Fsi_tinear = Caai(vx' Uy, 1’) (18)

If the non-linear tyre characteristic is considered, the tyre lateral force can be presented as
follows:

Fsi = Fgi_tinear + AFs; = Coq; (vxr Uy, T) + AF; (19)
AF; represents the additional lateral tyre force caused by the non-linear tyre characteristic.

In this way, equation (17) can be rewritten as equation (20) by neglecting the lateral tyre non-
linear characteristics and acceleration of the wheel angular velocity. This simplification is
reasonable because these neglected values can be compensated for by increasing the sliding
mode gain.

1
- 0 0]
v [ W 1 1
Uy| = |7V« + By(6i)Fs—linear + R_| 0 — 0 |
. O w m
r lo o 1
| A
[ cos &s kg €OS 8py kg cos 6, kyy  €OS O, kpy 1
I Sindg kg, sin &gy kg sind,; ky;  sind,, k. I
b b b b
|l<lf sin &7, + ?f cos 5ﬂ> kg <lf sin &7, — ?f cos é}r)kfr (?r cos 6,; — L, sin 5rz) k. (— ?r €os 6, — L sin 6rr) krrjl
uﬂ
'U,fr
U
uTT

(20)

[Cattpi(vi, vy, 7)1
| Cosy (vx, vy, r)
lCaaﬂ(vx, vy, r)j

CoQyr (vx, vy, r)

where Fs_linear =

The SMC control law is evaluated according to equation (20):

Uy = Uy’ + By1Fs_tinear + V1 (21a)



7-.7y = =V + ByZFs—linear + v, (21b)

r= BySFs—linear + U3 (21C)
sin § sin § sin &, sin &, cos & cos & cos §, cos &,
— | fl _ fr _ rl _ T _ fl fr rl rr _
whereByl—[ — — - ],Byz—[ — — — ],Byg_

1 by 1 by . 1 b, . 1 (b, .
[1— lycos by — - sin 8¢ r l¢ cos &4, +;sm (s L\~ 6, — L. cos b, 5 sin 8, — 1. cosd,, ]
z z Z z

The control law can be chosen such as:

Up = —UyT — BylFs—linear + Uy — Klsgn(sl) (22a)
Uy = Uy — ByZFs—linear + 1.7yr - Kzsgn(SZ) (22b)
U3 = _By3Fs—linear + 7 — K3Sgn(53) (22c)

where v,,., v, and 7. present the desired longitudinal velocity, lateral velocity and yaw rate.
Dyr, Uy and 7. and the desired longitudinal acceleration, lateral acceleration and yaw

acceleration. K;, K, and K5 are the control gains of SMC corresponding to v;, v, and v
respectively.

The sliding surface of each channel S;, S, and S5 can be defined as:
Sn = Xp — Xpr (23)

where n = 1,2,3, x,,,- is the vehicle state reference (vxr, vyr,rr) and x,, is the vehicle state
(v, vy, 7).

To prove the stability of the suggested control law, the Lyapunov method is used. The
Lyapunov functions for the three channels can be chosen as:

1

The time derivative of the above Lyapunov function is:

Vl = 515'1 =5 (ﬁx - 1.Jxr) =5 (‘UyT' + BylFs—linear +v; — 1.Jxr) (253-)
VZ = SZSZ = Sz(ﬁy - 1.Jyr) = SZ(_vxr + ByZFs—linear +v; — ﬁyr) (25b)
I./3 = 5353 =53 (r — f'r) = SS(By3Fs—linear + U3 — f'r) (25C)

By applying the suggested control law in equation (22), equation (25) is rewritten as:
Vi =818 = —S1Kisgn(S1) = —K; 1S, (26a)
Vz = stz = —S5,K,59n(S2) = —K;|S,| (26b)

V3 = 5353 = —53K35gn(S3) = —K;3|S3| (26c¢)



According to equation (26), the time derivative of the above Lyapunov function is always
negative, which proves the stability of the whole system.

To achieve the control law in equation (22), the actual driving torque of each wheel should be
distributed according to equation (21):

1
U1 = (cos 8r1 kpiusy + €OS 8y kprUpy + €OS 8y KUy + €OS &y krrurr) = —vyTr —

BylFs—linear + 1.Jxr - Klsgn(sl) (278-)

1, . . .
vz = e (sin &7, kpiugy + sin 85y ket + SIn Sy kyyttyy + SNy Kyl ) = vy —

ByZFs—linear + vyr - KZSng(Sz) (27b)

1 . b . b by
V3 = o ((lf sin 6 + ?f cos Sﬂ) kriug + (lf sin &5 — 7f cos Sfr) krup, + (? cos 6y —

. by . .
lr sin 5rl) krlurl + (_ ?COS 6rr - lr sin 61"1") krrurr) = _By3Fs—linear +7 — K3sgn(53)

(27¢)

It is noted that the longitudinal velocity, lateral velocity and yaw rate are assumed to be
available. Lateral tyre force Fs_jineqr Can be estimated according to the linear tyre model and
the side-slip angle of each individual wheel and the non-linear tyre characteristic is neglected.
These assumptions are reasonable because the estimation of the longitudinal velocity, lateral
velocity, longitudinal slip ratio, friction coefficient and lateral slip angle of the vehicle has
been done previously. [34-38] The actual vehicle yaw rate r can be measured by inertial
measurement unit (IMU).

The function sgn(x) used in SMC control law (27) will cause the serious chattering effect
due to the abrupt change. In order to achieve continues and smooth switching control law, the
saturation function Sat(x) is used as follows instead of sgn(x) in SMC:

1 ifx>¢
Sat(x) =< sgn(x) if —e<x<e¢
-1 if x < —¢

(28)
where ¢ is the thickness of the boundary layer.

The desired longitudinal acceleration v, is determined by driver’s desired driving input T,
which is shown in equation (29). The desired longitudinal velocity v,,. can be determined by
the integration of the desired longitudinal acceleration.

. T

Uyr = —— (29)

mR,



The desired lateral velocity and lateral acceleration are assumed as zero. The lateral velocity
is related to the vehicle body slip angle, which is an important value to present the vehicle
stability. Boada et al. suggested the vehicle desired body slip angle is zero [28]:

Ba=0 (30)
The desired yaw rate can be calculated by the following equation [28]:

— vx06d
(i + 1)1+ P2y

L

(31)

m  Cap(ly—1y)
2(14+1,)°  CarCar
front tyre and rear tyre cornering stiffness, which are assumed as the same value C, in this
research. v, is the initial vehicle longitudinal velocity. The desired yaw acceleration is
determined by the derivative of the desired yaw rate.

where P = — , Which is defined as the stability factor. C,r and C,, are the

When a particular driving motor fails, the corresponding driving gain k; can be reduced to
reflect this failure. The vehicle handling and stability can be guaranteed by achieving the
virtual control values v,, v, and v; in SMC.

In the traditional SMC method, the distributed input voltage u; of each driving motor can be
solved by equation (27). However, there are four variables in three equations. Even if one of
the driving motors is faulty, we actually do not need to control all these three control targets
under certain scenarios. For example, only control of the longitudinal velocity and yaw rate
are required under normal driving conditions with a small steering angle. If the vehicle is
turning with a large steering angle, only control of the yaw rate and body slip angle (related
to the lateral velocity) is required.

Therefore, the SMC control system in equation (27) can be considered as an over-actuated
control allocation problem. An allocation optimisation method can be proposed to minimise
the control effort of each individual driving motor and meet the constraints of equation (27)
at the same time. The constraints (27a), (27b) and (27c) can be chosen according to the actual
scenarios. The cost function of the optimisation problem is:

-t 2,1 2 1 2, 1_ 2
Ji —kﬂuﬂ+kﬁuﬁ+kﬂurl+krrurr (32)

s.t. equations (27a), (27b) and (27c¢).

The cost function (32) can minimise the driving effort of individual wheels. Meanwhile,
including the motor driving gain can counterbalance the large driving effort of a faulty wheel.

In addition, the practical limitation of the the maximum driving torque of the individual
wheel for the electric vehicle T4, iS 250 N.m [25]. Thus, the additional constraint of the
control input is added into (32):



_Tmax < kiui < Tmax (33)

The allocated driving torque should also consider the effect of tyre force saturation. The
actual total longitudinal tyre force and lateral tyre force generated by a specific tyre are
limited by the vertical load of the wheel and the tyre-road friction coefficient. The following
friction circle constraint is widely used in to describe the tyre force saturation:

Fi + F& < uFj (34)

However, this nonlinear constraint will greatly increase the computational effort. Castro et al.
suggested this nonlinear inequality can be approximated by the N half-spaces: [39]

F.:
c[ “] < DuF,, (35)
Fsi
where C € RV*2 D € RY are matrices that characterise the half-spaces. One may see that, as
the number of half-space N is increased, the friction circle constraints can be approximated
with increasing accuracy. However, during the actual implementation of the controller, N
cannot be too large, as the computational effort will greatly increase. To improve the
computational efficiency, F;; can be calculated from the driving torque (equation (36)) and
F,; isequal to Fs_jinear-
kiui

Fyy =— (36)

Ry

The inequality (35) can be considered as another constraint of the optimisation problem (32).

V. Numerical Comparison between SMC Controller and other Vehicle Dynamics
Controllers

In this section, two sets of simulations are used to test the proposed SMC fault-tolerant
controller. These simulation results are also compared with the traditional vehicle dynamics
controller which does not consider the fault-tolerant problem. The traditional method uses the
linear feedback method to adjust the four steering angles and four driving torques in order to
achieve the desired yaw rate and body slip angle. We denote this as the linear feedback
method in the following paragraph [32]. In addition, the simulation results during the
situation where no controller is applied are also presented in order to verify the SMC control
performance. The vehicle parameters used in the simulations are listed in Table 1.

In the first set of simulations, the motion of a single lane change is examined. The driver’s
input steering angle is shown in Figure 3 and the friction coefficient is assumed as 0.9. The
vehicle initial velocity is 20 m/s. It is assumed that the wheel fault first happens in the rear
right wheel from 2 seconds to 2.5 seconds. The driver still wants to accelerate the vehicle and



the desired total driving torque is shown in Figure 4. In the proposed SMC controller, only
the longitudinal velocity control law v; and yaw rate control law v are applied here. This is
because the longitudinal velocity and yaw rate are primary control targets under normal
driving conditions. The value of the allocated driving torque is determined by the control law
v, to overcome the friction force and achieve the desired longitudinal velocity. In the linear
feedback controller and no controller applied conditions, the desired driving torque in Figure
4 is equally distributed to two rear wheels.

Figure 5 suggests that the proposed SMC method and the linear feedback controller can both
achieve the desired yaw rate accurately compared with when there is no controller applied.
The SMC method shows robust control performance when the rear right wheel is faulty over
a period of time. The linear feedback controller uses the driving torque to adjust the yaw rate.
Under normal driving conditions, this control effort is small and the loss of working effort of
one wheel will not significantly impair the yaw rate control performance. Figure 6 shows that
the proposed SMC method can better achieve the desired longitudinal velocity compared with
the linear feedback controller due to the applied control law v, (channel 1 of SMC).

Next, the wheel fault is assumed to occur in the two rear wheels from 2 seconds to 2.5
seconds. Figure 7 and Figure 8 also compare the control performance of yaw rate and
longitudinal velocity between the proposed SMC method and the use of a linear feedback
controller. The linear feedback controller has a serious error at 2.5 seconds and the simulation
stops because the scenario that both the two rear wheels are faulty is more challenging than
one faulty wheel scenario. The proposed SMC method can achieve the desired yaw rate even
if the two rear wheels cannot work properly from 2 seconds to 2.5 seconds. The desired
longitudinal velocity can be also better achieved due to the applied control law v;.
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Figure 3. Driver’s steering input during the motion of single lane change.
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Figure 4. Driver’s desired driving input during the motion of single lane change.
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In the second set of simulations, the vehicle is performing a simple J-turn motion and the
input steering angle is shown in Figure 9. Vehicle initial velocity is 15 m/s and friction
coefficient is 0.9. The rear right wheel is faulty from 2 seconds to 4 seconds. In this
simulation, the steering angle is large and the primary control targets have changed into the
yaw rate and vehicle body slip angle. Thus, in theory, control law v, and control law v5
should be applied in this simulation. However, when the steering angle is large, there is a
strong coupling effect between the control laws v, and v; and both the control performance
of the yaw rate and the body slip angle will be negatively affected. Therefore, the simulation
results of the application of yaw rate control law v; in SMC alone and the simulation results
of the application of both control laws v, and v in SMC are compared to show this strong
coupling effect. In the next section, this problem is solved by grouping the driving control
actuators. The detailed explanation of this and the simulation results can be found in the
following sections.



It should be noted that the only application of yaw rate control law v; is briefly called yaw
rate SMC and the application of both control laws v, and v; is called combined SMC in the
following paragraph.
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Figure 9. Driver’s input steering angle during a J-turn manoeuvre.
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Figure 10. Vehicle controlled yaw rate during a J-turn manoeuvre. (one faulty wheel)

According to Figure 10, the yaw rate SMC method can track the desired yaw rate response
perfectly even though the rear right wheel is faulty after 2 seconds. The yaw rate control
performance of the combined SMC is compromised due to the coupling effect between
control laws v, and v5. The linear feedback controller also has a serious error during 2
seconds and the simulation stops at 2 seconds, which is obviously not suitable to the fault-
tolerant control. In Figure 11, the simulation of the linear feedback control stops due to the
wheel fault in 2 seconds. The combined SMC method shows even worse body slip angle
response compared with the no controller applied situation and the yaw rate SMC method.
Since the combined SMC shows no advantages over the yaw rate SMC, only yaw rate SMC
is applied under the large steering angle turning condition in the following simulation. In the
next section, the body slip angle performance when the SMC method is applied is improved
by grouping the driving actuators.
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Figure 11. Vehicle body slip angle performance during J-turn manoeuvre. (one faulty wheel)

Figure 13 shows the yaw rate response and Figure 14 shows the body slip angle response
when the two rear wheels are assumed to be faulty. From 2 seconds to 4 seconds, the rear
right wheel of the electric vehicle is faulty. Moreover, the two rear wheels are faulty from 4
seconds to 5 seconds. The motor control gains of the two rear wheels are shown in Figure 12.
In the simulation, the application of the linear feedback controller stops at 2 seconds. The
yaw rate SMC method cannot achieve good control of the yaw rate and body slip angle after
4 seconds since all the two rear wheels lost the control. However, the control performance of
SMC method is still better than no controller applied condition.
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Figure 12. The motor control gains of two rear wheels during J-turn manoeuvre. (two faulty
wheels)
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In this section, the simulation results prove that the proposed SMC controller can achieve
better control under normal driving conditions and in a large steering angle J-turn manoeuvre
than the linear feedback controller but the proposed SMC method still has some
disadvantages. For instance, large sliding gains K;,K, and K5 are required in the above two
sets of simulations in order to achieve good control performance. These large values will
induce the chattering effects caused by frequent switching around the sliding surface. In
addition, during the J-turn manoeuvre with a large steering angle, due to the strong coupling
effect between the lateral velocity control v, and the yaw rate control v, only the yaw rate
control v5 is applied, and consequently the body slip angle response is compromised.



VI. Innovative Actuator-grouping SMC Controller

In this section, some improved SMC methods are proposed to solve the two disadvantages of
the SMC controller mentioned in the above section. Alipour et al. [25] introduced the PISMC
method, which included a proportional and integral controller into the SMC:

U1 = —VyT — BylFsi—linear + 1.7xr + Kpl(vxd - Ux) + Kil f(vxd - vx) - Klsat(sl)
(37a)

Uy = UxI" — ByZFsi—linear + 7-.7yr + sz (vyd - vy) + Kz f(vyd - vy) - Kzsat(sz)
(37b)

V3 = —By3Fi_inear + 7 + Kp3(vyd - vy) + Ki3 f(vyd - vy) — K3Sat(S3)
(37¢)

where K1, Ki1, K2, Kiz, K3, Ki3 are determined online by the Levenberg Marquardt
algorithm (LMA) algorithm, which aims to minimise the tracking error of the yaw rate or
body slip angle. The detailed LMA algorithm can be found in [25]. In this study, the LMA
algorithm is further revised by adding a threshold value of the yaw rate error or body slip
angle error. This is because a too small yaw rate or body slip angle error will cause the
singularity of the matrix and the LMA algorithm will not be accurate. On the other hand, a
small yaw rate or body slip angle error means that the SMC method has tracked the desired
values perfectly and the PI controller is no longer required.

The threshold value of the yaw rate error is defined as e,, and the threshold value of the body
slip angle is defined as eg,. If either the actual yaw rate error e, or the body slip angle error

eg is larger than its threshold value, the PISMC will be actuated to control the vehicle.

Otherwise, the traditional SMC is applied. The detailed structure of this threshold selection
method is shown in Figure 15.
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Figure 15. The flow chart of the threshold selection method of PISMC.

In the 4WID vehicle, there are four driving actuators which can be utilised if all the wheels
are in the healthy condition. When there is a large steering angle during turning, the control
targets are yaw rate and body slip angle. When all the four wheels are used simultaneously to
control the yaw rate and body slip angle, there is a strong coupling effect on these two control
targets. To solve this problem, the four driving motors are grouped into the class of the two
front driving motors and the class of the two rear driving motors. If front wheels are steering
wheels, the two front wheels are used to control the body slip angle and the two rear wheels
are used to control the yaw rate. Similarly, if the rear wheels are steering wheels, the two rear
wheels are used to control the body slip angle and the two front wheels are used to control the
yaw rate. This is because only the steering wheel can generate enough vehicle lateral tyre
force to control the vehicle body slip angle and all the four wheels can generate enough yaw
moment to control the yaw rate. This control law can be considered as the revised SMC
controller as follows:

1
Vi = (cos 8¢ Kpilsy + €OS 8y Kprtlpy + COS 8y KUy + COS 6,y krrurr) = —vyT —

BylFsi—linear + 1'7xr - Klsat(sl) (383-)



1 : . : :
Vo = (alsln Op1 ks + az8in 85y Kpptpy + assin 6y kyuy + aysin 6y krrurr) =

UyT — Bysti—linear + 1.7yr - Kzsat(sz) (38b)

Vs = o (b1 (lf sin &y, + <L cos 6ﬂ) ksiug + by (lf sin 8¢, — by cos Sfr) krup, +
b, (7 cos 6,; — [, sin SH) kjuy + by (— — cos Opr — lr sin STT) krrurr) =
_By3Fsi—linear + f'r - K35at(53)

(38¢c)

where if the vehicle is front wheel steering, a; =a, =b;=b,=1anda; =a, =b; =
b, = 0. If the vehicle is rear wheel steering, a; =a, =b; =b, =0and a; =a, = b; =
bz = 1

If there is one faulty wheel among the four wheels, the front left wheel and rear right wheel
can be put into a group, and front right wheel and rear left wheel can be put into a group. In
this way, we can guarantee there are always two driving wheels being utilised to control the
vehicle yaw rate, since one wheel is not enough to control the yaw rate. In equation (38), if
the vehicle is front wheel steering and the faulty wheel is the rear left wheel, a, = b, = b, =
1 and a, = a, = b, = 0. If the vehicle is front wheel steering and the faulty wheel is the rear
right wheel, a; = b, = b3 = 1 and a, = a; = b; = 0. If the vehicle is rear wheel steering
and the faulty wheel is the front left wheel, a, = b, = b; = 1and a, = a; = b, = 0. If the
vehicle is rear wheel steering and the faulty wheel is the front right wheel, a; = b; = b, =1
anda, =a, =b; =0.

If the two front wheels or two rear wheels of the vehicle are faulty, the vehicle can still
perform the cornering motion. In this way, there are two wheels left to be controlled. In this
situation, these two wheels are used to control the yaw rate and the vehicle body slip angle
cannot be controlled due to the limited number of driving actuators. Therefore, equation (38)
can be represented as follows:

If the two front wheels are faulty:

vy = (b3 ( cos 6,; — [, sin 6ﬂ> ke, ue + by (— % cos 6, — L. sin 6rr) krrurr) =

_By3Fsi—linear + f'r - K35at(53)

Ryl

(39)
where b, = b; = 1.
If the two rear wheels are faulty:
by
Uy = P (b1 (lf sin &5 + cos Sﬂ) kriug + b, (lf sin 65 — L cos 5fr) kfrufr) =
_BySFsi—linear + f'r - K35at(53)

(40)



where b, = b; = 1.

VII. Simulation Results with Actuator-grouping SMC Controller

Section V shows the simulation results which proved that the proposed SMC method can
achieve good control performance under normal driving conditions but the control
performance of the body slip angle is compromised during turning when there is a large
steering angle. In this section, the vehicle under extreme turning conditions is examined
where the revised actuator-grouping SMC controller is expected to overcome the
compromised control performance of the body slip angle. The simulation performance of
PISMC is also tested in order to decrease the sliding mode control gain and decrease the
driving control effort. Under extreme turning conditions, the yaw rate and body slip angle are
the primary control targets.

Table 1. Parameter values used in simulations. [28][31]

m Mass 1298.9 kg

l¢ Distance of c.g. from 1m
the front axle

L, Distance of c.g. from 1454 m
the rear axle

by Front track width 1.436 m
b, Rear track width 1.436 m
Cs Longitudinal stiffness 50000

of the tyre N/unit slip

ratio
I, Vehicle moment of 1627 kgm?
inertial about yaw
axle
R, Wheel radius 0.35m
I, Wheel moment of 2.1 kgm?
inertial

& Road adhesion 0.015 s/m

reduction factor

C, Cornering stiffness of 30000
the tyre N/rad




tm Mechanical trail 0.028 m
tpo Initial pneumatic trail 0.05m
k Jack-up moment 362
coefficient N.m/rad
Jefr Effective rotational 4 Kg.m?
inertia
bess Effective damping 88
coefficient N.m/(rad/s)

In the first set of simulations, the vehicle is performing the simple J-turn motion and the input
steering angle is the same as the value in Figure 9. The initial vehicle velocity is 15 m/s and
the friction coefficient is 0.9. We assume the vehicle’s rear right wheel is broken between 2
seconds to 4 seconds. First the PISMC method is used in order to attempt to improve the
control performance of the traditional SMC method. The yaw rate SMC method is applied as
the traditional SMC due to the strong coupling effect between control targets.
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Figure 16. Vehicle yaw rate response during a J-turn manoeuvre when PISMC is applied.
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Figure 17. Vehicle body slip angle response during a J-turn manoeuvre when PISMC is
applied

According to Figures 16 and 17, when the PISMC is applied, the stability of the SMC can be
improved and the sliding control gain, which is 500 in this simulation, can be decreased. (The
default value of sliding mode control gain is 4000 for the traditional SMC method.) The
control error of the yaw rate can be compensated for by the Pl controller and less control
effort is required, as shown in Figures 18 and 19. The improvement in the vehicle body slip
angle, however, is still not significant.
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Figure 19. The input driving torque of each individual wheel when PISMC method is applied.

In the next set of simulations, the driver’s input steering angle is shown in Figure 20 and all
the other conditions remain unchanged. Figures 21 and 22 show the vehicle yaw rate
response and body slip angle response when the revised actuator-grouping SMC method is
applied. In Figure 21, the yaw rate controlled by the traditional SMC method and revised
actuator-grouping SMC method can both achieve the desired yaw rate accurately. According
to Figure 22, the body slip angle control performance of the revised actuator-grouping SMC



method is significantly better than the traditional SMC method and also better than the no
controller applied condition. When no controller is applied, the yaw rate control performance
is much worse than the controlled methods. The sharp increase of the yaw rate at 2 seconds is
mainly because the rear right wheel is faulty and the steering angle is no longer controlled by
the driver at this time. In addition, in order to comprehensively analyse the vehicle stability
performance, the value of the vehicle body slip angle rate is also introduced and shown in
Figure 23. In Figure 23, the actuator-grouping SMC also shows advantage over the traditional
SMC.
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Figure 20. The driver’s steering input when the revised actuator-grouping SMC controller is
used.
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Figure 23. Vehicle body slip angle change rate when the revised actuator-grouping SMC
controller is used. (one faulty wheel)

In the above simulations, it is assumed that only the rear right wheel cannot work for between
2 to 4 seconds. In the following simulation, the rear right wheel can be assumed as the faulty
wheel from 4 to 6 seconds. After that, the two rear wheels are both assumed to be faulty from
6 to 7 seconds and only the two front wheels can be steered and driven to maintain the
vehicle dynamics performance. The motor control gains of the two faulty rear wheels are

shown in Figure 24.
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Figure 25. Vehicle yaw rate response when the revised actuator-grouping SMC controller is
used. (two faulty wheels)

According to Figure 25, the traditional SMC method and the proposed actuator-grouping
SMC method can achieve the desired yaw rate perfectly when only one wheel does not work
or no fault happens. When two rear wheels are faulty, the yaw rate responses of two SMC
methods increase sharply because the steering angles of two rear wheels are uncontrolled.
The revised actuator-grouping SMC shows better yaw rate control performance than the
traditional SMC and no controller applied condition. The body slip angle performance in
Figure 26 and body slip angle change rate performance in Figure 27 are similar to Figure 22
and Figure 23, respectively and this proves that the proposed actuator-grouping SMC method
can significantly improve the body slip angle response even when two rear wheels are faulty.
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Figure 27. Vehicle body slip angle change rate when the revised actuator-grouping SMC
controller is used. (two faulty wheels)

To better present and compare the simulation results of the vehicle yaw rate, body slip angle
and longitudinal velocity, the root mean square (RMS) values of overall output response can
be presented by the following equation:

RMS = RyyJmean(vyy — v,)? + Ryyymean(By — B)? + Rz\Jmean(ry — 1)?2
(41)

The term mean(x) means the average value of the argument x. Each term is corresponding
to one specific control target’s RMS error value. Ry, R,, R5 are the scaling factors of each
term. The default values of Ry, R, and R5 are 1, which represents the equal weighting of each
term. If one specific control target is focused, the corresponding scaling factor can be



increased. It has been suggested that the control targets can be different in different vehicle
moving conditions and consequently the values of these scaling factors can be different.
Particularly, in the normal driving condition, longitudinal velocity and yaw rate control are
focused (R, = 1,R, = 0,R; = 1). In the vehicle J-turn motion, the vehicle body slip angle
and yaw rate control are focused (R, = 0,R, = 1,R; = 1).

Tables 2 and 3 summarise the RMS values of the body slip angle response and yaw rate
response in the second and last set of simulations, which are corresponding to Figures 20-27.
These two sets of simulations are all J-turn motions and consequently the scaling factors
R, =0,R, =1,R; = 1. Table 2 and Table 3 suggest that the proposed actuator-grouping
SMC has much better overall control performance compared with yaw rate SMC and no
controller applied condition in the simulation when only one wheel is faulty or in the
simulation when two rear wheels are faulty.

Table 2. RMS values of control targets in the second set of simulations.

Control method Longitudinal Body slip angle Yaw rate error Overall error
velocity error error
No controller 0 0.0452 0.0346 0.0798
applied
Yaw rate SMC 0 0.0350 0.0057 0.0407
Actuator-grouping 0 0.0215 0.0084 0.0299
SMC

Table 3. RMS values of control targets in the last set of simulations.

Control method Longitudinal Body slip angle Yaw rate error Overall error
velocity error error
No controller 0 0.1333 0.3906 0.5239
applied
Yaw rate SMC 0 0.0580 0.1609 0.2189
Actuator-grouping 0 0.0324 0.1088 0.1412
SMC

VIIl. Conclusions

This study first suggests some modifications to the traditional SMC method to achieve fault-
tolerant control of a 4WIS-4WID electric vehicle. The steering geometry must be re-arranged
according to the location of the faulty wheels. In addition, three SMC control laws
(longitudinal velocity control, lateral velocity control and yaw rate control) can be selected
freely based on the specific vehicle motion scenarios.



In Section V, these modifications on the SMC method are compared with the linear feedback
control method and the major findings can be summarised as follows:

1) Under normal driving conditions, the SMC method can achieve the desired yaw rate
accurately when one or two wheels are faulty. The linear feedback method always has serious
error and is not suitable for the fault tolerant control. In addition, the SMC method has better
control performance over the longitudinal velocity compared with the linear feedback method
due to the application of virtual control law v;.

2) In the scenario of large steering angle turning, the SMC method can achieve the desired
yaw rate when one of the front wheels or two front wheels are faulty, while the simulation of
the linear feedback control method stops when the wheel fault happens. This proves the
robustness of the SMC method. However, the vehicle body slip angle performance is
compromised due to the coupling effect between different control targets.

To solve this problem, the driving actuators can be grouped and each group of actuators can
be used to achieve the specific control target. This avoids the strong coupling effect between
the individual control targets. The simulation in Section VII still uses a large steering angle
turning scenario to test the control performance of this revised actuator-grouping SMC
method. The simulation results prove that both the body slip angle and the body slip angle
rate are significantly improved compared with the traditional SMC method when one or two
wheels are faulty.

In the future, an actual experimental vehicle test platform will need to be built to test the
control performance of the proposed modified fault-tolerant SMC controller.
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