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Abstract: This paper investigates the path tracking problem for an electric vehicle which has
four electromechanical wheel systems under normal and faulty conditions. With considering
wheel slip constraints and certain actuator faults, a passive fault-tolerant controller based
on variable structure control is developed to maintain the system stability and guarantee
the acceptable tracking performance. Then based on the designed controller, a simple active
fault diagnosis approach is introduced for this typical over-actuated system to isolate and
evaluate faults more precisely. With the diagnosed information, an accommodated fault tolerant
controller is designed to maintain the tracking performance. Finally, simulations of traction
engine multiple faults are conducted to illustrate the proposed method.

1. INTRODUCTION

The four-wheels driving (4WD) electrical vehicle (EV),
a typical overactuated system, reveals high potentials
for path tracking performance in critical situations, see
Vissers [2005]. However, the increased system complexity
and number of actuators also increase the probability of
fault occurrences, such as loss of steering, loss of traction
of wheels... Fault-tolerant control (FTC) methods have
been proposed for this overactuated EV system, see Yang
et al. [2008]-Wang [2011]. Yang et al. proposed a hybrid
FTC Scheme with a classical LQ optimal controller in
Yang et al. [2008]-Yang et al. [2010], considering reducing
the cost of the fault tolerant process, however the fault
detection and isolation (FDI) approach was not presented.

For the control allocation or fault accommodation for
4WD EV, the key problem is to distinguish which wheel
is healthy and which is faulty. In Casavola [2008] and
Dumont [2006], an adaptive actuator allocation method
based on an online parameter estimator and a control sys-
tem reconfiguration strategy was proposed. However, for
the four-wheels independently-driven vehicle, the driving
wheels on the same side have the same effect on the vehi-
cle’s motion, it is hard to distinguish which one is faulty.
In Wang [2011], the authors proposed a simple active fault
diagnosis approach to isolate the faults, this approach
should be based on a controller that can guarantee the
system’s stability all the time. Compared with those active
FT controllers, passive approaches still take an important
place for certain critical faults because they do not require
the exact fault information given by FDI when applying
the control law, see Wang [2011].

In addition to the actuator failure, control for vehicle to
track a desired path without tire-road friction saturation is
also another practical issue that should be considered, see
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Fu [2008]-Peng [2007]. Due to the physical characteristics
of the vehicle, when the magnitude of the wheel slip
reaches its limit, any further increase may lead to skipping
which can cause system instability. Some researches have
been conducted on speed limits and constrained trajectory
problems for EV. In Leith [2005], a robust controller is
designed in order to reduce the effects of the saturation
of the rear steering actuators. In Peng [2004] and Potluri
[2013], the authors present a control scheme for 4WS EV
path tracking problem subject to wheel slip constraint, but
the faulty situation is not considered.

Few studies consider the fault tolerant control design prob-
lem for 4AWD EV with input saturation. This FTC prob-
lem with considering input limitations was investigated
in many other application fields, such as the spacecraft
attitude system in aeronautics: in Guan [2008], an adaptive
FT controller with actuator saturation is provided; in
Huo [2011] and Hu [2011], the authors design a variable
structure F'T controller subject to input saturation which
shows effectiveness for the spacecraft attitude systems.

Based on the existing researches, this paper investigates
the problem of fault tolerant path-tracking control with
input saturation for 4WD EV. A passive fault-tolerant
control scheme based on variable structure control is de-
veloped to maintain the system stability and guarantee
acceptable tracking performance in faulty situation. Based
on the designed controller, a simple active fault diagnosis
approach is introduced for this typical over-actuated sys-
tem to isolate and evaluate faults more precisely. With
the diagnosis information, an accommodated controller is
designed to maintain better tracking performance.

The remainder of this paper is organized as follows. Section
IT describes the system model of 4WD EV to be coped
with. Section ITI presents a simplified mathematical model.
Fault case and input saturation problems are presented in
Section IV. Section V proposes the variable-structure FTC
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design. In Section VI, based on the simple active fault
diagnosis method, the new controller is implemented to
compensate the degraded performance. Finally in Section
VII, the effectiveness of the proposed method is shown
through simulations of traction engine multiple faults in
driving situation.

2. SYSTEM MODELING

The EV is presented in Fig. 1. It has four actuated wheels
and two actuated steering systems. Motor part is defined
by 4DC traction motors, delivering a relative important
mass torque. Front and rear steering motions are obtained
through 2DC actuators, see Chatti [2013].
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Fig. 1. The Ev’s schematic diagram

Fig. 2 describes the three features of EV, namely, vehicle
body, four wheels and the reference path for tracking. The
state variables are: the center of gravity (CG) speed v = ||V,
the sideslip angle g , the yaw rate v , the perpendicular
distance y. , the angle ¢ between the vehicle velocity and
the tangent to the path curve, and the wheel angular

speeds w;(i=1,2,3,4).
/\0)

[ cosdi+ f, sindi
(a) (b)

Fig. 2. (a)Vehicle body (b)Wheel model (c)Path-tracking

kinematics

The dynamical equations of the three subsystems can be
expressed as follows, see Peng [2004],Peng [2007] and Chen
2012]:

2.1 Vehicle body
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mv 0 d B
o .| dt ”
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where m is the mass of the vehicle, f,; and f,; are traction
forces which are mainly result from the tire-road frictions,
Ogaero Stands for the aerodynamical coefficient, M,; is the
yaw moment and has the following form

5 e ) [] e [

el vl ]

where L, is one half of the distance of the tread and Ly,
L, are the distances between the center of gravity and the
front axle and the rear axle, see Fig. 1.

2.2 Wheel Model

d . xi
Iwiﬂwi =T; — 1re; [cos §; sin 51} Biyj (3)

where I,,; is the inertia of the wheel, r.; is the wheel’s
radius, d; is the steering angle and 7; is the wheel torque.

2.3 Path-tracking kinematics

jo = —vsing (4)

(&:_VprefCOS(b'i'B""Y (5)
where p,..; is the tangent to the path curvature.

2.4 Wheel Slip Constraint

The combined wheel slip S; consists of two elements: the
longitudinal slip Sr; and the lateral slip Sg;, see Fig. 3.
1 reiw; cosay — ||Vi|
TeiWw; Sin o

SSJ  max(reiw; cos a, ||Vil) ©
where «; presents the slip angle, 8; the sideslip angle of
each wheel and ||V;|| the velocity of each wheel center.

The tire-road friction coeflicient, depending on ||S;|2 and
road condition yx, is defined as pres(||S;||2,x). It directs in
the same direction with ||S;]|2. In this paper, it uses the
model in Kiencke [1994]

pres(1Sill2) = pollSill2/(allSsll3 + bllSil2 + 1) (7
Obviously it satisfies the following features:
auRes(”Si‘b) é

bres([1Sill2))s;].=0 = 0, ki (8)

OllSillz s, ja=0

where the initial slop k; depends mainly on road con-
ditions. A better road condition provides a higher initial
slop and in turn gives a larger friction coefficient, see Peng
[2004].
The friction forces (fu, fy:) are defined as
|:f:ci:| e {00851‘ —sinﬁz} [l 0} BRes([19i]]2) [Sm}
Tyi # [sinB; cosBi | [0 ke 1S:i]I2 Ssi
where f.; is the dynamical normal load and k; the tire-
tread-profile attenuation factor of each wheel.

(9)

In theory, if the magnitude of ||S;||2 exceeds the threshold
related to road condition, so does the friction force in Eq.
(9). Conversely, if ||S;||2 is limited, the saturation of friction
force can be avoided.
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Fig. 3. Angles and slips for the i-th wheel
3. SIMPLIFIED MODEL

In most of the control researches for vehicle control, two
common assumptions are presented at the control design
stage and all give acceptable results: the absence of slip
angle and the free rolling condition. Based on the two
assumptions, a linearized tire model can be obtained from
Eq. (3) as in Peng [2004]:

Lyivo d 1 .
—————)—0w; = —0w; + — (Ov+(—1)"vLgy)+
Tgikifzsi)dt ! ! rei( ( ) )

( T; (10)

__ ¥
rgikifzsi
where dw; = w; — wio, O = v — 1y, f.s IS the static normal
load having the following form

myg L, L, Ly Ly
2 Lf—i—LT Lf—i—LT Lf—i—LT Lf—i—LT

fzs = ]T (11)
Because the eigenvalue of the wheel subsystem r2k; f..;/Loivo
is quite large in comparison to that of the other two
subsystems, it can be concluded that the wheel subsystem
converges much faster, see Chen [2012]. Hence, based on
the singular perturbation theory, the wheel subsystem can
be replaced by its quasi-steady approximation.

When the wheel subsystem starts close to the steady state,
the quasi-steady combined wheel slip is given as
_n
9 et zsiki
Si=| reil
—B——7+6
vo

(12)

where Iy =1y =L, ls=14=—L,.

Then around ||Vo|| = vo, Bo =0, 70 = 0, yeo = 0, ¢o = 0, the
following linearized system for (1)-(5) is obtained:

—20qerolo/m 0 00 O
0 Caeroo/m —1 0 0
T = 0 0 00 O T
0 0 0 0 -1
0 Oaerolo/m 0 0 0

1/m 0 0 —Uaemug/m
0 1/mwg O 4 Sfzi 0
+lo0o o 1/ Z [fy] + 0 (13)
o 0o o0 | =M 0
0 1/mvg O —V0Pref

where z = [0v 8 v y. #|T are the measurable states.

And the forces and yaw moments are obtained from Eq.

(9) and Eq. (12):
fzsiki 0 ~
fyil =10 1 3.

L\/[ym] |fh‘ 122‘1 [ 0 k“'fzsik‘i}

where 11, =
log =log = =Ly .

(14)

lig = —Lg, lig = lia = Lg, lor = lo2 = Ly,

4. CONTROL SCHEME

In order to avoid friction saturation, S; should be limited.
By combining Eq. (13) and Eq. (14), the path-tracking
control for 4WD EV is transferred to a problem of state
regulation subject to input constraints. Choosing S; as the
control signals that should be designed, based on Eq. (12),
the wheel torque 7; and wheel steering J; are derived as

m _ [fefgsii% ﬂ Qﬁ fzizl + LZD

where 7., k are the estimated effective radius, slop of
Eq. (8). Since the front and rear wheels on the same side
have the same effect on the vehicle yaw and longitudinal
motion, see Wang [2011],Peng [2004],Chen [2012], for sim-
plification, we assume that the combined wheel slips on the
same side are supposed to be identical, i.e. w1 = uz = wuy,
up = ug = up aNd ugy = usz = Usl, Uz = Uss = Ugp-

(15)

Let consider the traction engine actuator fault gain 0 <
fi < 1. It means that the actual applied torques are
Tri = fiT; (16)
where f; =1 in no fault situation, f; < 1 presents the loss
of control effectiveness while f; = 0 the complete failure.
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Fig. 4. The complete control scheme

Let substitute Eq. (15) into Eq. (14) and Eq. (13) with
assumption that all four wheels have the same radius,
attenuation factor and initial slop, and let ks be the
estimated attenuation factor in Eq. (9), then the system
can be represented as

t=Ax 4+ Bf(I4 + Ap)u+d = Az + BF(I4 + Ap)u+d (17)

where A, = diag{(re—re)/re, (ksk—ksk)/(ksk), (Fe—re)/re, (ksk—
ksk)/(ksk)} and (r%, ks, k) are chosen to satisfy rk < rck,
ksk < ksk, 7. > r. to make A, positive or semi-positive. The
other matrices in Eq. (17) are defined just below.

Fig. 4 shows the complete control scheme.

As mentioned before, the wheel slip should be limited to
avoid friction saturation, therefore the following assump-
tion of input constraints is made.

Assumption 1. Let us assume that the control signals to
the motor’s driver are limited, that is,

and i=1,2,34 (18)

where the chosen criterion of um,q, is related to the physic
of tire and its limit of the wheel slip.

|ul‘ S Umazx |u67,| S Umazx

Based on the given assumption and the system
model, the objective is to design a fault-tolerant
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controller for system Eq. (17) to achieve path
tracking mission, with considering faults in the
traction engines, and input saturation to avoid the
tire-road friction saturation problem.

5. VARIABLE STRUCTURE FAULT TOLERANT
CONTROLLER DESIGN

Consider the vehicle tracking along a path of curvature
pres With a constant speed vo. The control objective is
2q = [0va Ba Ya Yea ¢al” =10 0 vopres 0 0]

For the steady states above, when applying the control,
we can have the constant solution I" for

Azg+ Bl +d=0 (19)
It will yield:

(fzsl + fzs3)i;31—‘l + (fsz + fzs4)i%r‘7‘ _ GGETOVg -0
~ m - - m - m
ks z8 + zS8 kr ks zs + zSs kF T

(fzs1 + fzs2)kT'st n (fzs2 + fzsa)kDsr Vopres =0 (20)

muo _ myrg

ld(fzsl + fzS3)kFl ld(fsz + fzs4)krr _

_ 7 + T =0

With considering faults based on Eq. (20), one obtains
2]}Flf (fzslfl + fzs3f3) = O'ae'ro'/g
2kr'rf(fz52f2 + fzs4f4) = Uae'rol/02

Noted that in Eq. (21), fi(orf2) and fs(orfs) are all in the
denominator of the fraction of I', they can not be 0 at the
same time. The estimated lateral friction forces in Eq. (20)
can be as Ts; = g, = mudpres/(ksk Zle f2si), according to
the dynamics theory, the maximum lateral friction forces
should be greater than the centrifugal force to achieve a

cornering motion in a constant speed vy with curvature
pref, see Peng [2004] and Peng [2007], therefore one has

(22)

Let e =x x4, the dynamical error equation for system
Eq. (17) can be obtained as

(21)

Umaz > 6 = max{[';, 'y, Ts;, T}

é = Ae+ B[(Is + Ap)Fu — T (23)
where the pair (4, B) is controllable.
Introducing the integral compensation z = [21 21 23] to

eliminate steady-state error, see Peng [2007], where z =
[Ov B yc], we can get the following augmented system

i = An+ B[(Is + Ap) Fu — T (24)
where
10000
":ﬁ A:{égéxﬂ,B:{OB} c=101000
z 3x3 3x4 00010

6731

For Eq. (24), a passive fault-tolerant controller based on
variable structure method is designed. Firstly, consider the

following manifold:
s=n (25)

Secondly, a fault tolerant controller based on variable
structure is proposed in Huo [2011] and Hu [2011]:

umamB,P,
IBP

(26)

where P = P’ > 0gxs, the vector 5 has elements §;,7 =
1,2,...,8. The ith element has the following form

‘Si|+5

Si

(27)

where § is a positive constant to be chosen.

Theorem 1. Let P be a positive symmetric matrix which
is the solution of the following Riccati equation:

PA+ATP - PBB'P+¢elg=0 (28)

With the given wmae, the designed controller (26) can
guarantee the stability of the faulty path tracking control
system for the states in L,(u), where

Ly(p) ={n:n"Pn< u} with || < e (29)
with condition that
8
UM ey rse
1 .
Apj > S— ) (30)
Fonin * Umaz  wmaq | B; Pin

where )\;; is the relative eigenvalue of F, h; = |n;| + ¢ and
min  {h;}.
i=1,2,3,...,8

Amin =

Proof. Choose a Lyapunov function as
VvV =sTPs=nTPp (31)

By computing the derivative of Eq. (31) and substituting
Eq. (24)- Eq. (28), one can get

V=i Pyt Pi
= T]T(ATP + PA)n + 20T PBFu + 20T PBA,Fu — 2n" PBT
= —EnTn — nTPBB/Pn + 277TPBB'P77 — Qr]TPBF

. B'P - .
~2yT PBFY 2 "5 — 9T PBA,FB' P2 5
15" 1B’ P
Defining vy, = —B’Pn, V becomes
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. T T oo / umaxB,P_
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i=1
Since A, is chosen to be positive or semi-positive, then

—2nTPBALFB'P

2
Umaz Uy, ;

If (u2; — Ay Lmin + ur;|T;) <0, ie,

8 1B’ P
i
i=1

=1 (lug;| +T,)|B'P]|

’U‘ma:z|uLj‘

;|| B'P|

umazl“Lj'

_i=1 B'P| "
Amin  Umaz

Then we can have V < 0.

Notice that with the saturated input, |up;| can’t reach
infinity. Assuming that the controller reaches its limit, v
will become

Umaz _

1P|

V< —enTn—nTPBB' Py —2nT PBA,FB'P

+2Z‘UL]|(‘UL]| )\mazumaz+rj)

Here, Xy represents the fault gain of each actuator that

the system can tolerate when input reaches its limits. Only
Aper satisfies

lur;l L
A\maz > 17EgT + J
fi =

Umazx Umazx
can guarantee the system’s stability under inputs satura-
tion situation, that is to say, if A7#* = 1, then any extra

fault will destroy the stability, hence one has
[N
Umazx Umaz
ie.
|ULj| < ||Bj,PiC“ < Umaz — T (32)
where ¢ has elements ¢; defined as the region of stability
of our system in Eq. (29).

Remark 1. The designed controller (26) satisfies the input
saturation limits, that is

Remark 2. Obviously in practical situation, the designed
passive fault-tolerant controller with input constraints
cannot handle all faults. If the performance of the tracking
system degrades out of the stability region, it’s better to
suspend the vehicle.

6. ACTIVE FAULT DIAGNOSIS

The designed passive FTC can guarantee the stability and
some performance, possibly degraded, for the expected
faults.

After t; the actuator faults occur, the control matrix B
changes to B;. In the practical situation, if the perfor-
mance degradation is over the acceptable requirements
but still within stability region, in order to eliminate the
degradation, the control law should be changed to

B/'P
w=—tmezf g (33)
1B Py
where Py is the solution of
P;A+ ATP; — PBfB; P 4 elg =0 (34)

There are three time instants that should be considered,
see Yang et al. [2008]:

[0,¢f]: system is controlled by controller (26)

(tf,tq): the faults are diagnosed and the parameters of
controller (33) are calculated, system is still controlled by
controller (26)

(tq,00): system is controlled by the accommodated con-
troller.

When referring to the fault diagnosis, since both wheels
on the same side are all driving wheels, with only the
measurable states applied by system (17), it is hard
to distinguish which one is faulty. In Wang [2011], the
authors proposed a simple active diagnosis method that
is to actively change the motor control gain by virtually
multiplying the motor control signal by a positive value.
We will adopt this method to explicitly localize the faulty
wheel and estimate the control gains.

For the healthy system and the faulty ones, based on Eq.
(20), the following equations hold:

(fzs1ft + fesafa)uiy + (fzs2fo + fasafa)urs

= (fzsl + fsz)ulh + (fzs2 + fzs4)urh (35)

where the subscripts h, f represent respectively the healthy
system and the faulty one. As the traction engine actuator
fault gain f; changes in Eq. (35) when a fault happens, we
will have a simple fault detection law as

u; = u;p, no fault happens
u; # u;p  faults happen

with j presents the left or the right side.

It can be seen that fi, f3, fo, f4 are all unknown in the

above Eq. (35), so virtual faults should be added to obtain

other equations to solve these unknown parameters. As

the motor control gain can be changed by multiplying the

control signal by positive values k1 , k2, k3 and x4, after
the additional faults are added, one has

(Klfzslfl + ’i3fz33f3)’Ullf,i + (fz32f2 + fzs4f4)u'rf,€
= (fzsl + fzs3)ulh + (fst + fzs4)urh (36)

6732



19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

where 1 # k3. Based on Eq. (35) and Eq. (36), we can get
the value of f; and f3 separately. Using the same principle,
by adding s, k4(k2 # x4), we can also get the value of f,
and f4.

Remark 3. Although in Eq. (36) we multiply the control
signal by a positive value &, if the virtual fault gains can not
make the EV system reach out of its stability region, for
the designed FTC, « will be treated as a new actuator fault
gain of the traction engine, therefore the FTC designed in
the previous section can make sure the stability of our
system even when the additional virtual fault is added.

7. SIMULATIONS

The numerical example is presented by using MATLAB.

The parameters of the friction coefficient pges(||Sill2,x)
in Eq. (6) are chosen as: po = 28.6,a = 35,b = 1. The
parameters and the reference path are given in Table. 1,
the constraint of ||S;||2 is chosen as 0.025, the condition Eq.
(22) is satisfied.

The vehicle starts with the initial states: v(0) = 30m/s, 8(0) =
0rad,v(0) = 0rad/s,yc(0) = 10m, $(0) = 0rad,w;(0) = 85.7rad/s.
The aerodynamical coefficient oqero is chosen as 0.445kg/m.
In order to make A, positive or semi-positive, we choose
7o = 0.37,ks = 0.85,k = 20.047 to get

Ay = diag{0.0571,0.5106,0.0571,0.5106}

[ Table. 1 Parameters and the reference path ]

Parameter Value
m(kg) 350
1;(m) 0.401
1-(m) 0.802
la(m) 0.605
Tei(m) 0.350

I,i(kg -m?) 0.7
J. (kgm?) 82
vo(m/s) 30

pref(m™1) 1,/40000

ks 0.9
k 28.6

Substituting these parameters into system (24), we can
obtain

98.3305 0 983305 O

0 2.786 0 2.786
B = [-253.9206 0 253.9206 O
0 0 0 0

2.786 0 2.786

Choosing ¢ = 4.26 x 1073,§ = 2 x 1073, P, see Eq. (37) can
be obtained by using function care. Based on Theorem. 1,
the degradation of v should not be over 0.5 m/s, then the
free-rolling condition and linearized Eq. (13) can hold.

The faults are a lost of effectiveness of traction engines.
The nominal gain of each engine is set to 10 seconds, then
two faults are introduced: the gain of front-left is reduced
to fi = 0.5, and rear-left to f3 = 0.5.

From Fig. 5 we can see that before 10s the system with the
proposed controller is stable and shows good performance,
and after faults happen, the controller is able to keep the
system’s stability. However, as the other states reaching
to the objective, v and g still have errors with the desired
values, see Fig. 6.

Vehicle Path 4

I I I 1 I
0 200 400 600 800 1000 1200 m

Fig. 5. Tracking result
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Fig. 7. Control signals with active fault diagnosis

Therefore, at 20s we add the virtual faults =1 = 0.9
k3 = 0.7. At 30s, the virtual faults are cancelled.

With the data of control signals we collect in Fig. 7, we can
calculate that f; = 0.43 and f3 = 0.55. Here for simplification
we omit the part to get fa and fi.

After detecting the faults and estimating the fault gains,
the controller (33) with P; can be applied at 30s. From
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[0.0005 0 0 0 0 0.0005 0 0
0 0.0078 —0.0003 —0.0002 0.0068 0 0.0045 0.0001
0  —0.0003 0.0002 0 —0.0002 0 —0.0001 0

P 0 0.0002 0 0.0034 —0.024 0 0.0002 0.0026 (37)

0 —0.0068 —0.0002 —0.024 0.30021 0 —0.0038 —0.0161

0.0005 0 0 0 0 0.0047 0 0
0 0.0045 —0.0001 0.0002 -—-0.0038 O 0.0075  0.0001
0 0.0001 0 0.0026 —-0.0161 O 0.0001  0.0064 |

Fig. 6 we can see that the new controller can eliminate the
performance degradation.

8. CONCLUSIONS

With considering wheel slip constraints and certain actu-
ator faults, a FTC based on variable structure control is
developed. Based on the designed controller, a simple ac-
tive fault diagnosis (AFD) approach is introduced for this
typical overactuated system to isolate and evaluate faults
precisely. With the diagnosis information, the accommo-
dated controller is generated. However, the whole process
works only when the system is still within the region of
stability, when to execute AFD, what is the influence of
the virtual faults to the system and how to guarantee the
accuracy of AFD... are still need to be studied, therefore
the work in the future will focus on supplying a complete
FTC scheme to solve these problems.
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