Fault-Tolerant Control for
Electric Ground Vehicles With
Independently-Actuated
In-Wheel Motors

This paper presents an in-wheel motor fault diagnosis and fault-tolerant control method
for four-wheel independently actuated (4WIA) electric vehicles. The 4WIA electric vehi-
cle is one of the promising architectures for electric vehicles. While such a vehicle archi-
tecture greatly increases the flexibility for vehicle control, it also elevates the
requirements on system reliability, safety, and fault tolerance due to the increased num-
ber of actuators. A fault diagnosis approach for finding the faulty in-wheel motor/motor
driver pair is developed. The proposed diagnosis approach does not need an accurate
knowledge on tire-road friction coefficient (TRFC) and is robust to tire force modeling
inaccuracies. Based on the in-wheel motor/motor driver fault diagnosis mechanism, a
control-allocation based vehicle fault-tolerant control system is designed to accommo-
date the in-wheel motor/motor driver fault by automatically allocating the control effort
among other healthy wheels. Simulations using a high-fidelity, CarSim®, full-vehicle
model show the effectiveness of the proposed in-wheel motor/motor driver fault diagno-
sis and fault-tolerant control approaches. [DOI: 10.1115/1.4005050]
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1 Introduction

Hybrid electric, plug-in hybrid electric, and pure electric
vehicles have been considered as promising vehicle architectures
due to their remarkable potentials in emissions and fuel con-
sumption reductions [1,2]. Among these vehicle architectures,
the four-wheel independently actuated (4WIA) electric vehicle is
an emerging one. The 4WIA electric vehicles employ four in-
wheel (or hub) motors to drive the four wheels, respectively. The
torque and driving/braking mode of each wheel can be con-
trolled independently. Such actuation flexibility together with
the electric motors’ fast and precise torque responses may
enhance the existing vehicle control strategies, e.g., traction con-
trol system and direct yaw-moment control, and other advanced
vehicle motion/stability control methods [3-7]. However, in
comparison to the conventional vehicle architectures, the proba-
bility for a fault, e.g., in-wheel motor fault, takes place in a
4WIA electric vehicle is higher primarily due to the significantly
increased system complexity and number of actuators. The in-
wheel motor faults may be caused by mechanical failures, over-
heat of the motors, or faults associated with the motor drivers.
When such a fault occurs, the faulty wheel may fail to provide
the expected torque and thus jeopardize the vehicle motion
control [8]. Without appropriate controls/accommodations, the
in-wheel motor or motor driver faults may result in an unsatis-
factory performance or even instability for the 4WIA electric
vehicles. Therefore, the demands on reliability, safety, and fault
tolerance for the 4WIA electric vehicles are substantially ele-
vated. It is thus necessary to design control systems which are
capable of detecting, identifying, and tolerating potential in-
wheel motor faults, in order to improve the reliability while
maintaining desirable stability and performance of such vehicles.
Several fault diagnosis and fault-tolerant control strategies for
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ground vehicles have been previously suggested in the literature
[9-11]. However, most of these algorithms dealt with the prob-
lems associated with conventional vehicle architectures, but not
for the 4WIA electric vehicles. Several fault diagnosis and fault-
tolerant control methods for electric motors were also proposed
and reviewed in Refs. [12, 13]. However, certain motor faults,
such as the bearing fault, are difficult to diagnose only with the
current and voltage sensors [13]. An alternative way of doing the
in-wheel motor diagnosis for 4WIA electric vehicles is proposed
in this paper. This method potentially can be combined with
other existing motor fault diagnosis methods to decrease the
chance of misdiagnosis and improve the system robustness.

This paper considers the in-wheel motor/motor driver fault diag-
nosis and fault-tolerant control for the 4WIA electric vehicles. A
fault diagnosis approach to locate the faulty in-wheel/motor driver
pair is proposed. Based on the diagnosis information, a fault accom-
modating control approach is then designed to maintain the desired
vehicle motion. As the tire-road friction coefficient (TRFC) is gen-
erally unknown, the proposed fault diagnosis approach is developed
with a TRFC on-line estimator. The robustness of the fault diagno-
sis approach is also studied, and it is shown that the diagnosis
approach can work well in the presence of disturbances and tire
modeling errors. To improve the system robustness against some
possible unmodeled dynamics and disturbances, a sliding mode
controller (SMC) in conjunction with a control allocation scheme
were used to design a fault-tolerant controller (FTC) to accommo-
date the in-wheel motor/motor driver fault. Due to the measure-
ment noise, directly using the time derivative of wheel angular
speed signal may be challenging, an estimator is thus proposed to
obtain this signal. Simulations using a high-fidelity CarSim® vehi-
cle model illustrate the effectiveness of the proposed strategies in
different driving scenarios.

The rest of the paper is organized as follows. System modeling
is presented in Sec. 2. In-wheel motor/motor driver pair fault di-
agnosis method design is described in Sec. 3. The 4WIA electric
vehicle fault-tolerant control method is described in Sec. 4. Simu-
lation results are presented in Sec. 5 followed by conclusive
remarks.
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2 System Modeling and Problem Formulation

2.1 Vehicle Model. A schematic diagram of a vehicle model
is shown in Fig. 1. Ignoring the pitch and roll motion, the vehicle
has three degrees of freedom for longitudinal motion, lateral
motion, and yaw motion. Vehicle equations of motion in longitudi-
nal, lateral, and yaw directions can be expressed as follows [14,15]:

Vo=V, - Sav2 4 LEy
Vy = —V.Q + 5 Fy M

o =M

where V. and V, are longitudinal speed and lateral speed, respec-
tively, Q, is the yaw rate. M is the mass of the vehicle, and /. is
the yaw inertia, and C,, is the aerodynamic drag term. Fy, Fy, and
M_ are the total forces/moment represented by the summation of
the tire forces generated at all the four tires, and can be defined by

Fx=(Fyg+Fy)cosa— (Fyg+Fy) sing +Fy+ Fry
Fy = (Fyg+F;)cosa+ (Fy+F) sine + Fy + Fy,
M. = (Fypsing — Fyco86 — Fyy 4 Fyy + Fycosa — Fygsing) g
—(Fyi + Fyn )l + ((Fype + Fap) coso + (Fys + Fip ) sina) g
2

where, ¢ is the road wheel angle of the front wheels. Based on
Eq. (2), rewrite Eq. (1) as
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where F = [Fyy Fuy Fut Fur]' Fy = [Fyp Fyp Fyn Fy]', and

-1 _
i 00
| cosa cosa 1 1
B,=1|0 i 0 sing sing 0 0
| lpsing —I;coso Ising+Iicosa —I; I
0 0 —
I
[ 00
M —sing —sing 0 0
1
B,=10 Vi 0 coso coso 1 1
0 0 l lrcose +Igsing lpcose —Igsine —I, —I,
L I

In this study, each pair of in-wheel motor and its driver is treated
as a unit. The mechanical motion of a motor is much slower than

Fy

Fig.1 Schematic diagram of a vehicle model
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the electromagnetic dynamics, implying that the dynamic
response of the motor driver and in-wheel motor can be ignored.
So the motor driver and in-wheel motor pair model can be repre-
sented by a control gain k;, which is defined as

k== (C))
Ui
where i € Q := {fl, fr, rl, rr} indicates the specific tire, T} is the
output torque of the in-wheel motor, #; is the torque control signal
to the motor’s driver. This control gain value will be used as a ref-
erence for the diagnosis purpose.
The tire longitudinal forces can be calculated based on the
wheels’ rotational dynamics, and can be represented by

Fu ki 0 0 07T[u L
PR IO O T O I R S U R
’ Fy Rt |0 0 ky O Uy Retr | 1,00y
Fo, 0 0 0 k] Llu Ly
Fpi_on
| Fproron )
Fri o1t
Fir_on

where ®; is the tire longitudinal rotational speed in rad/s, Rer is
the tire effective rolling radius in meter, F;_ is the ith tire rolling
resistance. Thus, based on Eq. (5), the vehicle model Eq. (3) can
be written as

X =f(X)+BU (6)
with ,
[V,
X=1V,
_QZ
_Vy Q,— Cqy2 5 j wzﬂ i flroll
f(X) = |-V +B}’Fy - N ~ﬁ » =B et ’
0 ff | Loy F rl_roll
de)rr F rrroll
kg 00 0 Us
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Reff 0 0 krl 0 Uy
0 0 0 ky Uy

From the above vehicle motion and tire force models, it can be
seen that when one of the four in-wheel motors or one of the four
motor drivers has a fault, without respective accommodating control
action, the vehicle may rapidly deviate from the expected trajectory
as the torque provided by the faulty wheel will be less than expected.

The slip angle of each tire can be defined as the angular difference
between the orientation of a wheel and the velocity of the wheel center

oy = —o + tan~! Vy + el
T Vx - Qzls
[V, + Q.1
o5 = —0 + tan 1<4Vi» +Qzljz)
7
oy = tan”! Vy =y v
e Vx - Qzls
V, —Q.l
= tan~! [ =2 2tf
= (vx + Qzlx)
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The speeds at the wheel centers are

Vi = (Ve — Q) cos g + (Vy + Qzlf) sin o
Vi = (Ve + Q.l5) cos 0 + (Vy + Qzlf) sing
Vit = Vi — Qg
Vir = Ve + Qs

(®)

The tire longitudinal slip ratio is defined as the relative difference
between tire circumferential speed and tire center speed

OiRegr — Vi
Si=—— )
max(vxiv wiReff)

Based on advanced sensing such as global positioning system and
inertia measurement unit, the vehicle yaw rate, longitudinal and
lateral speeds can be measured [16], slip ratio, slip angle of each
wheel, and the speed at the center of each tire can also be calcu-
lated [15]. In this paper, it is assumed that these advanced sensing
systems can provide accurate measurements on such variables.
Note that when a fault happens to an in-wheel motor or a motor
driver, the estimation of the control gain of the motor/motor
driver pair, k;, will be used in the B matrix.

2.2 Tire Model. One of the most well-known tire models is
Pacejka’s Magic Formula tire model [14,17]. The Magic Formula
tire model is capable of producing characteristics that closely match
measured curves for the tire lateral force F,, longitudinal force F,
and aligning moment as functions of slip angle «;, and longitudinal
slip ratio s;. It has been widely used for vehicle dynamics simula-
tions and analyses. The basic model equations are [14,17]

y(x) = Dsin{Ctan"'[Bx — E(Bx — tan"' Bx)] }
Y(X) =y(x)+S,
x=X+S8,

(10)

where Y (X) represents the ire longitudinal force, lateral force, or
self-aligning moment, X is the tire slip or slip angle. Coefficient B
is the stiffness factor, C is the shape factor, D is the peak factor,
and E is the curvature factor. S, and S, denote the horizontal shift
and vertical shift, respectively. These coefficients can be tuned to
fit with experimental data for a given tire on a test patch. Figure 2
shows the normalized tire longitudinal force versus slip at differ-
ent TRFCs, when the tire slip angle is zero. Note that the normal-
ized longitudinal force increases with increase of the TRFC at
given longitudinal slip ratio s; and tire slip angle «;. This charac-
teristic will be used in the fault diagnosis design.
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Fig. 2 Normalized tire longitudinal force versus slip ratios at
different TRFCs

Journal of Dynamic Systems, Measurement, and Control

3 Fault Diagnosis Design

3.1 Fault Diagnosis Design Without Considering Modeling
Errors. The rotational dynamics of each wheel during driving is
represented by

]wd)i - kiui - Reff(Fix + Fi_roll) (1 1)
with the rolling resistance being described as
Firon = Fzi(a+bVy) (12)

where a is a coefficient in the order of 1072 and b is a coefficient
in the order of 1078, Typical passenger car tire rolling resistance
coefficient is therefore very small and weakly depends on speed.

Due to the signal noise, wheel angular acceleration cannot be
obtained by directly differentiating the measured wheel angular
speed signal. Similar as the one presented in Ref. [18], thus an es-
timator is designed below

Lo®; = koitt — Ref (Fix + Fion) + 1d; + ¢; (13)
where [ >0, ky; is the known nominal motor control gain,
; = w; — @, Fj, and F; ) are tire longitudinal force and tire
rolling resistance calculated based on the tire model. Based on
Egs. (11) and (13), one can have

L,0; = — 1o + (ki — koi)u; + (Fix + Fion — Fix — Firo)

XRetr — ;) (14)

If the TRFC, tire model, and rolling resistance model are all accu-
rate, the following will hold:

Fix+ Fivon — Fix — Fison = 0 (15)
Thus, Eq. (14) can be written as
Lo = —1d; + (ki — koi)u; — ¢, (16)

When k; = ko;, there is no fault happens to the wheel, while
ki # ko; will indicate that a fault happens.
Choose the adaptation law for ¢; as

¢; =i, >0 a7
Differentiating Eq. (16) can result in
L, @; + 16d; + yiy; = (ki — koi )i (18)

It can be seen that by choosing sufficiently large y and /, o; and
o; will be arbitrarily small as long as u; is bounded. In normal
driving scenarios, such as constant speed cruising, it is reasonable
to assume that the change of u; is small. So, one may have that ;
and @; will converge to O fast.

Based on Eq. (16), one has

¢ = (ki — kor)u; — Iyo; — ld; (19)
After @; and ; converge to 0, one can have ¢; = (k; — ko;)u; = 0,
if there is no fault happens. If k; # koi, ¢; = (ki — koi)u; # 0. Thus,
it can be concluded that if ¢; = 0, there is no fault for the respec-
tive in-wheel motor/motor controller pair, and ¢; # 0 indicates a
fault. The (Zzontrol gain estimation in this case can be written as
ki = koi — 7’

However', in most cases, the TRFC is unknown, so ¢; cannot be
obtained directly, as F;, cannot be calculated accurately based on
a tire model. An estimation of the TRFC should be used in the
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diagnosis design as well as in the faulty motor control gain esti-
mation. As the models have been assumed to be precise, based on
Eq. (14) one has the following holds after «; and ®; converge to 0

¢i(iy) = (ki — koi)ui + (Fir(i;) — Fix)Rest (20
where ji; is the estimated TRFC. As the fi; in the tire model is
being updated, ¢, also changes accordingly. By assuming that the
derivative of u;, and thus that of Fj,, are ignorable and k; is a
piece-wise constant during the fault diagnosis process, the follow-
ing holds:

; dﬁix(ﬂi) dfi;
 ~ R, - 21
?; "R di (21
Considering the following Lyapunov function candidate
1 5,
V= B &7 (f1;) (22)
The time derivation of V is
V= ¢:(ﬂ,)¢:(ﬂ:) (23)
So the update law
(1) = —Li(i) 24)
with L > 0 can make
i g dF () dfy; dF (i) -
':Re F[x i :Re '—A_:_Re —AL[ i
?; ol (1) £f i, dr £f di, &)
(25)

It is known that at a given tire slip angle «; and a longitudinal slip
ratio s;, the tire longitudinal force F;, increases with the increase

of the TRFC, that is %= > 0, so the following will hold

22 dﬁix(ﬂi) (26)

V=¢ip; = —Rest— L7 <0
diy

which means that the update law Eq. (24) can make ¢, converge
to 0. Based on Eq. (20), one can see when both the motor and
motor driver as a pair is working properly, ¢; — 0 will lead to
Fiy — Fiy, which means f; — p;. However, if k; # ko; due to a
fault on a set of in-wheel motor/motor controller, after ¢, con-
verges to 0, based on Eq. (20) one can have

A (koi — k;)u;

Fiu(ly) = Rut + Fio(w) (27)

which means that [i; # ;. As the tire force model is assumed to
be accurate, the estimated TRFCs based on the three healthy in-
wheel motor/motor driver sets will be the same. It can be con-
cluded that the motor/motor driver is in fault if the respective f
is different from other three, with the assumption that only one of
the four in-wheel motor/motor driver sets can be in fault.

3.2 Fault Diagnosis Design Considering Modeling
Errors. The preceding fault diagnosis design was based on the
assumption that the tire model, rolling resistance model, and all of
the measured signals are accurate. However, this assumption will
rarely hold due to modeling errors. Also it is challenging to obtain
an accurate estimation of TRFC, especially at small slip regions
[19-22]. In the presence of modeling errors, the tire force based
on the tire model can be written as

021014-4 / Vol. 134, MARCH 2012

Fielfiy, s1) = Fou(fly, 8i) + AFu(fy, s) (28)
where s; is the tire longitudinal slip. FOiX(ﬂI», s;) is the accurate
part of the tire model, ie., Fou(t, 8i) = Fi, AFn(f, i)
describes the tire force modeling error. Also assume the tire force
model Fy(fy;, s;) still satisfies % > 0. Similar to the modeling-
error-free case, the update law ,ﬁi(t) = —L¢; can still make ¢,

converges to 0. After @;, @;, and ¢; converge, based on Eqgs. (14)
and (28), one has

(ki — koi)u; + (Foix — Fix + di)Retr = 0 (29)

with

di = AFy + (Fion — Fion) (30)
Assume d; is bounded as |d;| < dp. If there is no fault on the in-
wheel motor/motor controller set, k; = ko;, |Foix — Fix| will be
finally bounded as

|Fou(f) — Fix| < do (€1
However, if a fault occurs, k; # ko, |ﬁ0ix — Fj| will satisfy
. ki — ko)t ki — koo )ti
|Foi — Fir| = ’w +di| > 'ﬂ —dy  (32)
Ret Retr

which means that if the fault is sufficiently large, i.e., |k; — ko;| is
sufficiently large, the estimated TRFC will sufficiently differ from
the other three TRFC estimations which are closely around the
true value.

When ¢; = 0 is satisfied, we have four estimated TRFCs, one
for each wheel. As discussed above, the estimated TRFC based on
the faulty wheel could be far away from the actual value, and the
TRFC estimations based on other healthy wheels should be used
to improve the accuracy of the control gain estimations. Thus, the
control gain of each in-wheel motor/motor driver set can be cal-
culated as

r Iw;i+Re ﬁi.\' i +Fi_ro
(= 0] ff( . () 11) 33)

where k; is the control gain estimation and i is the TRFC based
on the three TRFC estimations whose values are most close to
each other. As the longitudinal force curves of different TRFCs
versus slip become very close to each other at small slip ratios
(shown in Fig. 2), the TRFC estimation error could be very large
at small slip region. Thus, among the three TRFC estimations
which are most close to each other, the TRFC from the wheel
with the largest slip is taken as j. Note that the
|Foix(R) — Fix| < |Foi(it;) — Fic| holds because [ is closer to the
actual TRFC than the j;. .
Define the normalized error between &; and k; as

ki — ko
ko

exi (34)

As the estimated wheel angular acceleration will converge to @;,
based on Egs. (11) and (33), one can have

_1 0®i + Rett (Fix (1) + Fison) Lo + Ress (Fix + Fion)
uiko; uiko;
Regt (Foix (i) — Fix + d;)

= 35
u;iko; ©3)

€ki
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If k; = ko; one has

Reff (ﬁ()[,\‘(,a) - F[x + d,)
Toi

- 2Rcsedy
- Ty

|eki| = (36)

However, if there is a fault happens, k; # ko;. ex; can be written
based on Eq. (29) as

(ki — k) + (ki — ko)

koi koi
B 1O; + Retr (Fix + Ficon) 1o 4 Regt(Fix + Fi_ron)
- Toi Toi

o
b
|
|

ki —koi  Rest(Foiw — Fix +di) ki — ki
= 37
u kOi TOi + kOi ( )

So control gain estimation error e;; and actual control gain k;
should satisfy

ki — ko;
koi

Rest (Foie — Fir + dy)

< 2R.rdy
To;

To;

Ci

(3%)

From Egs. (36) and (38), it can be seen that when there is no fault,
ki = ko;, the normalized error of control gain estimation e;; should
satisfy |ey| < %;"d“ lex] > %2}‘“ means a fault on motor/motor
driver occurred. However, such a threshold value cannot detect all
of the motor/motor controller faults. Based on Eq. (37),
lex| > % can be triggered if

ki —koi| o Regt (For — Fix + dy) - 2Ry n 2R.s¢dy
ko l Toi To; Toi
4Resrdo
= e (39)
To;

It should be noted that, however, as long as ‘%

< Reard g gpp-
- 0i

isfied, k; # ko; may not be detected by the aforementioned fault
diagnosis method. Thus, to trigger a fault alarm, Eq. (39) should
be satisfied, which means that the fault should be relatively large
enough to be detected due to the modeling errors. The bounds in
Egs. (36) and (38) are not fixed and can vary according to the
applied motor torque control signals. At large torque values
where the tire slip ratios are also large, the threshold value is
small, but the threshold value becomes large at small torque
regions, and the two bounds will intersect to each other. In gen-
eral, a large threshold value may lead to misdiagnosis. However,
it is worth mentioning that the effects of misdiagnosis at small
slip region on the vehicle dynamics are slight as the force pro-
vided by the corresponding wheel is also small. It should be
noted that, in this paper, the tires and road surface conditions of
all the four wheels are assumed to be uniform.

4 Fault-Tolerant Control System Design for 4WIA
Electric Vehicles

The control design is divided into two parts. A high-level con-
troller is designed to produce a generalized forces/moment
required to track the desired vehicle motion. A control allocation
scheme is used to distribute the generalized control among the
four wheels. Due to possible unmodeled dynamics as well as dis-
turbances, the controller needs to be robust to the plant uncertain-
ties. A sliding mode controller is thus used to enhance control
system robustness.

Journal of Dynamic Systems, Measurement, and Control

4.1 High-Level Controller Design. Rewrite the vehicle
model as

Ca s 1,Bx:
——Vi+ By Fy —
VAL + By Fy R

V, = V, Q. @ — Bx1Fron + vi

eff

. 1 1.,B
VyZ—VxQz+A—/IFY+BY2Fy— o X2

@ — By Fron + 2
eff

. 1,Bx3 .
Q. = BysFy — a;i, i) — BxsFron + 3

eff
(40)

where @ = [dy 5 @y @', By = [Byi By2 Bys)', Bx = [Bxi
Bxy Bys]", and Fioy = [F, f_roll Fpr_roll Fri_ront F o] - A SMC is
designed to produce the virtual control signals vy, v,, and v3. Since
the control inputs and the controlled variables are decoupled, the
above system can be partitioned into three single-input—single-
output systems. Define the sliding surface for each channel as

“D

Sp = Xn — Xy

where x, is the vehicle state reference. Choose the Lyapunov
functions for the three channels as

1
V, = Esﬁ 42)

For channel 1, the time derivative of the above Lyapunov function is

Vi=58181 =S¥ — 41,

C 1,Bx; . .
=5 (Vsz ——4VI 4By Fy — XL — Byi Fron +vi —X1,~)
M Ret
(43)
Choose the control law as
C N 1,Bx; . - .
vi = —=V,Q. + M"Vf — B Fy + 226 + By Fron + 111
eff
— K;sgn(Sy) (44)

where K is a positive constant, I y and Ia o1l are the estimated tire
lateral force and rolling resistance vectors based on the measured
signals including tire slip angles. When the tires experience both
longitudinal slip and lateral slip angle, Fy should be estimated
conservatively. It can be shown that the control law with K being
sufficiently large to over-power the uncertainties can make V|
negative definite. In order to avoid the chatting effect caused by
the sign function, the sign function is replace by a saturation func-
tion whose thickness is ®@; as

san(S1) = sgn ((%11) 45)

Following the similar steps, the control laws for the other two
surfaces can be obtained.

4.2 Control Allocation Design. A control allocation module
is utilized to generate the four control signals in U for minimizing
the cost function defined as

J=(v—BU)'Q(v—BU) +b|U| (46)
where Q = diag(q; ¢2 ¢3), b is a small positive constant, and the
control signals in U are subject to their constraints. A numerical
quadratic programming method can be used to solve this con-

strained optimization problem. The entries of the control effec-
tiveness matrix B are pertinent to the four motor control gains £;.
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Table 1 Parameters of the vehicle model in CarSim
Parameters Values
Sprung mass 600 kg
Total mass of in-wheel motor, wheel, and tire 45 kg
L, 3kgm’
Resr 0.33 m
].v 0.7m
Iy 0.8 m
I, 0.8 m

Details on control allocation methods are available in the litera-
ture such as Refs. [23-26]. When a fault on the in-wheel
motor/motor driver is detected, the respective motor control gain
will be reduced. The control effectiveness matrix B can be
updated by using the estimated motor control gain by the method
presented in Sec. 4.1 accordingly. The control allocation will then
automatically distribute more torque among the remaining healthy
motors to maintain the overall control objective. The lower bound
Uimin for the each of the control signals is 0. The upper bound
Uimax 1S the largest control signal that the motor driver allows.

5 Simulation Studies

Two simulations based on a high-fidelity full-vehicle model
from CarSim® were conducted. In the first part of this section, the
fault diagnosis results are presented, which is followed by the con-
trol results in the second part. The vehicle parameters in the simu-
lations are listed in Table 1. These parameters are taken from an
actual prototype 4WIA electric vehicle [27] in authors’ group at
Ohio State University.

5.1 Fault Diagnosis Results

5.1.1 Diagnosis Without Considering Modeling Errors. 1f the
tire model and TRFC are precisely known, the faulty wheel can be
found by ¢; in the estimator, as the ¢; for the faulty wheel will
not be 0. In this simulation the TRFC was set to 0.8, the desired
torque of each motor was set to 90 Nm, and control gain of the
rear-left wheel was reduced by 0.4 times after 3 s. The diagnosis
result is shown in Fig. 3. As can be seen that ¢,, reduced from 0
to —36 Nm with other three ¢; still remaining at 0. Note that 36
Nm is exactly the torque the faulty wheel fails to give. It also
shows that the faulty wheel control gain can be estimated with ¢;.
Also note that in the simulation, the initial values for the ¢; were
set nonzero.

If the TRFC is unknown, it can be estimated based on an accu-
rate tire model. However, the estimated TRFC for the faulty wheel
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Fig. 3 Diagnosis results for accurate model and TRFC (1 =0.8,
initial speed: 40 km/h)
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Fig. 4 Diagnosis result without modeling error (x = 0.4, initial
speed: 15 km/h)

will be different from those of the other three. Figure 4 shows the
simulation results when the TRFC is assumed to be unknown. The
desired torque of each motor was also set to 90 Nm, and control
gain of the faulty wheel was reduced after 3 s in the simulation. It
can be observed that the estimated TRFCs are very accurate when
the wheels are in healthy condition. The estimated TRFC based
on the faulty wheel, as expected, is very different from the other
three after 3 s. Note that the initial values for the estimated TRFCs
were set as zero.

5.1.2  Fault Diagnosis Considering Modeling Errors. In this
simulation, a modeling error was introduced by adding a bounded

Estimated TRFC

Time (5)
Estimated Control Gain

10 1 1 1 1 1 1 1
0
Time (s)
Control Gain Estimation Error
0.5 : : : . , : :

Eri"or B ouhd

Time (s)

Fig. 5 TRFC and control gain estimations considering model-
ing error (1 = 0.8, initial speed is 50 km/h)
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Fig. 6 Road wheel angle change of front wheels in the J-turn
simulation

disturbance to the tire force. The simulation was carried out under
the assumption that the real TRFC was 0.8, and the nominal con-
trol gain of the four in-wheels motors were 30. The fault was
introduced by reducing the control gain of the rear-left motor to
0.6 times after 3 s. Figure 5 shows the estimation results for the
four wheels. As it indicates, the TRFC estimations are less accu-
rate due to the modeling error. However, the in-wheel motor con-
trol gain estimation errors are always bounded by Eq. (36) as long
as the motor/motor driver sets are in good condition. It also can
be seen that the control gain estimation for the faulty wheel was
reduced to 0.6 times of its nominal value after 3 s. As the actual
control gain of the faulty wheel was reduced by 0.4 times, the
faulty wheel control gain estimation results matches the expecta-
tion well. The simulation illustrates that the fault diagnosis
approach works well.

5.2 Fault-Tolerant Control Results. Three simulations
were conducted in this section. In the first two parts of this sec-
tion, the control results in a J-turn and a single-lane change are
presented, respectively, to show the effectiveness of the proposed
control method. The last simulation considers driver corrective
steering action when a fault occurs, and the simulation results
indicate that, due to the possible driver response lag, the proposed
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Fig. 7 Actual torques provided by the four motors, bottom
figure shows the zoom-in
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Fig. 8 Longitudinal velocity in the J-turn simulation

FTC is still necessary in maintaining the vehicle motion even if
the driver can give good corrective steering action.

5.2.1 J-Turn During Acceleration. In the J-turn simulation,
the TRFC was set to 0.8, and the initial vehicle speed was chosen
as 25 km/h. The desired vehicle speed was accelerated to 44
km/h in 10 s. A counter-clockwise turn was introduced, and the
change of road wheel angle of front wheels is shown in Fig. 6. At
2.3 s, a fault was added to the rear-right motor which made the
control gain decrease to 0.3 times of its nominal value by multiply-
ing the desired torque by 0.3. In the simulation, the estimated
control gain of the faulty wheel was used in the controller as soon
as a fault was detected. Simulation results are shown in Figs. 6-11.
To more clearly illustrate the effectiveness of the proposed
controller, the performance of an uncontrolled vehicle with the
same fault and front wheels’ road wheel angle was also plotted.

As shown in Fig. 7, the control allocation scheme dictated more
desired torque to the healthy wheel on the same side of the faulty
one to compensate its effect on the vehicle motion. It can be seen
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Fig. 9 Vehicle yaw rate change in the J-turn simulation

MARCH 2012, Vol. 134 / 021014-7

Downloaded From: http://dynamicsystems.asmedigitalcollection.asme.or g/ on 01/28/2016 Terms of Use: http://www.asme.or g/about-asme/ter ms-of-use



45 ! ! ! ! ! : |

anf : : o ' . .
s Bxpected Trajectory

356 toon o Wtk Clontrol

30 === Without Control

Global ¥ (m)

0 10 20 30 40 50 60 70 80
Global X (m)

Fig. 10 Vehicle trajectory in the J-turn simulation

from Fig. 8 that the controlled vehicle can follow the reference ve-
locity well, while the uncontrolled velocity failed to follow the
reference velocity as the faulty wheel of the vehicle did not pro-
vide the desired torque and the lost torque was not allocated to
other wheels. Similarly for the vehicle yaw rate, as can be seen in
Fig. 9, the controlled vehicle can follow the yaw rate reference
much better in comparison to the uncontrolled vehicle. The vehi-
cle trajectory is shown in Fig. 10, it can be seen that the controlled
vehicle can follow the expected trajectory, while the vehicle with-
out control started deviating from the reference as soon as the
fault was introduced.

5.2.2 Single-Lane Change During Acceleration. The J-turn
simulation was conducted at low speed and high TRFC value. In
the single-lane simulation, the initial speed was chosen as
80 km/h and the TRFC was set to 0.5. The front wheels’ road
wheel angle change is shown in Fig. 11. At the 2.3 s, a fault which
made the rear-right motor control gain decrease to 0 was injected.
The allocated desired torques for the four wheels are plotted in
Fig. 12. Again, the control allocation scheme automatically dis-
tribute the torque requests among the healthy and faulty wheels to
achieve the vehicle motion tracking control objectives even a fault
occurred in one of the wheels. The vehicle longitudinal velocity,
yaw rate, and lateral velocity results are shown in Figs. 13-15,
respectively. The vehicle trajectory is shown in Fig. 16. It can be
seen again that the proposed controller works well.

5.2.3 Acceleration Along a Straight Line. In the above simu-
lations, the faulty vehicle driver’s steering angles were the same
as that of the healthy vehicle. In practical, however, the driver

L5 ; ; ! ! !
1
B
5
= 05
LA
B
z
z 0
g
= -0.5
(=3
[+
-1
15 1 1 1 1 1
1 2 3 4 5 ]
Titne (s)
Fig. 11 Road wheel angle change of front wheels in the single-

lane change simulation
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Fig. 12 Actual torques provided by the four motors, bottom
figure shows the zoom-in

may provide a corrective steering angle to maintain the expected
trajectory when the vehicle is found to deviate from the target tra-
jectory. In this simulation, the driver corrective steering is consid-
ered. A driver-vehicle model [28] is used to simulate the driver
behavior and generate the corrective steering action. Due to the
typical driver’s response lag between the time the driver takes
action and the vehicle starts deviating from the expected trajec-
tory, the driver’s corrective steering angle can be written as

0 if (1=t <)
ce={ e @)

1+1s

e if (1=t > 13)

where o, is the driver’s corrective steering angle which will correct
the vehicle motion after the driver realizes the vehicle is deviating
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Fig. 13 Longitudinal velocity in the single-lane change
simulation
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Fig. 14 Yaw rate in the single-lane change simulation

from the expected trajectory, #; is the time a fault occurs, 73 is driv-
er’s response lag between the driver starts to take action and #, ¢ is
the error between the target path and the actual vehicle position,
please refer to Ref. [27] for the calculation of ¢ in detail. 7, and 1,
are constant values and are used to describe the driver’s steering na-
ture. We assume that the driver will give fast and precise corrective
steering as soon as the he/she notices the vehicle is deviating from
the reference, so both of 7; and 7, are chosen to be small (0.02 s in
this study). Note that choosing large values 7, and 7, will induce
bad corrective steering as large 7, and 7, mean slow and imprecise
steering. Only the response lag 3 is studied.

In this simulation, the vehicle was expected to run in a straight
line and the speed was to be accelerated from 90 km/h to
103 km/h in 10 s. The TRFC is set to 0.8. At 2 s, when the vehicle
was at 50 m from the starting point, a fault which made the rear-
right motor control gain decrease to zero was injected. The effects
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Fig. 15 Lateral velocity in the single-lane change simulation
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Fig. 17 Vehicle trajectory in a straight line acceleration case

of different response lags to the vehicle motions are investigated
and the vehicle trajectories are shown in Fig. 17. It can be seen that
the vehicle trajectory can be corrected fast by the corrective steer-
ing action and no overshooting in the vehicle lateral motion is
observed. So the corrective steering works well as soon as the
driver takes action. However, it can also be found that the response
lag affects the vehicle lateral motion considerably. For example, a
2 s response lag will induce 2.3 m error in the lateral position, and
1 s response lag will still cause 0.7 m error. Such big unexpected
lateral motions may increase the chance of accident when the vehi-
cle running at high speed. Note that the controlled vehicle can
always follow the target trajectory even if the driver’s response lag
is large (2 s). Also note that this simulation is performed under the
assumption that the driver can give very good corrective steering
action as long as he/she observes the vehicle starts to deviate. In
practical, however, as the vehicle yaw rate will change fast when a
fault occurs, the driver may become panic and give wrong correc-
tive steering action, which may induce accidents.

6 Conclusions

An in-wheel motor/motor driver fault diagnosis approach for a
4WIA electric vehicle is proposed. The proposed diagnosis
approach does not need an accurate TRFC knowledge and can
estimate the control gains of the four motors accurately. It is also
shown that the diagnosis approach can work well in the existence
of tire force modeling error. Based on the in-wheel motor/motor
driver fault detection mechanism, a control-allocation based vehi-
cle control system is designed to accommodate the in-wheel
motor/motor driver fault by automatically allocating the
control effort among other healthy wheels. Simulations using
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a high-fidelity CarSim® full-vehicle model show the effectiveness
of the proposed in-wheel motor fault diagnosis and fault-tolerant
control approaches in different driving scenarios.

Nomenclature
V, = vehicle longitudinal speed at center of gravity
Vi = traveling velocity at the center of the ith wheel
Vy = vehicle lateral speed
Q. = vehicle yaw rate
M = mass of the vehicle
I, = yaw inertia of the vehicle
1, = wheel rotational inertia
er; = control gain estimation error of each pair of the in-
wheel motor and driver
dy = disturbance bound
F, = tire normal load
C, = aerodynamic drag coefficient
s; = slip ratio of the ith wheel
F, = effective longitudinal force acting on vehicle C.G.
F, = effective lateral force acting on vehicle C.G.
Fi ton = tire rolling resistance of the ith in-wheel motor
Fi_ton = tire rolling resistance of the ith in-wheel motor based
on rolling resistance model
effective yaw-moment acting on vehicle C.G.
frictional coefficient
[1; = estimation of frictional coefficient based on the ith
wheel
u; = control input to the ith in-wheel motor driver
w; = wheel rotational speed of the ith wheel
o; = slip angle of the ith wheel
Ress = tire effective rolling radius in meter
ko; = nominal control gain of the ith motor/motor driver
_ ki = actual control gain of the ith motor/motor driver
ki_est = estimation of control gain for the ith motor/motor
driver
T; = torque provided by the ith in-wheel motor
o = road wheel angle of front wheels
o, = driver’s corrective steering angle after a fault occurs

= S
I
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