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Fault-Tolerant Control of Electric Ground
Vehicles Using a Triple-Step Nonlinear Approach

Yulei Wang , Shuyou Yu, Jingxin Yuan , and Hong Chen , Senior Member, IEEE

Abstract—This paper investigates a triple-step approach-
based fault-tolerant control (FTC) strategy for in-wheel mo-
tor electric ground vehicles, whose purpose is to preserve
stability, improve handling with in-wheel motors and/or
steering system faults. The proposed scheme is divided
into two levels. The first level is the integrated vehicle mo-
tion control with model uncertainties, disturbances and the
possible actuator faults, in which a triple-step nonlinear
controller with on-line updating laws is designed. The sec-
ond level is the driving reference signal generation, where
the triple-step feedback law is used to provide a quantita-
tive driving guidance and a residual signal with threshold
for monitoring and evaluating drivers. The proposed FTC
scheme not only achieves the vehicle safety but also the
high-availability of the closed-loop driver-vehicle system.
Simulation results show the effectiveness of the proposed
scheme.

Index Terms—Adaptive control, driver-in-the-loop, elec-
tric ground vehicles, fault-tolerant control, triple-step
control.

NOMENCLATURE

Ca Aerodynamic drag coefficient.
Cf Front cornering stiffness.
Cr Rear cornering stiffness.
Fx Longitudinal force acting on vehicle center of gravity.
Fxi Longitudinal tire force of the ith wheel.
Fyi Lateral tire force of the ith wheel.
Fyf Front lateral tire force.
Fyr Rear lateral tire force.
M Mass of the vehicle.
I Wheel rotational inertia.
Iz Yaw inertia of the vehicle.
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Re Tire effective rolling radius.
Vx Vehicle longitudinal speed at center of gravity.
Vrx Vehicle longitudinal speed reference.
Vy Vehicle lateral speed at center of gravity.
Ωz Vehicle yaw rate.
Ωrz Vehicle yaw rate reference.
lf Distance from front axle to the center of gravity.
lr Distance from rear axle to the center of gravity.
ls Half of the track width.
ωi Wheel rotational speed of the ith wheel.
Ti Motor torque of the ith in-wheel motor.
ki Control gain of the ith in-wheel motor.
ui Control signal of the ith in-wheel motor.
δ Ground-wheel steering angle.
δh Hand-wheel steering angle.
μ Tire-road friction coefficient.
ΔMz Additional yaw moment generated with the longitudinal

tire force difference.

I. INTRODUCTION

MAXIMUM safety and minimum energy expense with
comfort characterizes the definition of ideal human mo-

bility. To realize this goal, a shared and intelligent driving is
needed between the driver and the automat to realize brak-
ing, powertrain and steering control. This involves the novel
vehicular cyber-physical and human system [1] with in-wheel
motor (IWM) driven electric ground vehicles (EGVs) [2]–[4],
X-by-Wire systems [5]–[7], advanced driving assistance sys-
tems (ADAS) [8], [9] and intelligent transportation systems
(ITS) [10]. These promising techniques have promoted the de-
velopment of intelligent lateral and longitudinal autonomous
feedback control in electric vehicles [11], [12]. Consequently, a
completely new and expanded architecture emerges, where the
IWM EGVs are able to cooperate with the novel mechatronics
systems and ITS information to generate a safe motion control
vector for human mobility.

In this automotive architecture, a high level penetration of
information and electric technologies have emerged. However,
these electric systems are often prone to be inoperative and in
case of failure, the criticality is high. It implies that the failures
should be diagnosed and automatically corrected in real time. A
large number of research work have been carried out in the area
of fault detection and isolation (FDI) and fault-tolerant control
(FTC) (see, e.g., [13]–[16]). As for application, A significant
amount of research has been done to report the FDI/FTC
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problem of IWM EGVs. To mention a few, in [17], the yaw
control issue for IWM EGVs based on the differential steering
mechanism was investigated when the regular active steering
system is out of control, but it is not applicable to longitudinal
control. To solve this problem, authors [18] introduced an
adaptive control law with recursive least-square estimator to
control longitudinal speed and yaw rate, and allocate the torque
of each in-wheel motor, while the effect of lateral stability is
overlooked. For the integrated FTC problem, the integrated
fault-tolerant controller based on linear parameter-varying
(LPV) techniques was developed by [11] to achieve the
simultaneous lateral and longitudinal autonomous motion
under moderate faults in-wheel motors and/or steering systems.
However, the control performance is limited by the polytopes
assumptions and the linearized models. Actually, it is generally
hard to converge the three errors (i.e., longitudinal error, lateral
offset and yaw error) due to vehicle nonlinearity and the
high-level requirement in transient response.

In addition, in all those works, it was assumed that the FTC
test procedures of concern are not actually driver-in-the-loop,
which means the effects of a driver in the driving loop are not
taken into consideration and not fully explored. To address this
issue, both driver modeling and supervisory control of human-
machine interaction are investigated. A comprehensive survey
of driver modeling is presented in [19]. Both linear quadratic
preview and model predictive control (MPC) approaches have
been shown to be effective for the path-following task. In [20],
driver and vehicle controllers were defined as two players in
a dynamic game for maximizing stability of vehicle. In [21],
an in-vehicle eco-driving assistance system was developed for
coaching drivers towards the effective response on the usage
of accelerator and braking pedals. In [22], online identification
of driver behavior was used to generate a time-varying driving
model and applied it in the overall direct yaw control scheme.
As a result, an interesting question would be whether we can
develop a kind of control approach and feedback methodology
to address the FTC problem of electric ground vehicles
under the driver-in-the-loop, and further to provide several
additional functions on driving guidance, monitoring and
evaluation [23].

This paper focuses on the development of a driver-in-the-
loop FTC scheme that can achieve both the motion objective
of EGVs and the driving guidance, monitoring and evaluation
in the presence of different types of actuator faults, parameter
uncertainties, disturbances and different driving behaviors. The
main contributions of the paper are listed as follows.

1) Two parallel and independent models are investigated.
The former describes the dynamics of IWM EGVs with
the potential faults, while the latter responses to a virtual
reference model mainly presenting the expected driving
behaviors.

2) The simultaneous longitudinal, lateral and yaw control for
IWM EGVs under actuator faults is supported based on a
triple-step nonlinear controller [24] with on-line updating
laws, and thus dangerous consequences for vehicles can
be avoided.

Fig. 1. Schematic of vehicle models.

3) Parameter uncertainties for the inertias and the cornering
stiffness are considered to make vehicle robust to different
driving conditions.

4) Using the standard test procedure, a triple-step feedback
strategy is then employed to generate a driving guidance
signal vector on steering wheel and pedals.

5) With an MPC driver, the residual signal with threshold
in the FDI domain is now utilized for monitoring and
evaluating drivers with different weighting coefficients.

The rest of this paper is organized as follows. The vehicle
dynamics on the longitudinal, lateral and yaw motions, state
space model, parameter uncertainties, fault models, reference
model and problem formulation are described in Section II.
The triple-step nonlinear approach-based fault-tolerant control
law and the issues of driver guidance, monitoring and evalua-
tion are proposed in Section III. Simulation based on veDYNA
Simulink platform using a high-fidelity and full-vehicle model
is conducted in Section IV.

II. SYSTEM MODELING AND PROBLEM FORMULATION

A. Vehicle Dynamics

Ignoring the pitch and roll motions, the vehicle has three
planar degrees of freedom for the longitudinal, lateral and yaw
motions. A schematic of the vehicle model shown in Fig. 1
is adopted to model the vehicle longitudinal, lateral and yaw
motions.

Considering the external yaw moment ΔMz generated with
the longitudinal tire force differences between the left and right
wheels, the vehicle can be modeled as [3]

⎧
⎪⎪⎨

⎪⎪⎩

V̇x = VyΩz − Ca

M V 2
x + 1

M FX

V̇y = −VxΩz + 1
M (Fyf cos δ + Fyr)

Ω̇z = 1
Iz

(lf Fyf cos δ − lrFyr) + 1
Iz

ΔMz

(1)
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where Vx and Vy are the longitudinal speed and lateral speed,
respectively, Ωz is the yaw rate, M is the mass of the vehicle,
Iz is the vehicle yaw inertia, Ca is the aerodynamic drag term,
and the external yaw moment can be calculated as [11]

ΔMz = (Fxfr cos δ + Fxrr)ls − (Fxfl cos δ + Fxrl)ls . (2)

The front and rear lateral forces can be written as

Fyf = Fyfl + Fyfr , Fyr = Fyrl + Fyrr (3)

with Fyi being the lateral tire force of the ith wheel, and the
total longitudinal force FX generated by all the four tires can
be calculated by

FX = (Fxfl + Fxfr) cos δ + Fxrl + Fxrr − (Fyfl + Fyfr) sin δ.
(4)

On the assumption of the small sideslip angles, the front
and rear lateral forces can be modeled as the following linear
models [2]:

Fyf = Cf αf , Fyr = Crαr (5)

where Cf,r are the tire cornering stiffness values and αf,r are
the tire slip angles that can be expressed as [11]

αf = δ − Vy

Vx
− Ωz lf

Vx
, αr =

Ωz lr
Vx

− Vy

Vx
. (6)

The rotational dynamics of each wheel is represented by

Iω̇i = −ReFxi + Ti (7)

where I is the wheel moment of inertia, Re is the tire effective
rolling radius, and Ti is the torque of the ith in-wheel motor.
If an in-wheel motor and its driver are treated as a unit, then
the motor driver and in-wheel motor unit can be described by a
control gain ki , which is defined as

Ti = kiui (8)

where ui with i ∈ {fl, fr, rl, rr} is the torque control signal to
the motor’s driver.

B. State Space Model and Disturbances

Note that two control efforts on the same side of the vehicle
have similar effects on the vehicle lateral and yaw motions.
When the vehicle is under healthy condition, one has kfl =
kfr = krl = krr = k0 with k0 being the nominal control gain
of the healthy motor. Therefore, after denoting δ as an input,
a straightforward motor signal allocation is to make the two
motors on the same side of the vehicle have the identical signal
and denote that

ufl = url = u1, δ = u2, ufr = urr = u3. (9)

The state space vehicle model with external disturbances can
further be written as

V̇x = VyΩz − Ca

M
V 2

x +
kfl + krl

MRe
u1 +

kfr + krr

MRe
u3 + d̄1

V̇y = −Cf + Cr

M

Vy

Vx
− VxΩz +

Cr lr − Cf lf
M

Ωz

Vx

+
Cf

M
u2 + d̄2

Ω̇z =
Cr lr − Cf lf

Iz

Vy

Vx
− Cf l2

f + Cr l
2
r

Iz

Ωz

Vx
+

ls(kfl + krl)
IzRe

u1

+
Cf lf
Iz

u2 − ls(kfr + krr)
IzRe

u3 + d̄3 (10)

where d̄1, 2, 3 can be expressed as

d̄1 =
1
M

Fyf sin δ +
1

MRe
(Tfl + Tfr)(cos δ − 1)

+
I

MRe
[cos δ cos δ 1 1]ω̇

d̄2 =
1

MVx
Fyf (cos δ − 1)

d̄3 =
lf
Iz

Fyf (cos δ − 1) +
ls

IzRe
(Tfl + Tfr)(cos δ − 1)

+
lsI

IzRe
[cos δ − cos δ 1 1]ω̇ (11)

where ω = [ωfl ωfr ωrl ωrr ]T .
Remark 1: In this paper, the fault-tolerant controller of vehi-

cle motion is mainly designed for the normal driving condition,
in which both terms cos δ − 1 and sin δ are set to be distur-
bances. In addition, due to measurement noise, a straightforward
way of using the time derivative of wheel angular speed signals
maybe challenging. As ω̇i is usually small in normal driving, it
is reasonable to omit its value in the modeling but place into the
disturbance terms.

Remark 2: As for extreme driving conditions, e.g., obstacle
avoidance maneuver [25] or tire blow-out [26] at high speed,
more precise modeling for vehicle dynamics relies on a number
of different assumptions. Hence, more works are expected in
future for the design of an FT controller considering both faults
and extreme driving conditions.

Remark 3: Referring to [18], [11], the longitudinal and lat-
eral speeds Vx , Vy and the vehicle yaw rate Ωz are assumed to
be directly measured by GPS and inertia measurement to ensure
the availability of state feedback control.

C. Model Uncertainties

One source of model uncertainties results from the change
of road conditions and vehicle states. The vehicle mass M may
change due to the payload change. Assuming M is bounded
by its minimum values Mmin and its maximum value Mmax ,
then M can be represented by M = M0 + N(t)M̃ . According
to [27], the moment of inertia is proportional to the mass, thus,
the uncertain moment of inertia can be written as Iz = k2

I M0 +
N(t)k2

I M̃ , where k2
I is relevant coefficient between the mass

and the moment of inertia.
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Another kind of significant model uncertainty is induced by
the tire nonlinearity. Normally, the tire cornering stiffness is
treated as known constant parameter to facilitate the controller
design. Nevertheless, it should be important to note that the
tire cornering stiffness can be affected by many factors such as
the normal vertical force, slip angle. Significant research has
been done to report this problem. To mention a few, in [11] the
preselected cornering stiffness is considered to be inaccurate and
the gain scheduled control is designed by solving linear matrix
inequality. In [28], the tire cornering stiffness is approximated
by piecewise affine functions, whereas in [29], the tire force
characteristics are approximated by a nonlinear function. For a
tradeoff between modeling complexity and control flexibility,
we are going to give the nominal value of the tire cornering
stiffness and deal with its uncertainty by adaptive techniques.

D. Fault Model

If an actuator fault occurs, the actual control torque signal
Ti from the actuator will be different to its desired one. In
this paper, the three most common types of actuator faults, i.e.,
loss-of-effectiveness fault, additive fault, and the fault makes an
actuator control effect stuck-at-fixed-level are studied. To model
all of these fault types in a generalized way, let us introduce the
following actuator fault model:

ui = ηiudi + Δui (12)

with i = {fl, fr, rl, rr, s}. Note that udi are the desired control
effort of actual actuators, 0 ≤ ηi ≤ 1 are time-varying param-
eters depending on the loss of effectiveness, and Δui are un-
known disturbances caused by the additive and/or stuck faults.
For example, if an additive fault occurs to an in-wheel motor, we
have ηi = 1 and Δui �= 0. If a loss-of-effectiveness fault occurs,
we have < ηi < 1 and Δui = 0. Similarly, the case ηi = 0 and
Δui = c with c being a constant describes the actuator stuck at
a fixed level. Note that ηi = 1 and Δui = 0 means the healthy
model.

E. Reference Model

The objective of a driving model is to provide the desired
trajectory as the reference for vehicle motion control. Hence,
the driving model for the desired longitudinal speed Vrx can be
written as

V̇rx = kxax (13)

where kx is a constant gain and ax is the vehicle acceleration
that is related to the accelerator/brake pedal position.

It is known that a zero vehicle lateral velocity can keep vehicle
side slip angle zero that should be contained to improve vehicle
stability [11]. So the reference vehicle lateral velocity is set to
be zero, i.e., Vry = 0.

In driving model, the desired vehicle yaw rate Ωrz should be a
function of the driver’s steering wheel angle and vehicle speed.
Referring to [11], its dynamics can be given by

Ω̇rz = −kω Ωrz + kω f(Vrx)δh (14)

where f(Vrx) = GrkaVrx/(kbV
2
rx l + l), kω is a time constant, l

is the vehicle wheel base, ka is the gain of the reference model,

kb is the stability factor, and Gr is the gear ratio of the steering
mechanism linkage.

Denoting a vector v = [v1 v2]T = [ax δh ]T consisting of the
driver action, the driving model can be summarized as

V̇rx = kxv1

Ω̇rz = −kω Ωrz + kω f(Vrx)v2 (15)

F. Problem Formulation

Let a smooth and bounded longitudinal velocity Vvx and yaw
rate reference Ωvz be determined as the reference motion, given
any initial states, the design objective is to develop, on one
hand, a control law for u = [u1 u2 u3]T such that the system in
(10) is robustly asymptotically stable with disturbance attenua-
tion performance in the presence of parameter uncertainties and
unexpected actuator faults, and on the other hand, a real-time
guidance law vr = [arx δrh ]T and a residual J with threshold
Jth that can be used to guide, monitor and evaluate the driver’s
driving behavior.

III. FAULT TOLERANT CONTROL DESIGN WITH

DRIVER-IN-THE-LOOP

In this section, we first develop a triple-step method-based
fault-tolerant control scheme for the case of the generalized
actuator faults, uncertainties and external disturbances. Then,
the result is extended to the driver-in-the-loop design.

A. Triple-Step Nonlinear Controller Design for FTC

The main idea of robust triple-step method can be
demonstrated as follows. To simplify the tedious symbols
mentioned above, it is general to denote the following lumped
parameters θ1 = −Ca/M , θ2 = −(Cf + Cr )/M , θ3 =
(Cr lr − Cf lf )/M , θ4 = (Cr lr − Cf lf )/Iz , θ5 = −(Cf l2

f

+ Cr l
2
r )/Iz , θ6 = (ηflkfl + ηrlkrl)/(MRe), θ7 = (ηfrkfr +

ηrrkrr)/(MRe), θ8 = Cf ηs/M , θ9 = ls(ηflkfl + ηrlkrl)/
(IzRe), θ10 = (Cf lf ηs)/Iz , θ11 = −ls(ηfrkfr + ηrrkrr)/
(IzRe), and replace ud with u to facilitate reading. Then, the
entire control-oriented model with the possible faults can be
written as

V̇x = VyΩz + θ1V
2
x + θ6u1 + θ7u3 + d1

V̇y = θ2
Vy

Vx
− VxΩz + θ3

Ωz

Vx
+ θ8u2 + d2

Ω̇z = θ4
Vy

Vx
+ θ5

Ωz

Vx
+ θ9u1 + θ10u2 + θ11u3 + d3 (16)

where d = [d1 d2 d3]T presents the generalized disturbance in-
cluding faults, i.e.,

d1 = d̄1 +
kflΔufl + krlΔurl + krlΔurl + krrΔurr

MRe

d2 = d̄2 +
Cf Δus

M

d3 = d̄3 +
ls(kflΔufl + krlΔurl − kfrΔufr − krrΔurr)

IzRe
.
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Since these lumped parameters θi maybe unknown due to
parameter uncertainties (Cf,r ,M, Iz ) and the possible faults in
(12), let us define θ̂i(t), i = 1, . . . , 11 standing for the estimates
of these parameters at time t and design a controller as follows.

Step 1 Steady-state control: Inspired by the look-up tables
based control that widely used in automotive engineering but to
reduce the calibration effort, the alternative steady-state control
is developed as us while retaining the basic function of the
conventional loop-up tables. For (10) without disturbances, all
the transient dynamics ẋ = 0. Consequently, the steady state
control is obtained as

us =

⎡

⎣
θ̂6 0 θ̂7

0 θ̂8 0
θ̂9 θ̂10 θ̂11

⎤

⎦

−1 ⎡

⎢
⎣

−VyΩz − θ̂1V
2
x

VxΩz − θ̂2
Vy

Vx
− θ̂3

Ωz

Vx

−θ̂4
Vy

Vx
− θ̂5

Ωz

Vx

⎤

⎥
⎦ . (17)

Step 2 Reference variation based feed-forward control: Re-
taining the steady state control, we augment the control as
u = us + uf . Since it is necessary for a fast transient response,
by enforcing V̇x = V̇rx , V̇y = V̇ry , and Ω̇z = Ω̇rz , the control
uf therefore is derived as

uf =

⎡

⎣
θ̂6 0 θ̂7

0 θ̂8 0
θ̂9 θ̂10 θ̂11

⎤

⎦

−1 ⎡

⎣
V̇rx

V̇ry

Ω̇rz

⎤

⎦ . (18)

Step 3 Tracking error feedback control: Following Step 1 and
Step 2, it is direct to impose the path tracking by completing
the control law u = us + uf + ue with a feedback control ue .
Define the tracking errors as e1 = Vrx − Vx , e2 = Vry − Vy ,
and e3 = Ωrz − Ωz . In order to the tracking objective, one can
choose a nonlinear proportional-integral feedback control as

ue =

⎡

⎣
θ̂6 0 θ̂7

0 θ̂8 0
θ̂9 θ̂10 θ̂11

⎤

⎦

−1 ⎡

⎣
k1e1 + k01

∫
e1dt

k2e2 + k02
∫

e2dt
k3e3 + k03

∫
e3dt

⎤

⎦ . (19)

Then substituting the triple-step control law (17), (18), and (19)
into the model (16) deduces that

⎡

⎣
V̇x

V̇y

Ω̇z

⎤

⎦ =

⎡

⎣
V̇rx

V̇ry

Ω̇rz

⎤

⎦ +

⎡

⎢
⎣

VyΩz + θ1V
2
x

−VxΩz + θ2
Vy

Vx
+ θ3

Ωz

Vx

θ4
Vy

Vx
+ θ5

Ωz

Vx

⎤

⎥
⎦

−

⎡

⎢
⎣

VyΩz + θ̂1V
2
x

−VxΩz + θ̂2
Vy

Vx
+ θ̂3

Ωz

Vx

θ̂4
Vy

Vx
+ θ̂5

Ωz

Vx

⎤

⎥
⎦ +

⎡

⎣
k1e1

k2e2

k3e3

⎤

⎦ +

⎡

⎣
d1

d2

d3

⎤

⎦

−
⎛

⎝

⎡

⎣
θ̂6 0 θ̂7

0 θ̂8 0
θ̂9 θ̂10 θ̂11

⎤

⎦ −
⎡

⎣
θ6 0 θ7

0 θ8 0
θ9 θ10 θ11

⎤

⎦

⎞

⎠

⎡

⎣
u1

u2

u3

⎤

⎦ .

Then, it holds that

ė1 = −k1e1 − k01χ1 − d1 + V 2
x θ̃1 + u1θ̃6 + u3θ̃7

ė2 = −k2e2 − k02χ2 − d2 +
Vy

Vx
θ̃2 +

Ωz

Vx
θ̃3 + u2θ̃8

ė3 = −k3e3 − k03χ3 − d3 +
Vy

Vx
θ̃4 +

Ωz

Vx
θ̃5 +

3∑

i=1

uiθ̃8+i

where χi =
∫

eidt and θ̃j = θ̂j − θj .
Since the knowledge on θ̃i or θi cannot be obtained exactly

due to unexpected faults and uncertain parameters, the adaptive
technique is employed to tackle this problem. In the following
theorem, a parameter-independent robust triple-step nonlinear
control scheme is developed for the purpose of fault-tolerant
motion control.

Theorem 1: Consider the faulty system given by (16) without
exact knowledge of θi . Select the triple-step control law u =
us + uf + ue given by (17), (18), and (19), Design ki satisfying
the following equations:

ki =
1
2

(

λi +
1
γ2

)

, λi > 0, γ > 0 (20)

and the updated law of

˙̂
θ1 = −κ1V

2
x e1,

˙̂
θ2 = −κ2

Vy

Vx
e2,

˙̂
θ3 = −κ3

Ωz

Vx
e2

˙̂
θ4 = −κ4

Vy

Vx
e3,

˙̂
θ5 = −κ5

Ωz

Vx
e3,

˙̂
θ6 = −κ6u1e1

˙̂
θ7 = −κ7u3e1,

˙̂
θ8 = −κ8u2e2,

˙̂
θ9 = −κ9u1e3

˙̂
θ10 = −κ10u2e3,

˙̂
θ11 = −κ11u3e3, κ1, . . . , κ11 > 0. (21)

Then, the closed-loop system satisfies the following:
1) Disturbance Attenuation: For any initial condition the

following quadratic performance criterion is achieved:

∫ ∞

0
‖e‖2

Q dt ≤ ‖e(0)‖2 + ‖θ̃(0)‖2
K + γ2

∫ ∞

0
‖d‖2dt

(22)

where Q = diag{λ1, λ2, λ3} and K−1 = diag{κ1, . . . ,
κ11}.

2) Robustly Asymptotically Tracking: If the disturbance
is bounded with finite energy and amplitude, i.e.,
d ∈ L2[0,∞) ∩ L∞[0,∞), then limt→∞ e(t) = 0 and
limt→∞ ė(t) = 0.

Proof: Choose the Lyapunov function candidate as

V =
3∑

i=1

1
2
e2

i +
3∑

i=1

k0i

2
χ2

i +
11∑

j=1

1
2κj

θ̃2
j . (23)
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Taking the time derivative of V along the error dynamics and
canceling unknown parameters and integral terms, we have

V̇ =
3∑

i=1

ei(−kiei − k0iχi − di) +
3∑

i=1

k0iχiei +
11∑

j=1

1
2κj

θ̃j
˙̂
θj

+ e1(V 2
x θ̃1 + u1θ̃6 + u3θ̃7) + e2

(
Vy

Vx
θ̃2 +

Ωz

Vx
θ̃3 + u2θ̃8

)

+ e3

(
Vy

Vx
θ̃4 +

Ωz

Vx
θ̃5 + u1θ̃9 + u2θ̃10 + u3θ̃11

)

= −
3∑

i=1

ei (kiei + di) = −
3∑

i=1

ei

(
1
2

(

λi +
1
γ2

)

ei + di

)

= −1
2
eT Qe − 1

2

(
1
γ

e + γd

)T (
1
γ

e + γd

)

+
1
2
γ2dT d

≤ −1
2
eT Qe +

1
2
γ2dT d. (24)

Integrating the above inequality from t = 0 to ∞ leads to (22),
and if d ∈ L2[0,∞) ∩ L∞[0,∞), using the Barbalat’s lemma,
then the performance of robustly asymptotically tracking
holds. �

Remark 4: The proposed robust adaptive triple-step nonlin-
ear control law not only inherits the merits of the conventional
triple-step nonlinear method [24], such as the engineering idea
of the step-by-step design, the compatibility of lookup table, the
zero-offset for impulse and step disturbances, but also provides
the adaptability and a quantified guideline for tuning parameter
k1, 2, 3, which guarantees the H∞ tracking offset for arbitrary
bounded disturbances.

Remark 5: The control law in Theorem 1 can only guar-
antee the convergence of tracking error, while the parameter
convergence maybe not taken care of because the persistent ex-
citation does not always hold during the closed-loop operation.
It should be emphasized that it is the entire triple-step control
scheme rather than solo adaptive law that tolerates the actuator
faults of electric ground vehicles.

Remark 6: Besides, an adaptive control-based FTC for IWM
EGVs has been published in [18]. However, compared with [18],
the proposed approach includes some new features, such as the
coordinated triple-step nonlinear control for the lateral stability,
the generalized adaptive laws updating more parameters, the
driver-in-the-loop design with the driver guidance, monitoring
and evaluation in the next section.

B. Triple-Step Feedback Guidance Design for Driving
Monitoring and Evaluation

Note that the driving model (15) is given independently of
vehicle dynamics in (16) and the reference motion trajectory
is given as Vvx and Ωvz . Then, it is straightforward from the
triple-step idea to design a triple-step feedback guidance vr =
vrs + vrf + vre as follows.

Step 1: Steady-state guidance

vrs =
[

0
1

f (V r x ) Ωrz

]

. (25)

Step 2: Reference variation based feed-forward guidance

vrf =

[
1

kx
0

0 1
kω f (V r x )

] [
V̇vx

Ω̇vz

]

. (26)

Step 3: Tracking error feedback guidance

vre =

[
1

kx
0

0 1
kω f (V r x )

] [
kr1er1 + kr01

∫
er1dt

kr2er2 + kr02
∫

er2dt

]

(27)

where er1 = Vvx − Vrx and er2 = Ωvz − Ωrz .
In order to mimic the test procedure and perform the driver-

in-the-loop simulation, the driver model should be considered.
According to [19] and [30], there are mainly two components
characterizing the driver driving response: the stretch and pas-
sive response of neuromuscular dynamics, and the cognitive
response of the brain.

Based on experimental tests [30], the response of neuro-
muscular dynamics can be modeled as a transfer function be-
tween the driving torque and the driving angle: H4w (s) =
1/(Jas2 + cas + ka) where Ja is related to the driver inertia
mainly involved in the vibration, while ca and ka describe a
spring-like behavior at low frequency.

Compared with neuromuscular dynamics, the cognitive re-
sponse of the brain is more complex. In this paper, we assume
that the cognitive response is related to the path following task.
From the viewpoint of the feed-forward and feedback control,
the use of a receding horizon strategy, e.g., an MPC approach,
is available since the reference vr has been provided by the
proposed triple-step guidance. Due to the space limitation, the
design of an MPC driver is omitted.

It should be emphasized that the ratio between the input and
output weighting factors, i.e., β = Wy/Wu , could potentially
reflect the driving skill of a driver. Generally speaking, a higher
ratio β indicates the driver a better vehicle path tracking by a
higher driving effort. On the contrary, the driver could relax
himself/herself or show fatigue, which can be also reflected by
reducing β in the driver model.

Due to the driver behavior involved, vehicle driving safety is
not just related to vehicle itself but the vehicle-human closed
loop. Thereafter, real-time monitoring and evaluating the driver
behavior becomes significant for driver-in-the-loop FTC. For
this purpose, we are able to generate a residual by comparison
of vr with v:

J(s) = rT (s)Qrr(s), r(s) = vr (s) − v(s) (28)

with a positive definite matrix Qr (from the standard statistic
test [13]) and set a threshold Jth that allows a reliable evaluation
of the driver behavior. In our study, we shall establish a driving
evaluation rule

J(s) > Jth ⇒ Low attention driving. (29)
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Fig. 2. Triple-step FTC scheme for IWM EGVs with driving monitoring. (ICT: information communication technology; ITS: intelligent transportation
systems; V2V: vehicle-to-vehicle; and V2I: vehicle-to-infrastructure).

Together with the fault-tolerant control law in Theorem 1, the
triple-step fault-tolerant control strategy for IWM EGVs with
driver-in-the-loop can be realized as shown in Fig. 2.

Remark 7: Even though the proposed guidance scheme pro-
vides a driver assistant tool helping drivers fulfill the driving
tasks, the practical driver perception and decision making is
still complicated to study. More emerging views and surveys
indicate that the decision making for driving is based often on
experiential “gut” feelings rather than rational analysis [31].
Therefore, more contributions for how the index performs in
human driver data and what strategy should be for the human-
automat interaction are expected in future.

IV. SIMULATION INVESTIGATION AND COMPARISONS

Three simulation cases based on a high-fidelity full-vehicle
model constructed in veDYNA are conducted. The vehicle pa-
rameters in the simulations are listed in Table I. The vehicle
longitudinal force, tire lateral force and aligning moment as
functions of slip angle and longitudinal slip ratio are generated
by the UniTire tire model [32], where the tire normal loads are
calculated from the total mass of tire, in-wheel motor, wheel
and vehicle acceleration.

To improve the validation of simulation, both measurement
noise and actuator (motor) dynamics are considered. First, yaw
rate, lateral and longitudinal speeds are assumed to be contam-
inated with noise (S/N = 10). Second, we assume that there
is the motor torque controller for each actuator and the ideal
motor close-loop dynamics is simplified as T = 1

τ s+1Tc where
τ = 0.01 is closed-loop response time, which is a control char-
acteristic of motor torque controller, and Tc is motor drive torque
command.

TABLE I
VEHICLE PARAMETERS OF THE VEHICLE IN THE SIMULATION

A. Straight Line Simulations

The control performance is tested with a straight line driving
simulation, in which Vvx = 25 m/s, friction surface μ = 0.6 and
no steering, accelerate, only IWM faults are involved: the front-
left IWM fails at 3 s, while the rear-right IWM fails at 6 s. The
mass of the vehicle has 20% uncertainty, i.e., M = 1088 kg.
To reflect driver’s capacity, a feedback control law with dead
zone is used to mimic driver’s perception and active correction,
in which the boundary of dead zone is given by 0.5 km/h. In
addition, the gains of the proposed controller for straight line
simulation are selected as k1 = 10 and k01 = 20.

Detailed plots of the simulation scenario are shown in Fig. 3.
Observe Fig. 3(d), (e), and (f) that the estimated parameters do
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Fig. 3. Simulation results in the straight line case. (a) Vehicle longitudinal speeds. Black: reference; blue: controlled; green: uncontrolled.
(b) Front-feft motor torques. Blue: command value; green: actual value. (c) Rear-right motor torques. Blue: command value; green: actual value.
(d) Parameter θ1. Blue: updated value; green: actual value. (e) Parameter θ6. Blue: updated value; green: actual value. (f) Parameter θ7. Blue:
updated value; green: actual value.

not converge to their actual values. But the controlled speed
as shown in Fig. 3(a) could verify the tracking performance of
the proposed control scheme compared with the driver active
correction one. To show the control feasibility, the commanded
and actual motor torques of left and right motors are plotted in
Fig. 3(b) and (c), respectively.

B. J-Turn Simulations

The vehicle runs at a low speed range and low friction surface
with μ = 0.4 in this simulation. The desired speed increases
from 9 m/s to 13 m/s in 8 s, and the hand-wheel steering angle
trajectory is selected as a typical counterclockwise turn [11].
In addition, as shown in Theorem 1, different values of the
control gains in FTC scheme will lead to a different convergence
speed and robustness, and these may also result in the different
behavior of vehicle motion. Consequently, the gains for J-turn
simulation are selected as k1 = 50, k01 = 100, k2 = 20, k02 =
0, k3 = 500, and k03 = 500.

For the driver-in-the-loop simulation, three parameters Ja =
0.094, ca = 0.59, and ka = 3.4 in the neuromuscular model
are given to represent a normal driver [19]. For the cognitive
response of a driver, the sampling time is 1ms, the control and
output predictive lengths are set to be 10 and 80, respectively.
And two weighting ratios β = 10 (Wy = 10, Wu = 1) or 1
(Wy = 1, Wu = 1) are considered to imitate different driving
behaviors, respectively.

Three different faults are sequentially applied in this test: At
4s, a loss-of-effectiveness fault occurs to the steering system and
makes the control effectiveness of the steering system decrease
to half of its desired value, which means δ2 = 0.5δd ; At 5 s, an
additive fault occurred to the front-right in-wheel motor, which
made the motor torque changed to Tfr = Tdfr + ΔTfr with Tdfr
being the desired torque and ΔTfr = −20 − 10 sin(t); At 7 s, a
loss-of-effectiveness fault occurs to the rear-left in-wheel motor,
which makes the actual motor torque decrease to 60% of its

desired value. To better show the performance of the proposed
controller, the states of an uncontrolled vehicle with the same
hand-wheel steering input and motor torque control signals are
also plotted in the figures.

Fig. 4(a) shows vehicle longitudinal speeds under the driver-
in-the-loop FTC scheme with weighting factors β = 10 and 1,
respectively. One can see that both longitudinal speed trajecto-
ries of the controlled vehicle are close to the reference even if
system uncertainties, disturbances and faults exist, whereas the
longitudinal speed of the vehicle without control cannot follow
the reference as soon as the faults are introduced. The similar
conclusions can be made to the lateral speed and yaw rate re-
sults, which are plotted in Fig. 4(b) and (c). The actuator effects
of steering angle and motor torques are shown in Fig. 4 (d)–(f).
Note that the lateral speed control result of the uncontrolled
vehicle is smaller than that of the control one. This is because
the uncontrolled vehicle could not make the turn as desired due
to the actuator faults. The updated and actual values of θ9 are
plotted in Fig. 4(l). The vehicle global trajectories are compared
in Fig. 4(g), where we can see that even through three different
faults and human behaviors were injected, the vehicle could still
track the reference well.

Fig. 4(h) shows different driver behaviors in the J-turn simu-
lation. Using the triple-step design, the guidance for the J-turn
is similar with a pulse signal. Observe that the MPC driver with
β = 10 reveals a better path tracking ability to the triple-step
guidance compared with the one with β = 1, and the latter could
reflect himself/herself in relax or aggressive longitudinal driv-
ing. The similar conclusion can be observed to the hand-wheel
steering result plotted in Fig. 4(i) although the periodic perturba-
tion in the high frequency was contaminated by noise. However,
as shown in Fig. 4(a)–(d), the difference between two drivers is
hidden due to the bandwidth of the close-loop vehicle control.
To avoid the potential risks caused by driver, a driver monitor-
ing and evaluation system is designed to generate the residual
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Fig. 4. Simulation results in the J-turn case. (a) Vehicle longitudinal speeds. Black: Vvx ; blue: controlled Vx with β = 10; green line: controlled
Vx with β = 1; red line: Vx without control. (b) Vehicle lateral speeds. Black line: Vry ; blue line: controlled Vy with β = 10; green line: controlled
Vy with β = 1; red line: Vy without control. (c) Vehicle yaw rates. Black line: Ωvz ; blue line: controlled Ωz with β = 10; green line: controlled Ωz

with β = 1; red line: Ωz without control. (d) Vehicle ground-wheel steering angles. Blue line: controlled δ with β = 10; green line: controlled δ with
β = 1. (e) Vehicle left-wheel torques. Blue line: controlled Tl with β = 10; green line: controlled Tl with β = 1. (f) Vehicle right-wheel torques. Blue
line: controlled Tr with β = 10; green line: controlled Tr with β = 1. (g) Vehicle trajectories. Black line: reference trajectory; blue line: controlled
trajectory with β = 10; green line: controlled trajectory with β = 1; red line: trajectory without control. (h) Driver accelerator/brake behaviors. Black
line: accelerator/brake guidance vr 1; blue line: driver accelerator/brake behavior v1 with β = 10; green line: driver accelerator/brake behavior v1 with
β = 1. (i) Driver steering behaviors. Black line: steering guidance vr 2; blue line: steering behavior v2 with β = 10; green line: steering behavior v2
with β = 1. (j) Residual sequence with β = 10. Blue dots: residual J with β = 10; black line: threshold. (k) Residual sequence with β = 1. Blue dots:
residual J with β = 1; black line: threshold. (l) Parameter θ9. Blue line: updated value; green line: actual value.

signals and their thresholds, as shown in Fig. 4(j) and (k). One
can see that the low attention index NL of the driver with β = 1
is larger than that of NL with β = 10, which could provide the
possible evidence to remind driver, and even reconstruct vehicle
control to fully-automated operation.

C. Single-Lane Change Simulations

In this simulation, the vehicle is controlled to make a single-
line change at a high speed and high friction surface with μ =
0.8. A driver model with parameters Ja = 0.094, ca = 1.12,
and ka = 59.6 is selected to imitate a closed-loop maneuver
together with a tense driver [19]. To eliminate the lateral error,

the gains for single-lane turn simulation are chosen as k1 =
50, k01 = 100, k2 = 5, k02 = 50, k3 = 500, and k03 = 500. To
verify the lateral safety with driver-in-the-loop, two weighting
ratios β = 10 and β = 0.5 are considered to imitate different
driver’s steering behaviors, respectively.

Both the steering and in-wheel motor faults are introduced
as follows: At 3 s, an additive fault and a loss-of-effectiveness
fault are applied to steering system. These two faults make the
actual ground-wheel steering angle change to δ = 0.6δd − 3◦;
At 6 s, an in-wheel fault which makes the motor torque stuck at
−20 N·m is introduced to the rear-left in-wheel motor.

The longitudinal speed control results are plotted in Fig. 5(a),
which indicates the longitudinal speeds of the controlled faulty
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Fig. 5. Simulation results in the single-lane change case. (a) Vehicle longitudinal speeds. Black line: Vvx ; blue line: controlled Vx with β = 10;
green line: controlled Vx with β = 0.5; red line: Vx without control. (b) Vehicle lateral speeds. Black line: Vry ; blue line: controlled Vy with β = 10;
green line: controlled Vy with β = 0.5; red line: Vy without control. (c) Vehicle yaw rates. Black line: Ωvz ; blue line: controlled Ωz with β = 10;
green line: controlled Ωz with β = 0.5; red line: Ωz without control. (d) Vehicle ground-wheel steering angles. Blue line: controlled δ with β = 10;
green line: controlled δ with β = 0.5. (e) Vehicle left-wheel torques. Blue line: controlled Tl with β = 10; green line: controlled Tl with β = 0.5.
(f) Vehicle right-wheel torques. Blue line: controlled Tr with β = 10; green line: controlled Tr with β = 0.5. (g) Vehicle trajectories. Black line:
reference trajectory; blue line: controlled trajectory with β = 10; green line: controlled trajectory with β = 0.5; red line: trajectory without control.
(h) Driver accelerator/brake behaviors. Black line: accelerator/brake guidance vr 1; blue line: accelerator/brake behavior v1 with β = 10; green line:
accelerator/brake behavior v1 with β = 0.5. (i) Driver steering behaviors. Black line: steering guidance vr 2; blue line: steering behavior v2 with
β = 10; green line: steering behavior v2 with β = 0.5. (j) Residual sequence with β = 10. Blue dots: residual J with β = 10; black line: threshold.
(k) Residual sequence with β = 0.5. Blue dots: residual J with β = 0.5; black line: threshold. (l) Parameter θ11. Blue line: updated value; green line:
actual value.

vehicles could follow the reference, whereas the one without
FTC jumps and deviates from the desired trajectory due to
actuator faults. The vehicle lateral speeds and yaw rates with
control and without control are shown in Fig. 5(b) and (c),
respectively. One can see from these two figures that both of
variables could be well controlled when the driver provides a
high driving effort. The updated and actual values of θ11 are
plotted in Fig. 5(l). The actuator effects of steering angle and
motor torques are shown in Fig. 5(d)–(f). The vehicle global
trajectories are shown in Fig. 5(g), by which the effectiveness
of the proposed FTC scheme can be verified.

To assist the driver efficient driving, both accelerator/brake
and steering guidance are provided as shown in Fig. 5(h) and
(i). One can observe that the driver with β = 0.5 cannot follow
the steering reference well compared with the one with β = 10.

The obvious phenomenon is the steering delay during the lane
change, which could reflect the driver’s physiological fatigue.
Accordingly, the longitudinal speed, the lateral speed, the yaw
rate and the trajectory of the driver-in-the-loop vehicle control
with the driver β = 0.5 are changed, as shown in Fig. 5(a)–(d).
The steering delay may lead to an obstacle collision accident.
Therefore, to benefit the avoidance maneuver, the residual sig-
nals are generated to monitor drivers, as shown in Fig. 5(i)
and (k).

D. Comparison With the Existing FTC Schemes

For the purpose of comparison, the adaptive FTC proposed
by [18] is applied to the double-lane change control under the
fault-free and fault simulations without driver-in-the-loop. The
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TABLE II
PERFORMANCE SUMMARY UNDER DIFFERENT CONTROL SCHEMES

control performance of the FT controllers is investigated in the
case that all actuators decrease to half of their desired values.
For a further comparison, the simulation is also conducted with
the LPV control-based passive FT controller proposed by [11]
under the above-mentioned two conditions: fault-free and the
considered faulty scenario.

To gain more insight in a quantitative manner, the control
performance is summarized in Table II to make the comparison
more apparent. From the results in Table II, it is mentioned
that, because of the nonlinear control structure and the adaptive
law, the proposed TS-FTC scheme provides a better control
performance in the lateral stability than A-FTC [18] and LPV-
FTC [11] whenever actuator faults occur or not, which also
means that our proposed control scheme can be appealing to
realize the motion control of electric vehicles with a high lateral
stability. To show the usefulness of parameter adaption, the
control performance indexes of a triple-step control scheme
without adaptive law (denoted as UA) are displayed in Table II.
We can observe that the proposed TS-FTC scheme provides
better lateral stability and STT than UA in faulty case, which
evidences that the parameter update is able to improve the FTC
performance against faults.

V. CONCLUSION

A triple-step fault-tolerant control scheme was proposed
to realize the motion control of IWM EGVs under inaccurate
parameters, external disturbances, three types of actuator faults
and a driver in the loop. This scheme was established based
on the triple-step methodology, which employed adaptive and
Lyapunov techniques to eliminate its dependence on parameter
uncertainties and faults. It is a high confidence method in
the sense that the robustly asymptotic tracking performance
holds in vehicle, and a driving signal is provided and used for
driver guiding and evaluating. Numerical simulations using a

high-fidelity veDYNA and full-vehicle model were carried out
to verify the effectiveness of the developed control.

We would like to point out, in this paper, that we studied the
cases of loss-of-effectiveness, additional and stuck faults inside
the in-wheel motors and active steering systems. However, the
cases that some actuators completely lose the control power
are not involved, typically as the steering system is in a total
failure. Moreover, the research on the perception behavior and
the uncertainty in the human drivers as well as the extreme
driving FTC under faults are still open issues. The last should
be investigated by the experimental validation of the proposed
control method through a real vehicle, and improve the control
performance during implementation.
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