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Abstract—Usually, the yaw stability of distributed drive electric
vehicle (DDEV) is hard to be guaranteed effectively, because
the yaw performance is affected by the actuator and sensor
faults, as well as system modelling error. To attenuate the effect
of these faults, a novel model predictive controller-based fault
tolerant control system (MPC-FTCS) is proposed in this work.
The MPC-FTCS consists of two MPCs. In one MPC, the sensor
fault and system modelling error can be tolerated by the linear
quadratic regulation (LQR) design. Another MPC is designed as
an observer to estimate and compensate for the actuator fault.
The proposed MPC-FTCS is evaluated on the Matlab simulation
platform and simulation results show the benefits of the proposed
control system.

Index Terms—Distributed drive electric vehicle (DDEV); Yaw
stability; Fault tolerant (FT); Model predictive control (MPC).

I. INTRODUCTION

COMPARED with traditional internal combustion engine
driving vehicle, the main advantage of distributed drive

electric vehicle (DDEV) is that more actuators can be con-
trolled, this advantage provides a possibility to achieve better
stability performance [1,2]. At the same time, the study of
stability control has become an active research area in the
automotive field [3]. The longitudinal stability can be facili-
tated by the motor torque distribution strategy to avoid some
unintended lane departures [4], and the lateral stability can be
guaranteed effectively by the active steering system [5].

However, a fault from the sensor or actuator may result in
unwanted steering effect and jeopardize the vehicle motion [6].
When an in-wheel motor fault occurs, the faulty wheel may fail
to provide the expected torque and jeopardize the longitudinal
dynamic control [7]. The faulty steering system may fail
to provide the expected steering angle [8]. The hardware
or analytical redundancy based methods were proposed to
overcome the effect of the fault in the steering system [9].
Dual-motor, dual-micro controller control system architectures
for system modelling error were adopted [10]. Aiming to
reduce the sensor fault, analytical redundancy-based methods
were proposed [11]. Up to now, the conventional fault-tolerant
controller (FTC) cannot deal with the actuator fault, sensor
fault and system modelling error simultaneously. Additionally,
it may be limitations to design an FTC for various faults [12].

In this paper, the novel MPC-FTCS, including an LQR-
MPC and an MPC-based observer, is proposed. The main

merits of this work cover the following points: (1) The MPC-
FTCS is presented to achieve the optimal yaw stability by
avoiding the effect of actuator and sensor faults, as well as
system modelling error. (2) The proposed LQR-MPC considers
sensor fault and system modelling error in state optimal design.
Therefore, the sensor fault and system modelling error can be
tolerated. (3) The MPC-based observer is designed for actuator
fault estimation and compensation.

The organization of this paper is presented as follows. In
Section II, the system model is built and control problems
are stated. In Section III, the implementation of the MPC-
FTCS is presented. Section IV gives the simulation results to
validate the effectiveness of the proposed MPC-FTCS. Finally,
the conclusions are summarized in Section V.

II. SYSTEM MODELING AND PROBLEM FORMULATION

The vehicle, tyre and fault models are established for the
fault-tolerant problem, respectively. The symbols and their
related physical meanings in the system modelling procedure
are listed in Table I.

TABLE I
SYMBOLS OF VEHICLE MODEL

Definition Symbol Unit
Vehicle sideslip angle β rad

Vehicle yaw rate γ rad/s
Vehicle mass m kg

Vehicle yaw moment of inertia Iz kgm2

Distance from c.g. to front and rear axle lf , lr m
Tyre cornering stiffness Ci N/rad

Tyre longitudinal slip stiffness Cki N/rad
Height of c.g. h m

Tyre radius r m
Sideslip angle of front and rear tyre αf , αr rad

Tyre angular velocity ω rad/s
Vehicle and tyre velocity v, vω m/s

Steering angle from driver δ rad
Front and rear tyre active steering angles δf , δr rad

Longitudinal force of four tyres Fxi N
Lateral force of four tyres Fyi N

In-wheel motor torque Ti Nm
Moment of inertia of each tyre J kgm2

Tyre-road adhesion coefficient µ -
Longitudinal slip ratio κi -

Yaw moment of vehicle Mz Nm
Motor driving and braking torque T, Tb Nm



A. Vehicle Model

The vehicle model for yaw stability is established based on
a two-degree-of-freedom (2DOF) plane and shown in Fig.1.
The longitudinal and lateral motions are considered. This work
tends to research the yaw dynamic according to the motor
torque and steering angle, and the vehicle model for yaw
stability can be expressed as:

Longitudinal motion:

mv̇ = Fxf + Fxr (1)

Lateral motion:

β̇ =
Fyf + Fyr

mv
− γ (2)

γ̇ =
lfFyf + lrFyr +Mz

Iz
(3)
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Fig. 1. 2DOF vehicle model.

B. Tyre Model

Generally, Fx can be formulated as a linear approximation
due to longitudinal slip limitation and the tyre magic formula
model, as shown in Eq.(4):

Fxi = Ckiκi, i = fl, fr, rl, rr (4)

where Cki = Fzi(pKx1 + pKx2dfz)exp(pKx3dfz) is decided
by Fzi. The pKx1 , pKx2 and pKx3 are fitting coefficients.

The relationship among κ and v is expressed as Eq.(5):

κ̇i = (
4(κi + 1)

mv
+

(κi + 1)2r2

Jv
)Cki −

(κi + 1)2rTi

Jv
(5)

Fyl and Fyr are linear functions of αf and αr, respectively.

Fyi = 2Ciαi, i = f, r (6)

By assuming that the longitudinal velocity vx is equal to
vehicle velocity v, then,

α̇f =
Fyf + Fyr

mv
− v

lf + lr
(αf − αr + δf )+

lf
vIz

(lfFyf − lrFyr +Mz)− δ̇f

(7)

α̇r =
Fyf + Fyr

mv
− v

lf + lr
(αf − αr + δr)−

lr
vIz

(lfFyf − lrFyr +Mz)− δ̇r

(8)

Note that αf represents αfl or αfr. The αr represents αrl

or αrr. It is the same for δf and δr.

C. Vehicle Model Considering Fault

In this work, the actuator fault, sensor fault and system
modelling error, are simultaneously studied for DDEV. The
actuator fault only focuses on changes in the actuator, and
sensor fault only considers changes in the sensor [13]. If an
actuator fault occurs, the actual control effort from an actuator
will be different to its desired one. To model all of these fault
types in a generalized way, the discrete-time linear vehicle
model with a fault can be established as:

x(k + 1) = A · x(k) +B · u(k) + E(k) (9)

y(k) = G(k) · C · x(k) (10)

The A, B and C are time-varying matrices. x(k), u(k),
and y(k) are state, input and output vectors at time in-
stant k, respectively. Note that fault can be described by
ud(k) = F (k) · u(k) + ∆u(k), where F (k) is time-varying
matrix, and ∆u(k) is unknown disturbance caused by the fault.
E(k) is the actuator fault and E(k) = B ·∆u(k). G(k) is
sensor state (healthy or faulty) and each value corresponding
to a sensor status. F (k) is system modeling error. Note E(k)
and G(k) are assumed to be constants.

D. Control Problem Formulation

The analysis of yaw stability is summed up as two types of
control problems:

1) Fault tolerant control problem: Generally, the actuator
fault is uncertain. It is challenging to isolate the faulty actuator
and to accurately compensate for the effect of actuator fault.
Therefore, the effect of actuator fault needs to be estimated and
compensated to realize the optimal yaw stability of DDEV. The
sensor fault and system modelling error should be convergent
or driven to zero in the optimization horizon.

2) Constrained optimization problem: In this work, the
yaw stability problem of DDEV can be summarized as a
constrained optimization problem to limit β, γ, αf and αr

within the stable range.
Here, β and γ need to be bounded by functions of the tire-

road friction coefficient µ as:

β ≤ arctan(0.02µg) (11)

|γ| ≤ µg

v
(12)

In addition, αf and αr should be restricted in a small range
to control the tyre works under the linear region.

|α| ≤ arctan(
vy
vx

) (13)

III. DESIGN OF THE MPC-FTCS

The structure of the proposed MPC-FTCS is shown as Fig.2.
In the MPC-FTCS, the LQR-MPC provides more degrees of
freedom for the state design to attenuate the effect of sensor
fault and system modelling error, by solving the constrained
optimization problem. The MPC-based fault observer is pro-
posed to estimate and compensate for the actuator fault.
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Fig. 2. The control structure of MPC-FTCS for DDEV.

A. Design of the LQR-MPC

To overcome the drawback of solving multiple constraints
problem in conventional MPC [14], the LQR-MPC is designed
to attenuate the effect of sensor fault and system modelling
error. The LQR-MPC is implemented as follows: Firstly, the
discrete state-space model is rewritten for yaw stability prob-
lem. Secondly, the objective function with multiple constraints
is designed. Thirdly, the MP-QP and LQR are applied to obtain
the optimal control signal.

1) The discrete state space model: The discrete
time state space model is adopted for the optimal
predictive design, and the state vector is defined as
x = [β, γ, αf , αr, κfl, κfr, κrl, κrr]

T , the control vector is
defined as u = [δf , δr, δ̇f , δ̇r, Tfl, Tfr, Trl, Trr]

T . The LQR-
MPC is designed to handle multiple faults by considering
F (k) and G(k) simultaneously. The nonzero values of F (k)
and G(k) should be adopted. Then the discrete state space
model is defined as:

x1(k + 1) =Ts ·
Fyf (x1(k), x2(k), u1(k))

mv
+ x1(k)

+ Ts ·
Fyr(x1(k), x2(k), u2(k))

mv

(14)

x2(k + 1) =Ts ·
lf · Fyf (x1(k), x2(k), u1(k))

Iz

− Ts ·
lr · Fyr(x1(k), x2(k), u2(k))

Iz

+ Ts ·
Mz

Iz
+ x2(k)

(15)

x3(k + 1) =Ts ·
Fyf (x1(k), x2(k), u1(k))

mv
+ x3(k)

+ Ts ·
Fyr(x1(k), x2(k), u2(k))

mv

− Ts · v
lf + lr

· (x3(k)− x4(k)− u1(k) + u2(k))

− u̇1(k) +
Ts · lf
vIz

· (lfFyf − lrFyr

+
u3(k) + u4(k) + u5(k) + u6(k)

r
)

(16)

x4(k + 1) =Ts ·
Fyf (x1(k), x2(k), u1(k))

mv
+ x4(k)

+ Ts ·
Fyr(x1(k), x2(k), u2(k))

mv

− Ts · v
lf + lr

· (x3(k)− x4(k)− u1(k) + u2(k))

− u̇2(k)−
Ts · lr
vIz

· (lfFyf − lrFyr

+
u3(k) + u4(k) + u5(k) + u6(k)

r
)

(17)

xn(k + 1) =((
4 · (xn(k) + 1)

m · v
+

(xn(k) + 1)2 · r2

J · v
) · Cn

· Ts + 1) · xn(k)−
(xn(k) + 1)2 · r · Ts

J · v
· un−2(k), n = 5, 6, 7, 8

(18)

2) The objective function design: To solve the optimal
control problem, the objective function is formulated based
on three parts as:

Jmpc(x(k), u(k)) = J1 + J2 + J3 =∥ x(k)−R(k) ∥2Q
+ ∥ y(k)−R(k) ∥2Q + ∥ u(k) ∥2R

(19)
where the weighted matrices Q, R are chosen as the
matrix with suitable dimensions. J1 =∥ x(k)−R(k) ∥2Q
means that β, γ, αf and αr track the reference mod-
el. J2 =∥ y(k)−R(k) ∥2Q means that the sensor fault
e(k) = y(k)−R(k) should be compensated as small as possi-
ble. J3 =∥ u(k) ∥2R means that T is enforced to remain within
the stable torque range.

3) The designed LQR-MPC law: Generally, conventional
optimal algorithms are not suitable for real-time control of the
fast sampling system. Here, the LQR-MPC law is introduced
as: the optimal state variable x(k) and optimal control signal
u(k) are obtained by the MP-QP [15] and LQR, respectively.

Here, Eq.(19) is considered to be an objective function of
MP-QP as shown in Eq.(20), and x(k) at each sample time can
be obtained by solving Eq.(20) over a shifted horizon based on



the new measurements of the state and updated linear model.

min
1

2
xTHx+ fTx,


Ax ≤ b

Aeqx = beq

lb ≤ x ≤ ub

(20)

Then, the state feedback law u = Kx is adopted, and the
LQR is designed to obtain the state feedback matrix K. It
should be mentioned that a linear system of DDEV is obtained
using Jacobian linearization. At time instant k, the resulting
state feedback law is as:

u(k) = Kx(k) (21)

where u(k) is the optimal control signal. The matrix K
is obtained by ẋTPx+ xTPx+ xTKTRKx+ xTQx = 0,
where K = R−1(BF )TP .

The system modelling error F (k) is incorporated in the state
feedback matrix K in Eq.(21), thus F (k) can be tolerated effi-
ciently. It can be seen that the difference between conventional
MPC lies in the inclusion of the system modelling error F (k).
The sensor fault e(k) = y(k)−R(k) is eliminated in Eq.(19)
as a state feedback. In this way, the system modelling error
and sensor fault can be tolerated. Hence, the yaw stability can
be improved effectively.

B. Design of the MPC-based fault observer

In this work, the MPC-based fault observer is proposed to
estimate the actuator fault because the MPC can be utilized
for fault estimation. Eqs.(14)-(18) can be reformulated as the
following system when the estimated states from the MPC-
based fault observer are adopted:

x̂(k + 1) = A · x̂(k) +B · F (k) · u(k) + Ê(k) (22)

ŷ(k) = G · C · x̂(k) (23)

where ŷ(k)) is the estimated output when the actuator fault is
considered. The x̂(k) is acquired by using Eq.(22).

There is an error between the estimated output ŷ(k) and
the actual output y(k). This error information is used by the
MPC-based observer to estimate the actuator fault. Therefore,
the minimization of the cost function is reformulated into the
optimization problem Eq.(24), which is a quadratic program-
ming problem and thus can be solved as previously described.

Jobs(x(k), ud(k)) =∥ ŷ(k)− y(k) ∥2S (24)

where the weighted matric S is chosen as a matrix with
suitable dimensions.

The optimization problem Eq.(24) is solved at each sample
time by MPC control law, and the estimated actuator input
ud(k) = F (k) · ud(k) +△u(k) is obtained. Note that F (k)
is set to be 1. This means that the system modelling error is
ignored in the design of this MPC-based fault observer. △u(k)
can be conducted as follows:

△u(k) = ud(k)− u(k) (25)

where u(k) is obtained by x(k) using the MP-QP algorithm
as previously described.

In this way, estimated actuator fault Ê(k) = B · △u(k) can
be obtained, and Ê(k) is compensated in the prediction model
and E(k) can be tolerated effectively in the MPC-FTCS.

IV. SIMULATION COMPARISON AND ANALYSIS

To verify the performance of proposed MPC-FTCS, the
simulation analysis under the MATLAB environment has been
conducted, based on an eight degrees of freedom (8DOF)
model simulation platform, as shown in Fig.3.
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Fig. 3. 8DOF vehicle model.

The values of parameters in the MPC-FTCS are set as
follows: Q = diag(104, 104, 104, 104, 104, 104, 104, 104),
R = diag(10, 10, 10, 10, 10, 10, 10, 10). The values of
parameters in vehicle model [4] are set as follows:
m = 1359.8kg, µ = 0.6, d = 1.418m, lf = 1.0628m,
lr = 1.4852m, Df = 1.0628m, Dr = 1.0628m,
Iz = 1992.54kgm2, Cf = 23540N/rad, Cr = 23101N/rad,
Temax = 187Nm, h = 0.512m, Ka = 2.37272,
Kb = 0.37272, J = 0.3534kgm2, κmax = 0.08, r = 0.29m.

In this work, the case of actuator fault E(k) and sensor fault
G(k), as well as system modelling error F (k), are studied.
The stable zone −0.04 ≤ β ≤ 0.04 and −0.3 ≤ γ ≤ 0.3 are
obtained by the constraints of stability problem as shown in
Eqs.(11)-(12).

Test 1: The double lane change manoeuvre is tested on
straight running with the initial speed of 60km/h. An actuator
fault occurs to the in-wheel motor and makes the motor torque
added 3 Nm. The actuator fault occurs to the active steering
angle and makes the steering angle added 3 rad. The G(k) is
set to a constant of 2.

Test 2: The single lane change manoeuvre is tested on
straight running with the initial speed of 60km/h. An actuator
fault occurs to the in-wheel motor and makes the motor torque
-20-10sin(t) Nm. The actuator fault occurs to the active
steering angle and makes the steering angle added 3 rad. The
G(k) is set to a constant of 2.

A. Double lane change

The simulation results under double lane change are shown
in Fig.4. By the MPC-FTCS, β and γ are kept within the
stable zone. β tracks βr well with the error less than 0.001
rad, and γ tracks γr well with the error less than 0.02 rad/s.
It is shown that αf and αr are also kept within (0.02, 0.02)
rad. αf and αr track reference model well with small error.
Also, T at the right tyres are larger than that at the left tyres
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Fig. 4. The stability performance of DDEV under double lane change
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Fig. 5. The stability performance of DDEV under single lane change

when a vehicle under left-turning operating mode. Vice versa
under right-turning operating mode. It can be revealed that the
estimated actuator fault is close to the real actuator fault, this

means that the MPC-FTCS is effective.

Conversely, the maximum tracking errors of αf and αr are
about 0.02 rad with a sensor fault and system modelling error,



this means that the steering stability of DDEV is not good.
Note that the actuator fault has no significant effect on αf or
αr. Therefore, the actuator and sensor faults make the steering
performance oscillatory and deteriorate the steering control
performance under the double lane change operating mode.

B. Single lane change

The simulation results under single lane change are shown
in Fig.5. By the MPC-FTCS, β, γ, αf and αr track the refer-
ence model well with the error less than 0.01 rad, 0.02 rad/s,
0.01 rand and 0.01 rad, respectively. This means that the yaw
performance of DDEV is good. T provides the corresponding
power for yaw motion and satisfies the operation requirements.
The estimated actuator fault is close to the real actuator fault,
which means that the MPC-FTCS is effective.

Conversely, the maximum tracking errors of β, γ, αf and
αr are 0.01 rad, 0.2 rad/s, 0.03 rad and 0.03 rad, respectively.
Note that the actuator fault has no significant effect on αf or
αr. Therefore, the actuator and sensor faults make the steering
performance oscillatory and deteriorate the steering control
performance under the double lane change operating mode.

V. CONCLUSION

This paper proposes a novel MPC-FTCS to achieve the
optimal yaw performance and attenuate the effect of the faults.
The simulation results under different operating statuses show
that the MPC-FTCS can accurately keep the vehicle sideslip
angle, yaw rate and tyre sideslip angle within the stable zone
to ensure vehicle steering safety under the actuator and sensor
faults, as well as system modelling error.
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