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Abstract: To improve the trackability of in-wheel motor drive (IWMD) and wheel-individual steer
electric vehicles (EVs) when steering actuators fail, the fail-operation control strategy was proposed
to correct vehicles in a steering failure situation and avoid losing control of vehicle steering. A linear
quadratic regulator (LQR) decides the additional yaw moment of the vehicle according to vehicle state
errors. The tire force estimation module estimates the compensating resistance moment generated
by the failed wheel according to the tire slip angle and the vertical tire force. By isolating the failed
wheel, the optimal torque distribution (OTD) controller allocates the additional yaw moment and
the compensating resistance moment to normal wheels to realize the fail-operation control of the
IWMD vehicle. The control effect was verified through co-simulation of MATLAB/Simulink and
Trucksim. Compared with the uncontrolled and direct torque allocation methods, the proposed
OTD method reduces the lateral trajectory error of the vehicle by 86% and 60.5%, respectively, when
failure occurs, and achieves better velocity maintaining ability, which proves the effectiveness of the
proposed fail-operation control strategy.

Keywords: electric vehicle (EV); in-wheel motor; fail operation; linear quadratic regulator (LQR);
optimal torque distribution

1. Introduction

An in-wheel motor drive (IWMD) and wheel-individual steer vehicle removes the transmission
system from traditional vehicles, and the drive torque and steering angle of each wheel can be controlled
independently. Owing to the flexible layout design ability of such a vehicle, multi-axle heavy vehicles
with an arbitrary number of driving and steering axles are no longer inaccessible.

Based on the characteristic of the IWMD vehicle, Jin et al. [1] proposed adaptive differential
control of the IWMD vehicle to reduce the driver’s steering torque. Inspired by that, Wang et al. [2]
and Wang et al. [3] presented differential drive assisted steering (DDAS), which significantly reduces a
driver’s steering efforts. Giving full play to the advantages of an IWMD vehicle, Yu et al. enhanced
a vehicle’s handling characteristic through joint control of DDAS and torque vectoring control [4].
Li et al. improved the stability of IWMD vehicles by distributing yaw moment error of an IWMD
vehicle to four in-wheel motors [5]. For heavy trucks, Kim et al. [6,7] and Nah et al. [8] presented the
drive control algorithm of a multi-axle IWMD vehicle, and computer simulations proved the feasibility
of the in-wheel motor used in multi-axle vehicles.

In terms of energy efficiency and local carbon dioxide emissions of the IWMD vehicle, Sun et al. [9]
proposed to reduce driving resistance by means of proper torque distribution between left and right
wheels. To estimate the states of batteries and to realize the energy management of an IWMD and
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wheel-individual steer electric vehicle (EV), Brembeck [10] proposed a model-based state observation.
Similar to [1–3], Jürgen et al. [11] reduced energy consumption by using the DDAS effect of the IWMD
vehicle to substitute the EPS (Electric Power Steering) system.

These studies clearly show the advantages of IWMD and wheel-individual steer EVs. However,
when failure occurs in a driving motor or independent steering actuation, the vehicle may deviate
from the road and even cause an accident. IWMD vehicles can achieve both lateral and longitudinal
dynamic vehicle control through in-wheel motor torque allocation. Therefore, it is a feasible way to
improve the IWMD vehicle’s fail-operation ability by adjusting the wheel torques when a drive motor
fails. In addition, when a steering actuation fails, by the isolation of failed wheel and allocating driving
forces to other hub motors, we can form an additional yaw moment to steer and correct the vehicle,
thus realizing the fail-operation control of the vehicle.

Nah et al. [12] used high slip ratio-based optimal control (the failed wheel rotates at a high slip
rate by means of wheel torque control) to reduce lateral resistance force (the lateral force of failed
wheel which would cause resistant moment when vehicle corners) of the failed wheel, which lacks the
comparison of failed wheel isolation situation. On the one hand, high slip ratio causes much more
energy consumption and severe tire wearout. On the other hand, high slip ratio control is heavily
dependent on the precise identification of the road surface, and sudden changes of the driving force on
the failed wheel will aggravate the vehicle’s instability when the road condition changes.

This contribution serves to design a new fail-operation controller when steering actuators fail
and cannot steer, which isolates the failed wheel and allocates the additional yaw moment and the
compensating resistance moment to normal wheels, thus reducing the lateral displacement error of
the failed vehicle effectively. By evaluating the trackability of an IWMD and wheel-individual steer
vehicle in the steering failure case, the proposed optimal torque distribution (OTD) control method is
validated. In Section 2, the vehicle control model and the tire force estimation modular are introduced.
In Sections 3 and 4, the OTD controller is proposed to control the IWMD vehicle on the fail-operation
condition, and then the results are discussed. Section 5 gives the conclusions.

2. Dynamic Models

2.1. Vehicle Control Model

Figure 1 gives the model of the IWMD and wheel-individual steer vehicle. As shown in Figure 1a,
the vehicle is driven by eight in-wheel motors, and each wheel can be steered independently by the
steering actuator. Figure 1b gives the parameters of the vehicle model.
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Taking the handling characteristic of the 2-Degree-of-Freedom (2-DOF) linear vehicle model [13]
as the main control target, the desired yaw rate rd and slip angle βd as the state variables, and the wheel
angle of the first axle δ1 as the input, the state equation of a 2-DOF linear vehicle can be written in the
form of Equation (1):  ·βd

·
rd

 = A
[
βd
rd

]
+ B1Hδ1, (1)

A = −


1

mu

n∑
i=1

Ci

(
1 + 1

mu2

n∑
i=1

Cili

)
1
Iz

n∑
i=1

Cili 1
Izu

n∑
i=1

Cil2i

, (2)

B1 =

 C1
mu · · ·

Cn
mu

l1C1
Iz

· · ·
lnCn

Iz

, (3)

H =
[

1 H2 · · · Hn
]T

, (4)

where u is the longitudinal velocity, Iz is the moment of inertia of the vehicle about z axis, m is the
vehicle mass, and Ci is the equivalent cornering stiffness for each axle. li denotes the distance between
the ith axle and the vehicle’s center of gravity (CoG), which is negative for the axle behind the CoG,
and H is the matrix of steering ratio from each axle to the first axle.

The steady-state gain of yaw rate and slip angle to the first axle angle is written as follows: r
δ1

= u/l∗
1+Ku2

β
δ1

=
ξ(u)

1+Ku2

, (5)

where

K = −

m
n∑

i=1
Cili

n∑
i=1

i∑
j=1

CiC j
(
l j − li

)2
, (6)

l∗ =

n∑
i=1

i∑
j=1

CiC j
(
l j − li

)2

n∑
i=1

i∑
j=1

CiC j
(
H j −Hi

)(
l j − li

) , (7)

ξ(u) =

n∑
i=1

i∑
j=1

CiC j
(
Hil j −H jli

)(
l j − li

)
−mu2

n∑
i=1

CiliHi

n∑
i=1

i∑
j=1

CiC j
(
l j − li

)2
. (8)

When steering failure occurs, the vehicle trajectory changes and cannot follow the driver’s steering
intention. Specifically, the actual yaw rate r and slip angle β deviate greatly from the desired ones.
In this case, the additional yaw moment ∆Mz can be applied to adjust the vehicle, then the state
equation of the vehicle can be rewritten as follows: .

β
.
r

 = A
[
β
r

]
+ B1Hδ1 + B∆Mz, (9)

where B =
[
0, 1

Iz

]T
, ∆Mz is the additional yaw moment to correct the vehicle.
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Normally, the steering angle in Equation (9) is prioritized, and the additional yaw moment acts as
a backup to correct the failed vehicle.

2.2. Tire Force Estimation

The tire force estimation aims to estimate the vertical force, longitudinal force, and lateral force of
tires, which will be utilized to calculate the resistance yaw moment in Section 3.2. The vertical tire

force is obtained through estimation. Let us set Fz =
[

Fz1 Fz2 · · · Fzn
]T

. We can calculate the
vertical tire force of the multi-axle IWMD vehicle as follows [14,15]:

Fz = KTTT
(
TKTTT + L

)−1
P0, (10)

T =


1 1 1 1 · · · 1
t
2 −

t
2

t
2 −

t
2 · · · −

t
2

l1 l2 l3 l4 · · · ln

, (11)

KT = diag
([

k1 k2 · · · kn
])

, (12)

L =


0 0 0
0 −msg(hs − hr) 0
0 0 −msg

(
hs − hp

)
, (13)

P0 =
[

mg −mayhg −maxhg
]T

, (14)

where KT is the diagonal matrix of the equivalent tire stiffness, ki is the equivalent tire stiffness (the
force required to raise the tire contact points with the ground by a unit travel distance when vehicle
body and other wheels hold standstill), t is the track width, ms denotes the sprung mass, hs is the
CoG height for sprung mass, hr is the roll center height, hp is the pitch center height, ay is the lateral
acceleration of vehicle, ax is the longitudinal acceleration, and hg is the height of the CoG of the vehicle.

The longitudinal tire force can be obtained by Equation (15):

Fxi =
Ti − Iw

.
ωi − Fzi f r
r

, (15)

where the subscribe i denotes the ith wheel, Ti is the drive torque, Iw is the rotational inertia of the
wheel,

.
ω is the angular acceleration, and f is the rolling resistance coefficient of the wheel.

Considering that the failed wheel often works at a large tire slip angle, the traditional tire model
formula assumption is no longer applicable, therefore, the tire model with known parameters is
adopted. The tire slip angle is calculated through Equation (16). The maximum lateral tire force Fy0 for
a given tire slip angle when the longitudinal tire force is zero can be obtained through the lateral tire
force map (see Figure 2), which is related to tire slip angle and vertical tire force.

αi = β+
lir
u
− δi, (16)

Limited by ground conditions, lateral tire force Fyi is constrained by friction ellipse expressed by
Equation (17): (

Fxi
µFzi

)2

+

( Fyi

Fy0

)2

= 1, (17)
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3. Fail-Operation Control Strategy

Figure 3 shows the closed-loop fail-operation control strategy for the steering failure case.
The vehicle sensors are used to simulate the driver’s vision to obtain the lateral displacement error
and area error of the vehicle, and the external driver model [16,17] generates the steering wheel angle
accordingly. The target wheel angles can be obtained through the look-up table of the virtual gear box.
The linear quadratic regulator (LQR) decides the additional yaw moment of the vehicle according to
the vehicle state errors [18,19]. The PI (Proportion Integration) controller utilizes the difference between
target velocity and the actual velocity to obtain the driving force. The tire force estimation module
estimates the tire slip angle and vertical tire force by vehicle parameters and states, and then the lateral
tire force can be obtained through the aforementioned method in Section 2.2, so as to calculate the
resistance moment generated by the failed wheel. The cxi in Figure 3 is the weight factor to isolate the
failed wheel, which is set to 1 or 0 for normal and failed wheels, respectively.
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The optimal torque distribution algorithm allocates the additional yaw moment, the compensating
resistance moment, and the driving force required for vehicle acceleration to the normal wheels.
The adjustment of in-wheel motor torques form the vehicle yaw moment, thus finishing the closed-loop
fail-operation control of the vehicle.
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3.1. LQR Controller

The optimal additional yaw moment is calculated by the LQR method, and the evaluation index
is established through Equation (18):

Jr,β =
1
2

∫
∞

0

[
xT(t)·Q·x(t) + UT(t)·R·U(t)

]
dt, (18)

where Q and R are weight coefficient matrices.
The optimal control quantity is as follows:

U = −Kx(t). (19)

The feedback coefficient K is obtained by Equation (20) and the Riccati equation (Equation (21)):

K = R−1BTP, (20)

PA + ATP− PBR−1BTP + Q = 0. (21)

The weight coefficient matrices Q and R are given below:

R = 1, Q =

 q2Wβ 0
0 q2

(
1−Wβ

) , (22)

Wβ = min

1,

∣∣∣β∣∣∣
µβmax

, (23)

where q refers to the importance attached by the evaluation index to the vehicle slip angle and the yaw
rate, Wβ is the weight coefficient of the vehicle slip angle, and βmax is the threshold value.

By solving Equation (21) offline, the table of the feedback coefficient K is obtained. Let us set
x = [∆β, ∆r]T, U = ∆Mz, and the optimal control yaw moment can be calculated through Equation (24)
in real-time:

∆Mz = U = −Kx = −K[∆β, ∆r]T. (24)

3.2. Optimal Tire Force Distribution

Figure 4a demonstrates the schematic diagram of an 8-wheel independent drive and a 4-wheel
independent steer IWMD vehicle with the front left (No.1) wheel failed. To compare and analyze
the superiority of the proposed OTD control method, four groups of vehicles are simulated here.
Namely, the normal vehicle, the vehicle that operates without (w/o) any lateral control (Figure 4b),
the vehicle under direct torque distribution (DTD) control (Figure 4c), and the vehicle under OTD
control (Figure 4d). The green arrows in Figure 4b–d denote driving forces for accelerating, and the red
arrows denote additional driving forces allocated by the corresponding controller to correct the vehicle.
The DTD controller includes the additional yaw moment calculated by the LQR, and distributes the
driving forces to all eight in-wheel motors numerically equal. On the basis of the DTD method, the OTD
controller includes the feedforward yaw moment compensation to offset the resistance yaw moment
formed by the failed wheel, but distributes the driving forces to normal wheels by isolating the failed
one (No.1).
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The resistance yaw moment formed by the failed wheel is calculated by Equation (25):

M̃zi = liFyi cos(βi) +
t
2

Fyi sin(βi) (25)

The total yaw moment M̃ of the vehicle required for tracking the trajectory of the vehicle is
obtained as follows:

M̃ = ∆Mz + M̃zi. (26)

Considering that the control object of the yaw moment is the in-wheel motor drive torque rather
than the wheel angle, the weighted sum of each wheel driving force is taken as the evaluation index:

JF =
∑8

1

cxi∆F2
xi

(µiFzi)
2 . (27)
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Constraints of the wheel driving forces and the additional yaw moment are as follows:{ ∑8
1 cxi∆Fxi = 0

t
2
∑8

1 (−1)icxi∆Fxi = M̃
. (28)

Driving forces of the rear axle wheels are expressed as a function of other wheels:

∆F7 = −
M̃
t
−

∑3

1
cx2i−1∆F2i−1, (29)

∆F8 = +
M̃
t
−

∑3

1
cx2i∆F2i. (30)

By substituting Equations (29) and (30) into Equation (27), the evaluation index function JF is
rewritten as follows:

JF =
∑6

1
cxi∆F2

xi

(µiFzi)
2 +

cx7(−M̃/t−cx1∆Fx1−cx3∆Fx3−cx5∆Fx5)
2

(µ7Fz7)
2 +

cx8(M̃/t−cx2∆Fx2−cx4∆Fx4−cx6∆Fx6)
2

(µ8Fz8)
2

(31)

The necessary condition for minimizing the evaluation index JF is given below:

∂JF

∂(∆Fxi)
= 0, (i = 1, 2, . . . 6). (32)

Taking wheel 1 as an example, Equation (33) can be written as follows:

∂JF
∂(∆Fx1)

= 2cx1

(µ1Fz1)
2 ∆Fx1+

2cx7(M̃/t+cx1∆Fx1+cx3∆Fx3+cx5∆Fx5)

(µ7Fz7)
2

=
[

2cx1

(µ1Fz1)
2 +

2cx1cx7

(µ7Fz7)
2

]
∆Fx1+

2cx3cx7

(µ7Fz7)
2 ∆Fx3 +

2cx5cx7

(µ7Fz7)
2 ∆Fx5+

2cx7

(µ7Fz7)
2

M̃
t

= 0

(33)

For all eight wheels, we can write JF to state space form of Equations (34) and (35):

~
Ax̃ =

~
B, (34)

~
x =

[
∆Fx1 ∆Fx2 ∆Fx3 ∆Fx4 ∆Fx5 ∆Fx6

]T
. (35)

By solving Equation (35), state variable
~
x can be obtained, which constitutes the driving forces Fxi

of the normal wheels together with the forces required to maintain the vehicle velocity:

Fxi =
cxi∑8
1 cxn

Fxdes + ∆Fxi, (i = 1, 2, . . . 8). (36)

Then, the in-wheel motor torque is obtained as follows:

Txi = rwFxi. (37)



Energies 2020, 13, 3214 9 of 14

4. Fail-Operation Realization

We utilized the co-simulation of MATLAB/Simulink and Trucksim software to verify the
effectiveness of the controller, and the vehicle parameters are shown in Table 1. The track width of
each axle is assumed to be the same. The vehicle travels at a target velocity of 30 km/h on the S road
with the radius of 20 m on all curves. The left front (No.1) wheel fails when the vehicle travels 55 m in
the x direction. After entering into the right turning lane, the direction of rotation for the two wheels
on the first axle are opposite, so as to study the control effect for the worst failure situation.

Table 1. Vehicle parameters.

Parameters Value

Vehicle mass m (kg) 10,000
Steering ratio from the hand wheel to the wheel of first axle 25

Wheel rolling radius r (mm) 600
Track width t (mm) 1863

Driving form 8 × 8
Steering form 8 × 4

Height of CoG hg (mm) 1200
Distance between the ith axle and CoG l1, l2, l3, l4 (m) 1.8, 0.5, −0.85, −2.2

Moment of inertia about z axis Iz (kg·m2) 59,976

Due to the different velocity maintaining effect of the four simulating vehicles after the steering
failure, it is not intuitive to use time history to analyze the results of fail-operation, but with space
history. That is, by comparing the states of vehicle under different control methods at the same
trajectory point, the control effect of fail-operation is evaluated.

Figure 5a shows the vertical tire force of left front wheel (No.1), which demonstrates the good
coincidence between the estimated vertical tire force and the Trucksim value. Figure 5b shows the
wheel angle curves, which indicates that the front left wheel (L1) angle stays at an angle of 12 degrees
after steering failure and other wheels operate well.
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Figure 6 is the state comparation of different vehicles. According to Figure 6a,b, when the vehicle
enters into the right turning lane at 75 m, the velocity of the normal vehicle maintains above 29 km/h,
while that of the vehicle without control decreases to 20.5 km/h. Velocity of vehicles under DTD control
and OTD control are 24 km/h and 25.5 km/h, respectively, and the results illustrate the good velocity
control effect of the OTD control method.
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Figure 6. State comparation of different vehicles. (a) Vehicle velocity; (b) vehicle trajectory; (c) lateral
displacement error relative to normal vehicle; (d) vehicle yaw rate.

To furtherly investigate the effectiveness of the proposed OTD control method, the lateral
displacement enhance rate (LDER, the reduction rate of maximum lateral displacement error of vehicle
under different control methods compared with vehicle without control) is defined and calculated in
terms of the peak value of the lateral displacement error as follows:

LDER =

∣∣∣error f ault(max) − errorOTD(max)

∣∣∣∣∣∣error f ault(max)

∣∣∣ , (38)

where error f ault denotes the lateral displacement error of either DTD controlled vehicle or vehicle
without control.

As shown in Figure 6c,d, comparing with the normal vehicle, the peak value of the lateral
displacement error reaches 2.612 m, 0.929 m, and 0.367 m for vehicle without control (w/o), under DTD
control, and under OTD control, respectively. In other words, the LDER of the OTD controlled vehicle
is 86% and 60.5% compared with the vehicle without control (w/o) and under DTD control, respectively.
The yaw rate curves in Figure 6d demonstrate that the vehicle under OTD control follows the normal
vehicle best before and after corning.

Figure 7 shows the wheel torque for different control methods. The wheels numbered 1, 3, 5, and 7
are on the left side (see Figure 4) of the vehicle, and the wheels numbered 2, 4, 6, and 8 are on the right
side. It can be observed that the eight in-wheel motor torques are equal for EVs without fail-operation
control. As for the vehicle under DTD control, the eight in-wheel motor torques on both sides are
different because of the requirement to form the additional yaw moment to correct the vehicle.
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Figure 7. Wheel torque for different control methods. (a) Torque of wheel No.1; (b) torque of wheel
No.2; (c) torque of wheel No.3; (d) torque of wheel No.4; (e) torque of wheel No.5; (f) torque of wheel
No.6; (g) torque of wheel No.7; (h) torque of wheel No.8.
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Different from the vehicle under DTD control, the torque on the failed wheel 1 is zero for
OTD controlled vehicle when failure occurs, and thus avoids energy consumption and reduces the
disturbance of the driving force on this wheel. Due to the absence of the driving force on the failed
wheel and to form the required yaw moment for trajectory correction, drive torques of the normal
wheels on the failure side (left side) are significantly larger than that of the normal side (right side).

It can be seen more intuitively from the trajectory animation in Figure 8 that vehicles under
different control methods separate after entering the right turning lane. The innermost white vehicle is
the normal vehicle. The outermost red vehicle is the fail-operation vehicle without control. The second
outermost vehicle in yellow is the vehicle under DTD control, and the black vehicle next to the normal
one is the vehicle under OTD control. It shows that the direction of the left front and right front wheels
are opposite for all failed vehicles, and the vehicle without control travels with the largest trajectory
deviation and the slowest velocity.
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Figure 8. Animation of the trajectories of different vehicles.

Compared with the vehicles without control and under DTD control, the OTD controlled vehicle
can significantly reduce the tracking error along with the best velocity maintaining ability, which
verifies the effectiveness of the proposed fail-operation control strategy.

5. Conclusions

(1) To improve the fail-operation ability of IWMD and wheel independent steering vehicles,
a fail-operation control strategy through failed wheel isolation and yaw moment compensation is
proposed based on the optimal driving force distribution. When steering failure occurs, the LQR
utilizes the vehicle side-slip angle deviations and yaw rate to decide the additional yaw moment
of the vehicle. The tire force estimation modular estimates the lateral tire force of the failed
wheel to calculate the resisting yaw moment. The optimal driving force distribution controller
isolates the failed wheel and allocates the additional vehicle yaw moment and the estimated
wheel resisting yaw moment to normal driving wheels to correct the vehicle.

(2) By means of joint simulation of Trucksim and MATLAB/Simulink, the effectiveness of the proposed
control strategy was verified. Results showed that the optimal distribution of the driving force
reduced the lateral trajectory deviation of the fail-operation vehicle by 86% and 60.5%, respectively,
compared with the vehicles without control and under DTD control, which enhanced the road
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tracing ability of the fault vehicle. Meanwhile, the proposed OTD controlled vehicle showed
great superiority in terms of velocity maintaining.

(3) Fault diagnosis and identification will be studied in the future to pave way for the experimental
test, and furtherly validate the proposed fail-operation control strategies.
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