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ABSTRACT For 4MIDEV with differential steering, the trajectory tracking multi-objective control method
is studied. The dynamics model of the four-in-wheel motor independent-drive vehicle (AMIDEV) is estab-
lished comprehensively considering the differential steering dynamics characteristics, longitudinal dynamics
characteristics, and lateral dynamics characteristics. Takagi Sugeno (T-S) fuzzy method is adopted to deal
with the nonlinear and time-varying characteristics of the model parameters such as vehicle longitudinal
speed and the front steering wheel angle. The trajectory tracking control targets are divided into the kinematic
control target considering the trajectory tracking accuracy and the dynamics control target considering
longitudinal speed tracking as well as lateral stability performance. The generalized H> norm and Hs
norm are selected to constrain the kinematic control target and the dynamics control target respectively. The
generalized H,/H, trajectory tracking controller is designed to improve the trajectory tracking accuracy
and longitudinal speed tracking as well as lateral stability performance. The hardware in the loop test (HIL)
verified that the designed trajectory tracking multi-objective controller can improve the comprehensive
performance of vehicle and balance the trajectory tracking accuracy between the longitudinal and lateral
dynamics performance.

INDEX TERMS Differential steering, four-in-wheel-motor drive vehicle, multi-objective control, trajectory

tracking, T-S fuzzy.

I. INTRODUCTION

The four-in-wheel-motor  independent-drive  vehicle
(4MIDEV) have the advantages of rapid torque response and
flexible control, which has been studied widely and shown
great potential in the vehicle active safety control, stability
control and intelligent driving control [1], [2]. The 4MIDEV
eliminates the traditional mechanical transmission system,
differential mechanism and transmission, and the four-wheel
torques are controllable independently. Under the action
of the steering trapezoid mechanism, the torque difference
between the left and right front-wheels is generated, so as to
achieve differential steering [3], [4].
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The trajectory tracking control for 4MIDEV was realized
in [5] by coordinating the active front wheel steering (AFS)
and the differential steering. The Steer-by-Wire (SBW) sys-
tem and the differential steering system were both taken as
the actuators of the trajectory tracking control for 4AMIDEV
in [6], and the trajectory tracking control was achieved by
designing the coordination control strategy of SBW and dif-
ferential steering. However, the in-wheel motors drive vehicle
with active steering mechanism is a typical overdrive sys-
tem. The increase of the number of actuators leads to more
complexity and higher failure probability of the system [2],
which will have an impact on the reliability and stability of
the control system so that affecting the driving safety. Taking
differential steering as an independent steering actuator with-
out relying on any other steering mechanism will simplify
the complexity of the system and reduce the probability of
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actuator failure. Tian et al. designed a sliding mode controller
based on differential steering dynamics model and the feasi-
bility of the differential steering as the independent steering
mechanism was verified therein [7]. Thus, it is particularly
important to study the trajectory tracking control of differen-
tial steering as an independent steering mechanism.

There are some problems when taking the differential
steering as an independent steering actuator. One of the prob-
lems is that the left-front and right-front wheel torque differ-
ence required for differential steering will generate additional
yaw moments to vehicle, which will affect the lateral sta-
bility [8]. The differential steering dynamics characteristics
and vehicle lateral dynamics characteristics were analyzed
in [9], [10], and the dynamics model of 4MIDEYV including
differential steering dynamics characteristics was established.
For the lateral stability problem of vehicle during differen-
tial steering process, the integrated sliding mode controller
was designed in [4] to improve the vehicle’s lateral stability
performance, and the adaptive super-twisting method was
used to suppress the chattering of sliding mode controller.
The influence of the torque difference between the left-
front and right-front wheels on the yaw rate was considered
in [11], and the p analysis theory was adopted to optimize
yaw rate, so that it could better track the desired yaw rate.
The 4MIDEV dynamics models established in these studies
only included the lateral dynamics, but not the longitudinal
dynamics. However, there is a strong coupling phenomenon
between the longitudinal and lateral dynamics of vehicle, i.e.
the longitudinal speed will be affected when vehicle performs
differential steering [12], [13].

In order to solve this problem in the field of traditional
vehicle, the coupling characteristics between longitudinal and
lateral motion was considered in [14], a three-degree-of-
freedom (3DOF) vehicle dynamic model including vehicle
longitudinal motion, lateral motion and yaw motion was
adopted to achieve the intelligent vehicle longitudinal and
lateral motion control, and a relatively ideal control effect
was achieved. Jin et al. [15] used 3DOF model including
longitudinal dynamics characteristics to realize vehicle lat-
eral stability control, and the vehicle stability was improved
through the coordinated control of AFS and direct yaw
moment. The 3DOF model mentioned above is not adapted to
the control of 4MIDEV with differential steering due to the
different steering principle between the differential steering
and traditional steering system. The influence of differen-
tial steering on vehicle longitudinal and lateral dynamics
are considered comprehensively in the process of trajectory
tracking in this paper, and the dynamics model of 4AMIDEV
with differential steering is established by combining the
differential steering dynamics equation, the vehicle longi-
tudinal dynamics equation and the vehicle lateral dynamics
equation. Compared with the traditional linear two-degree-
of-freedom model which only considers the lateral motion
and the yaw motion, the nonlinearity of the dynamics model
of AMIDEV with differential steering is greatly increased.
Meanwhile, there are nonlinear time-varying parameters in
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this model, which increases the difficulty of the controller
design. Takagi-Sugeno (T-S) fuzzy method has the advan-
tages in dealing with the problems of model nonlinear-
ity and parameters time-varying characteristics [15]-[18].
The T-S fuzzy method is used to deal with the nonlinear
variation of the tire nonlinearity in the model in [15], and was
adopted to deal with the nonlinearity variation of the vehicle
longitudinal speed in [18]. However, when there are many
time-varying parameters, the traditional T-S fuzzy method
has the problem of large amount of numerical calculation.

In the research field of trajectory tracking control, Ji et al.
considered the trajectory tracking accuracy and the lateral
stability, and the game theory was adopted to deal with the
contradiction between trajectory tracking accuracy and lateral
stability [19]. Yuan er al. [20] adopted model predictive con-
trol method to design the trajectory tracking controller. The
lane centerline tracking accuracy and the vehicle longitudinal
dynamics characteristics were considered comprehensively
in [21], and the model predictive control algorithm was used
to design the controller, which enable vehicle to track the
lane centerline and the desired longitudinal speed. Few stud-
ies have considered the trajectory tracking accuracy, lateral
stability and longitudinal speed tracking performance com-
prehensively. For 4AMIDEV with differential steering, if the
longitudinal dynamics is not considered, speed fluctuation
caused by differential steering during the trajectory tracking
process will affect vehicle ride comfort. If the lateral stability
is not considered, lateral stability will be affected by differ-
ential steering under the high speed or high curvature road so
that the driving safety is affected. Therefore, it is necessary to
consider the trajectory tracking accuracy, lateral stability and
longitudinal speed tracking performance comprehensively
in the meantime enhance the comprehensive performance
of 4AMIDEYV trajectory tracking control system.

Common trajectory tracking control algorithms of intelli-
gent vehicle include PID, LQR, MPC, sliding mode variable
structure control and pure tracking control, and these methods
are also mostly used in the research of 4MIDEV trajec-
tory tracking. Li et al. [22] proposed a new potential field
method based on yaw angle control to realize 4MIDEV tra-
jectory tracking. The potential field method included attrac-
tive potential function, repulsive potential function, and yaw
angle potential function, in which the purpose of yaw angle
potential function was to reduce yaw angle rate change and
improve the vehicle handling stability. The desired vehicle
longitudinal force, lateral force, and yaw moment were deter-
mined according to the desired yaw angle and the desired lon-
gitudinal speed. Guo et al. [23] designed a trajectory tracking
controller based on MPC in the upper layer, in the middle
layer the fuzzy theory was used to optimize the parameters of
proportional integral (PI) controller, and the additional yaw
control torque was generated by sliding mode control (SMC).
Hang et al. [24] designed a trajectory tracking controller for
4MIDEV based on MPC. At different speeds, the desired
trajectory could be tracked well, but the desired yaw rate and
longitudinal speed were not considered. Zheng and Yang [25]
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designed a 4MIDEV trajectory tracking strategy based on
Neural Network PID and SMC was used to track the desired
yaw rate. The trajectory tracking controller based on Fuzzy
Adaptive PID control algorithm was used in [26], however,
PID controller was sensitive to parameter changes and was
not suitable for nonlinear systems. Over the years, AMIDEV
trajectory tracking control method mainly faces the following
problems. Firstly, there are few studies on comprehensively
considering the track tracking accuracy, longitudinal speed
tracking performance and lateral stability of 4MIDEV. Sec-
ondly, most of studies are carried out under the assumption
of vehicle with the constant longitudinal speed, but it is
important for 4AMIDEV to control longitudinal speed, and we
hope to track the trajectory with a high vehicle speed without
losing vehicle stability, in addition the current longitudinal
control method for intelligent vehicles is not suitable for
4MIDEV. The sliding mode variable structure controller was
designed to track the desired vehicle longitudinal speed based
on the longitudinal dynamic characteristics, the model predic-
tive controller was designed to ensure the trajectory tracking
accuracy in [27], and the direct yaw moment control was
adopted to ensure the vehicle lateral stability when tracking
the trajectory. Those three controllers were designed for tra-
jectory tracking accuracy, vehicle lateral stability and vehicle
longitudinal speed tracking performance respectively, which
increased the complexity of the control system. Besides, there
are certain coupling relationships between the different con-
trollers, which had an impact on the comprehensive perfor-
mance of the control system. So, it is expected to design one
comprehensive controller to achieve multi control objectives,
which can avoid the interaction among multiple controllers,
reduce the complexity of the control system, and track the
trajectory with a high vehicle speed without losing vehicle
stability.

Based on the multi-objective control architecture, two or
more dependent control objectives are transformed into linear
matrix inequalities, and the solution of the multi-objective
problem is obtained by solving the convex optimization
problem, thus a single controller can be obtained to satisfy
multiple control objectives [28]. The H» and generalized H»
norms were used as the system performance indexes in [29],
and multi-objective controller of active suspension system
was designed to improve ride comfort and handling stability
performances. Jin er al. [30] designed a robust H,, feed-
back controller for the closed-loop active suspension system.
The H,/Hx robust multi-objective controller was designed
in [31] to enable the aircraft to better track the desired speed
and desired attitude angle. At present, the multi-objective
control method based on above mentioned multi-objective
control architecture is widely used in aircraft attitude control,
vehicle suspension control and mobile robot motion control,
but less used in vehicle trajectory tracking control. Compared
with wheeled mobile robot, the trajectory tracking accuracy
should not only be considered, but also the vehicle dynamic
performance should be focused on in the process of vehicle
trajectory tracking control. In particular, 4AMIDEYV is a strong
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nonlinear redundant control system. The multi-objective con-
trol method can convert the trajectory tracking accuracy and
dynamics performance into the convex optimization problem
for solving the linear matrix inequalities, and then the solution
of the multi-objective controller can be calculated. It is of
great significance to apply the multi-objective control method
based on the mentioned multi-objective control architecture
for achieving the trajectory tracking control of 4AMIDEV.

The main contribution of this paper is that the influences
of the differential steering on vehicle longitudinal and lat-
eral dynamics characteristics are considered. Furthermore,
the dynamics model of 4AMIDEV with differential steering is
established by combining the differential steering dynamics
characteristics, the vehicle longitudinal and lateral dynamics
characteristics. Different from references [15] and [16], the
T-S fuzzy method after first-order Taylor approximation is
adopted to deal with the nonlinear model. The high trajectory
tracking accuracy, good longitudinal speed tracking perfor-
mance, and excellent lateral stability performance are taken
as the control objectives in this paper. The above control
objectives are divided into the kinematics index considering
trajectory tracking accuracy and the dynamics index consid-
ering the vehicle longitudinal as well as lateral dynamics
characteristics. Based on the multi-objective control archi-
tecture, the generalized Hy/Ho, multi-objective controller
is designed, and hardware in the loop test (HIL) is finally
adopted to verify the effect of the designed control system.

The remaining sections of this paper are organized as
follows. Vehicle dynamics model and the trajectory tracking
model are established in section II, and the nonlinear state
equation expression of the control system is obtained. The T-S
fuzzy method is adopted to deal with the nonlinearity of the
state equation in section III. Then, the control output parame-
ters and the measurement output parameters are selected, and
the system’s T-S model is obtained. In section IV, the control
targets are divided, and the generalized H>/Hy, norm are
selected to design the multi-objective controller. The solution
of the multi-objective controller is obtained by the steps of
matrix block processing, linear variable replacement, convex
optimization solution and the matrix singular value decom-
position. In section V, the torque optimal distribution scheme
is designed. HIL test is adopted to verify the effectiveness of
the designed control systemin section VI. The section VII is
the conclusion.

Il. VEHICLE NONLINEAR DYNAMICS
A. DYNAMICS MODEL WITH DIFFERENTIAL STEERING
According to the differential steering principle of 4AMIDEV
in [4], the following dynamics equation of differential steer-
ing is built [4], [10].
2Cr . kiCr . kiCrly To
— by — 1
R S WL
where b, is the steering damping, r, is the distance between
the projection point of the kingpin on the ground and the
center plane of the tire, § is the steering angle of front wheel,

5=
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B is the centroid sideslip angle, w is the yaw rate, u; is the
torque difference between two front wheels.

Ignoring the pitch and roll motion, the 4AMIDEV dynamics
model with the front-wheel differential steering is shown
in Fig. 1.
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FIGURE 1. Framework of the 4MIDEV model.

The 3-DOF 4MIDEYV dynamics model containing the vehi-
cle longitudinal motion, lateral motion and yaw motion is
built as follows [32].

m (\'}x — vya)) = (Fxﬂ + F“) cosd + Fyyp + Fypr
— (Fy + Fypr) sind

m (\'/y + an)) = (F}ﬂ + £, r) cos8 + Fyyp + Fyyr
+ (Fyt + Fxpr) sind

Lo =l (Fyg + Fypy) cosd — 1y (Fyy + Fypy)
+lr (Fat + Fufy) sind

(@)

where m is the mass of the whole vehicle, vy and vy are the
longitudinal speed and the lateral speed respectively, /s and
I, are the distances from the mass center of vehicle to the
front and rear axles respectively, I is the vehicle moment of
inertia around z-axle, fI, fr, rl and rr represent the left-front
wheel, right-front wheel, left-rear wheel and right-rear wheel
respectively. Let i = fI, fr, rl, rr, and Fy;, Fy; indicate the
longitudinal forces and lateral forces of tires respectively.

When the differential steering occurs, the lateral force and
longitudinal force of tires will become to change [4], [32].
According to (2), the longitudinal acceleration is affected by
the change of the lateral or longitudinal force. Therefore,
differential steering affects the vehicle longitudinal dynamic
performance.

Let Fy; = Cia;, where C; is the cornering stiffness of
tires and «; is the centroid sideslip angle of tires. In order
to simplify the model, assuming that Cq = Cp, Cy = Gy,
af = Ofy, 0] = Upr, and Cf = Cﬂ + Cfr’ Cr = Cy + Gy,
af = o = of, o = &y = op. By introducing additional
yaw moment u; and the driving torque u3, the following vehi-
cle dynamics model with differential steering can be obtained
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according to the differential steering dynamics shown in (1).

§— _kiGg kG ki Crly To_

(.S - cfl;fnas th —Eflfvfizfs o becff?ibs

vy = - 5+<vy— g ) - =8

f= G0y g (LB )y G2 )
+%M3 2 2

b= —Cfle"s‘sa n Cflfcffjcrlr w4 Cflfcoffcrlrﬂ
+Ilz—fru1 + ,%uz + %m

where r is effective rolling radius of the wheels.

B. IN-WHEEL MOTOR MODEL
The permanent magnet synchronous outer rotor motor is
selected as in-wheel motor due to its characteristics of high
efficiency, rapid torque response, and being easy to connect
with the hub directly. The permanent magnet synchronous
outer rotor motor can be simplified as a second-order sys-
tem [33]. The equation of motor is expressed as follows.

wi §75°+28s+ 1
where £ is determined by electromagnetic parameters of
motor and set as 0.05, T;,; is output torque of the motor, 7,,;
is the target motor torque. The motor’s rated power is 5 kw,
the peak torque is 200 N - m, the peak speed is 780 r/min, and
the rated voltage is 72 V.

C. TRAJECTORY TRACKING MODEL

The trajectory tracking model is shown in Fig. 2, where e is
the lateral deviation, p is the road curvature, v, is the vehi-
cle’s actual heading angle, V¥, is the desired heading angle,
and the heading angle deviation ¥ = v, — ¥4. The equation
of the trajectory tracking is expressed as follows [10], [34].

e=vr +

¥ =w—pyx ©)

Desired path

=~y

FIGURE 2. Trajectory tracking model.
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D. STATE EQUATION EXPRESSION

The following time-varying state equation is obtained by
combining the above models. There are some time-varying
parameters such as vehicle longitudinal speed vy, lateral
speed vy, and the front wheel steering angle § in the coef-
ficient matrixes of the state equation.

X=AOX+BOU+B (OW ©)
where wy is desired yaw rate, wg = min{wg1, wim} *
sgn(8), wiim = —ug, = 1+1/(2U K is the stability

factor, vy is the desired 10ng1tud1nal speed, X is the state
vector, U is the control output vector, W is the external
disturbance vector, u is the friction coefficient of the road
surface, [; is the half of the wheel-base, and ki, kp, k3 are
weighting coefficients.

[0v(t) 0 0  ve(®) 0 ]
0 0 0 0 0 1
l}
00 —010 o o5 l
AD=10 0 o0, 0 —02 lvy(t)_:xz_(tf) '
o3l Cyly _
0 0 =030 s +03 375 l m(w(é»;
Crly 0 P17
[0 0 =040 04—~ RO TR
0 00 0 0 0
N0 0 O 0
—=200 = 9 0
Bi(t) = 0 00 B(t) = b()r 0 1+cos(6(t))
0 00 0 0 im(B(l))
000 o)
I, 1 lrsin(o(z
L 0 00 1_ I, 2Lr
X =leysvBol” U=[uuus]"
W = [kip kava kzwg]” .
ki Cy Cy sin(8(1)) Cr cos(8(1))
0= ——,00=—"—""",03= ———
b, m mvy(t)
Crly cos(8(1))
04 = I—
V4

IIl. SYSTEM MODEL ESTABLISHMENT WITH T-S FUZZY
METHOD

A. T-S FUZZY STATE EQUATION

As vehicle driving condition changes, the parameters in coef-
ficient matrixes A (¢) , B (¢) , By (¢) such as v, (1), vy (), and
6 (t) will change with the time nonlinearly, that is to say,
the coefficient matrixes of the state equation change with
the change of time-varying parameters vy (t), vy (¢), 6 (¢),
which will bring difficulty to the multi-objective controller
designing. Due to the effectiveness of the T-S fuzzy method
in dealing with the model nonlinear problem [15], [18],
the T-S fuzzy method is adopted to deal with the nonlinear
time-varying parameters in (6) to obtain the linearized state
equation expression.

Vv (1), vy (2), and § (¢) can be obtained by the method of
measurement or estimation [35], and these three parame-
ters are bounded in the actual vehicle driving process. Let
maxvy = Vy, miny, = Vy,maxv, = vy, minv, = v,
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maxd =, mind = S If Vi, 1/vx, l/v)zc,siné,cos& vy are
selected as the premise variables, and each premise variable is
divided into two fuzzy sets of “high” and “low”. Thus, a total
of 20 fuzzy rules are obtained, which makes the numerical
calculation of the obtained global linearization system state
equation larger, and have a great impact on the controller’s
real time performance [36]. In order to reduce the numeri-
cal calculation, the premise variables 1/v,, 1/v? vy, 8ind, cos 8
are processed by using the first-order Taylor approximation
method.

Firstly, the premise variables 1/v, and 1 /v)zc are processed
by the method of the first-order Taylor approximation at the
point of vo = (Vy + vy) /2.

1 1 1 1 1 2
—%———(VX—V()) SN 5 3(Vx_VO) (7
Vi Vo 0 Vx Yo Yo

The premise variables sin § and cos § are processed by the
method of the first-order Taylor approximation at the point of
80 — Smax'z'l‘amin . We get

sind ~ §, cosd ~ 1 ®)

The number of premise variables are correspondingly
reduced to three by substituting (7) and (8) into (6), and the
premise variables are rewritten as o1 () = vy, 2 () = v,
p3 (t) = 4. Each premise variable here is divided into two
fuzzy sets of “high” and “low”, a total of 2> fuzzy rules are
obtained. According to [21], the vy = 10m/s, v, = 30m/s,
—6m/s, v, = 6m/s are set in this paper. According to
= —m/6

vy =
the general range of front wheel steering angle, &
rad and § = /6 rad are selected in this paper.

For the premise variables p1 (¢), p2 (), p3 (t) the mem-
bership functions are calculated as follows [37].

Ve — Vy Ve —V
Ml (p1 (1) = =—Z M} (p1 (1) = ——=
x_’jc vx—vx
Vy — V — Vy
M} (2 (1) = = ~y,M22(,02(t))—¥
vy—va _Vy vy
M (o3 (1) = 222 2 (03 () = 2=
3 (03 =5 M) =5—=

The following T-S fuzzy state equation is obtained.

. 8
X=2

where ; = — Hi =

wi(AiX + B;U + B;;W) 9

]_[ " Mk Mk is the degree of the
membership of tfle jmrule, k =1, 2 The rules are as follows.
If p1 (2) is “low”, pa (¢) is “low”, p3 (¢) is “low”, then
X =AX +BU+B; W,
If p1 (¢) is “high”, pp () is “low”, p3 (¢) is “low”, then
X = AoX + BoU + B W,

If p1 () is “high”, p» (1) is “high”, p3 (r) is “high”, then
X = AgX + BgU + B1gW, where Ay, By, A3, By, - - - Ag, Bg,
are shown at the bottom of the next page
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B. OUTPUT SELECTION OF THE SYSTEM WITH T-S FUZZY
MODEL

The trajectory tracking control of 4MIDEV is studied in
this paper. Therefore, one of the control objectives is to
ensure the trajectory tracking accuracy. Since the differen-
tial steering is used as the actuator of trajectory tracking,
the torque difference between the left and right front wheels
required by differential steering will introduce additional
yaw moment, which will affect the lateral stability of the
vehicle. At the same time, the vehicle has strong longitudinal
and lateral coupling dynamics characteristics. In the process
of trajectory tracking, the differential steering will have an
impact on the vehicle’s longitudinal dynamics characteristics,
and one of the intuitive performances is the influence of
the differential steering on the longitudinal vehicle speed.
Therefore, high trajectory tracking accuracy, good desired
longitudinal speed tracking and lateral stability performance
are taken as the comprehensive control objectives in this
paper. The lateral deviation e and the heading angle devia-
tion ¥ are selected to describe the trajectory tracking accu-
racy [22], [38], the yaw rate @ and the centroid sideslip
angle B are selected to describe the vehicle lateral stability
performance [39], [40], and the vehicle longitudinal speed vy
is selected to describe the longitudinal speed tracking
performance [13], [21].

It is noted that the two variables e and v, which indicate
the trajectory tracking accuracy, are the variables describ-
ing the geometric relationship between the vehicle and the
desired trajectory, and belong to the vehicle kinematic cate-
gory; while the variables w, B, vy, which indicate the vehicle
lateral stability and longitudinal dynamics characteristics, are
closely related to the vehicle’s forces relationship and belong
to the vehicle dynamics category. Therefore, the trajectory
tracking control of 4MIDEV is not only a multi-objective
control problem, but also a kinematics and dynamics integra-
tion problem. The control outputs are divided into kinematic
control output Z; = [kge kgw]T and the dynamics control
output Zy = [kge1 ksép kees k7/3]T, and the measurement
output ¥ = [e ¥ &1 &5 e3]7 is also selected, where &1 =
8 — 384,60 = vy — vy and €3 = @ — wy. The parameters
ka, ks, ..., kg are the weighting coefficients.

By combining (9), the following state space equation
expression of the system’s T-S fuzzy model is obtained.

X =5 W(AX+BU+BuW
= Zi:l l/Li( X + B;U 4 B1;W)
Zy =CnuX +DbnWw

(10)
Z, = CpX +DpW
Y =CX +DW
where
o — [k 00000
=10k 0000]|
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IV. MULTI-OBJECTIVE CONTROLLER DESIGN

In this section, the multi-objective trajectory tracking con-
troller is designed based on output feedback method. The
proposed multi-objective trajectory tracking control system
is shown in Fig. 3. Firstly, the nonlinear dynamics equa-
tion of 4MIDEV is established by combining the vehi-
cle dynamics model with differential steering, the in-wheel
motor model, and trajectory tracking error model. Taking
lateral deviation, longitudinal speed, yaw rate et al as the
control objectives, the generalized H> norm and Hs, norm
are selected to constrain vehicle control objectives. Then the
output feedback control law is designed based on the control
objectives, and the closed-loop T-S fuzzy state equation is
obtained by combining the output feedback control law with
the T-S fuzzy model. Finally, the closed-loop T-S fuzzy state
equations are transformed into the linear matrix inequalities
(LMI). The solution of trajectory tracking output feedback
controller is obtained by solving the system of linear matrix
inequalities. Control signal outputted by the multi-objective
controller are the torque difference between the left-front
wheel and the right-front wheel, the additional yaw moment,
and the driving torque. The torque allocation algorithm is then
designed for 4MIDEV.

The parallel distributed compensation (PDC) method is
adopted to design the multi-objective output feedback con-
troller for the T-S fuzzy model obtained in the above section.
The design of the multi-objective output feedback controller
mainly includes two parts, which are control index selec-
tion and the output feedback control law design. Firstly,
the generalized H, performance index and H, performance
index are designed for trajectory tracking accuracy, lon-
gitudinal speed tracking performance, and lateral stability
respectively, the Lyapunov matrix is introduced to trans-
form different performance index constraints into a matrix
equation inequalities form. Then, the solution of the multi-
objective controller is obtained by the steps of Lyapunov
matrix block processing, linear variable replacement for-
mula, convex optimization solution and matrix singular value
decomposition.
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FIGURE 3. Multi-objective trajectory tracking control system framework.

A. CONTROL INDEX SELECTION

For the trajectory tracking accuracy, the variables e and v,
which represent the geometric position relationship between
4MIDEYV and the trajectory, needs to be as small as possible
to ensure higher trajectory tracking accuracy. The transfer
function from the external disturbance W to control output Z;
is defined as T, then the generalized H, norm of the transfer
function is defined as follows.

T4 lara = sup 1Z1 1l
GH2 = SUPwel, T
Wl

(1)

where (| Z; || = supken, |1Z1 (k)| is the upper bound of the

control output Zi, |W|, = 4/ Z/?o:o [W (k)|? is the square

root value of the energy of the disturbance input signal,
and W e L, represents that the disturbance input signal
W is the energy bounded signal. The generalized H> norm
can describe the peak value of the control output in the
time domain when the disturbance input signal is the energy
bounded signal, that is to say, the generalized H> norm is a
performance index which describes the hard constraint of the
time domain output. Since the external disturbance signal W
is studied in a limited time range, the external disturbance
signal W is regarded as a bounded energy signal in this paper
Therefore, the generalized H, norm is selected to perform the
hard constraint for the variables e and v, so as to obtain higher
trajectory tracking accuracy.

For the good longitudinal speed tracking performance and
lateral stability, it is necessary to constrain the dynamics
control output Z; to a small range to obtain a better dynamics
response performance. At the same time, the vehicle dynam-
ics response needs to be robust to the external disturbance
such as the road curvature change. The transfer function from
the external disturbance W to control output Z; is defined
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as T», then the Hy, norm of the transfer function is defined as
follows.

122l 00

IT2llGr2 = Supwer, Wie (12)
o0

where |23, = ,/Z,fio |Z> (k)|2 is the square root value

of the energy of the control output signal Z,. The Hy, norm
represents the peak value of the maximum singular value of
the system frequency response, reflecting the energy ration
of the system output signal to the input signal under the
action of the energy bounded signal, which can describe the
anti-disturbance performance from the external disturbance
inputs to the control outputs. Therefore, the Hy, norm index
is adopted to ensure the vehicle’s dynamics performances and
the robustness of the vehicle dynamics responses.

B. OUTPUT FEEDBACK CONTROL LAW DESIGN
Considering that the relevant state variables such as the
vehicle centroid sideslip angle and so on in the state
feedback control are difficult to measure or the measur-
ing cost is high, the output feedback control is adopted.
The PDC method is used to design the output feed-
back control law for each local linear model of the
T-S fuzzy system. A fuzzy global output feedback control law
is finally obtained by the fuzzy synthesis of multiple local
output feedback control laws. For a single local linear model,
the output feedback control law is designed as follows.

U =K;Y (13)
The K; in (13) has the following form.
X = Ak,’j\{ + BiiY (14)
U = CyX + DY
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where Ay, Bii, Cri and Dy; are the parameters matrixes of the
controller.

The following closed-loop
combining (10), (13) and (14).

system 1is obtained by

éZACiE +BciW
Zy =CuX +DpWw (15)
Zy = CpX + D1pW

where A = |:

[

The closed-loop system shown in (15) is required to be
stable and the following conditions are required to be also
met.

O T llgu2 < M1

@ T2l < A2

® The poles of the closed-loop system are located in the
left half open complex plane.

The sufficient and necessary condition for satisfying the
condition @ is that there is a symmetric matrix P = P]T > 0,
which makes the following inequalities true.

Ai + BiDyiC B;Cy | BiDiiD + By;
ByiC A |77 By;:D ’

ALP| 4+ P1Aci P1B.i
Cl
( BT P, ) =<o0 (16)
Py Cl,
(Cn ai) =0 (17)

The sufficient and necessary condition for satisfying the
condition @ is that there is a symmetric matrix Py = Pg > 0,
which makes the following inequality true.

AZ;PZ + PAci P2B; C1T2

BIP, -l DI, | <0 (18)
Ci2 D1y =22l

The sufficient and necessary condition for satisfying the
condition @ is that there is a symmetric matrix P3 = P3T > 0,
which makes the following inequality true.

AciP3 4+ P3AL <0 (19)

Since three symmetric positive definite matrices Py, P and
P3 are introduced in (16)~(19), it is difficult to apply the
existing theory to simultaneously solve the matrices Pq, P>
and P3 satisfying the constraints. The Lyapunov matrix P =
Py = P, = P3 is introduced to simplify the above prob-
lem. It is worth noting that although the Lyapunov matrix
will bring some conservatism to the controller solution,
the unification of each channel Lyapunov function makes
the multi-objective controller design more flexible than the
traditional optimal design, and it can reduce the order of the
controller.

VOLUME 9, 2021

Then, the above constraint problem is converted into fol-
lowing form.

ALP + PA,; PB.;
<0
Blp -

P Cl
N N
Cii M1 20)

ALP+PA; PB. CJ,
BIP  —xI DI, | <0
Ci2 Diy —hol
AP+ PAL <0

Since A.; and B; in (20) depend on the unknown controller
parameters matrixes Ag;, Bii, Cki and Dy, there are nonlinear
relationship between the matrix P and the controller param-
eters matrixes A;, Bii, Cri and Dy;, which brings great diffi-
culties to the design of output feedback controller. The matrix
inequalities shown in (20) is transformed into an equivalent
linear matrix inequality by using the variable replacement
method to find a proper variable replacement formula.

The matrixes blocking process method is carried out for the
matrix P and its inverse matrix. We get

[SN] 1 [R M
P_[NTT]’P _[MT V] @1

where R, S € R™ are symmetric matrix. The matrixes F|
and F, are defined as follows.

R I IS
Fl:[MT 0i|,F2=|:ONTi|,F2=PF1 (22)
The variable replacement formulas are defined as follows.

A\i =S (A; + BiD;;C)R + NBy;CR
+SB,'CkiMT + NAkiMT

B; = SBiDy; + NBy; (23)
C; = DiCR + CuMT
D; = Dy;

According to (23), the first matrix inequality in (20) is
left multiplied by the matrix diag {F ]T A 1} and right mul-
tiplied by the matrix diag {F, I1} respectively; the second
matrix inequality in (20) is left multiplied by the matrix
diag {F IT , Iz} and right multiplied by the matrix diag {F, I}
respectively; the third matrix inequality in (20) is left multi-
plied by the matrix diag { F lT I, 13} and right multiplied by
the matrix diag {F1, I, I3} respectively; and the fourth matrix
inequality in (20) is left multiplied by the matrix F 1T and
right multiplied by the matrix F; respectively. The following
matrix inequalities are obtained.

Equation (24), as shown at the bottom of the next page,
is a linear matrix inequality about the parameter matrixes
Zfi, E-, a, 51-, R, S, and which can be solved by the method
of the convex optimization solution using the MATLAB
toolbox.
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According to (21), we get
MNT =1 —RS (25)

After the matrixes R and S are obtained, the full rank
matrixes M and N can be obtained by singular value decom-
position of the matrix I — RS, and the parameters matrixes of
the controller can be obtained through the following formula.

Dy = D;
Cvi = (Cl’ — DkiCR) (MT)_1
By = N1 (Bl' — SB,'Dki) (26)

A =N~'[A&; — S (A; + BiDC)R] (MT) ™'

—BuCR(MT) ™' = N~1SB:Cy,

Therefore, the local output feedback controller U; = K;Y
is obtained.

Multiple output feedback control laws are obtained for
different local linear system, and the following global out-
put feedback control law is obtained by fuzzy synthesis of
multiple fuzzy control laws.

8 8
U=,  TUi=)  "KY) @7

V. TORQUE DISTRIBUTION

The control signal outputted by the multi-objective controller
is U = [u,ur,u3]’, where u; is the torque difference
between the left-front wheel and the right-front wheel, u>
is the additional yaw moment, and u3 is the driving torque.
In this section, the control outputs u1, u» and, u3 are optimally
distributed by calculating the constraint conditions and the
optimization objective function to obtain the target torque of
each in-wheel motor. The detailed torque distribution process
can be found in the past study [41].

Minimizing tire load utilization is taken as the optimization
objective function of the torque distribution.

J ] E ! TX2" (28)
= min S ——

=1 (uFyr)*
The constraint conditions are as follows.

Tﬂ + Tfr + Ty + Ty =u3

Tg — T = ug

Is (Tﬂ _I}"r +Tn _Trr) (29)
- 2 _ —

T; < min (WFr, Tpgy)

The equations with two variables Ty and Tj- are obtained
by using the eliminating method to process the constraint con-
ditions shown in (29). The equations are substituted into (28),
and the partial derivatives of Ty and T} are calculated respec-
tively to obtain the following optimal torque of each in-wheel
motor.

u3 rup
2 1 1
Tn = 2 >+ 7 |t W
(WFzar) (WF2r) (WFzar)
u3 rup
2T 1 1
(WF41) (uFzr) (WFz4r)
ruy  u3
Tn=—+-5—-1p
I 2
u3  rin
Trr = ? - _s — Lfr

VI. HARDWARE IN THE LOOP TEST RESULTS

The verification for the effectiveness of the designed trajec-
tory tracking multi-objective controller is carried out by HIL
test. The driving simulator is adopted as the core device where
the PXI real-time system is utilized for the hardware in HIL
test. Vehicle model and desired trajectory are established in
the CarMaker software. The T-S fuzzy model, in-wheel motor
model, the multi-objective control algorithm and the torque

(R 1
j|>0
* S
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[ AR+ RAT + B:C; + (B,-G)T A + A+ BD,C By; + B:D;D
x SAi +ATS +B,C + (BiC)" SBi;+BD | <0

i * —I

R 1RTC]|

* S CIT1 >0

L * Al

AR+ RAT + B,C;,+ (B:C)" A" +Ai+BDC  By+BDDR'Cl,
* sai+ATS +BC + (BiC) sBu+BD Ch | _, @4
* —l Dl,

L * * M3

[AR+RAT + B,C; + (B.C) A +Ai+BDiC o

I % SA; +ATS + BiC + (BiC)'
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distribution algorithm are input in PXI real-time system. The
comparison between the multi-objective controller and the
single-objective controller is carried out in the test, where
the multi-objective controller is the method designed in this
paper and the single-objective controller is only considering
the control objective of trajectory tracking accuracy. Results
of the single-objective control are obtained by using the
generalized H, norm to constrain the trajectory tracking error.
Vehicle model parameters are shown in Table 1.

TABLE 1. Vehicle model parameters.

Symbol Meaning Value
m Vehicle mass 650 kg
I, Moment of inertia around the z-axle 490 kg - m?
I Distance from the mass center to the front 0
f .74 m

axles
I, Distance from the mass center to the rear axles 0.64 m
I Wheel base 1.17m
Cr Cornering stiffness of front wheel -T‘iIS/faélO
C, Cornering stiffness of rear wheel -1115/1—63%10
r Effective rolling radius of wheel 0.292 m

HIL test platform constitution framework is given in Fig. 4,
which mainly includes the driving simulator, PXI real-time
system, host computer and hardware platform. The hardware
platform provides the power supply and function modules
used in the platform. Multi-objective comprehensive con-
troller designed in MATLAB/ Simulink are compiled and
downloaded by the host computer to PXI-8840 real-time
processor in PXI real-time system to generate control signal.
The PXI real-time system sends the control signal to the actu-
ators in the driving simulator through the PXI-8510 board.
Concurrently, the control signal from the PXI-8840 in PXI
real-time system is sent to the host computer installed with
the dynamic software CarMaker for controlling the vehicle
model driving on the virtual road.

E’ DA CAN
s
‘ -

AD/CAN

PXI real-time system

Hardware platform

Torque control signal

dMATIAB

@{?‘@ B
& 1* |
Model in Carmaker Path tracking
control algorithm J

FIGURE 4. Framework of HIL test platform.

A. HIL TEST FOR J-TURN WITH ACCELERATING

A J-turn test path is constructed to evaluate the performance
of the proposed multi-objective trajectory tracking controller.
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In the test process, 4MIDEYV is accelerated from 30km/h, and
the road adhesion coefficient is 0.8. The design parameters
of the controller are set as A1 = 1, A, = 1.3, the weighting
coefficients of the controller are shown in Table 2, and the
test results are shown in Fig. 5.

TABLE 2. Weighting coefficients of the controller.

[ K, k ke ks ke Kk, ks ko
100 0.1 4 40 1 10 30 3 8

The comparison of test results is shown in Table 3. The
control method I represents the single-objective controller on
the high adhesion road (u# = 0.8), the control method II
represents the single-objective controller on the low adhesion
road (u = 0.3), the control method III represents the multi-
objective controller on the high adhesion road (©x = 0.8),
and the control method IV represents the multi-objective
controller on the low adhesion road (u = 0.3).

It can be seen from Fig. 5(a) that no matter on the high
adhesion road or on the low adhesion road, the actual longi-
tudinal speed of 4MIDEV controlled by the multi-objective
controller can better track the expected longitudinal speed
without fluctuation, while the longitudinal speed fluctuates
significantly at 5.5s with the single object control. The reason
for that the longitudinal speed curves fluctuation under the
single-objective control is the trajectory curvature changes
greatly at 5.5s, and the differential steering system comes
into operation at that time. The test results also show that the
differential steering has an impact on the vehicle longitudinal
speed. The better longitudinal speed tracking effect under the
multi-objective control indirectly indicates that the designed
Hy, performance index has certain robustness to the distur-
bances to the changes of the trajectory curvature and the road
adhesion coefficient. It can be seen from Fig. 5(b) that the
maximum value of the trajectory curvature is 0.014.

The comparison of methods III and I in Table 3 shows
that although the multi-objective control on the high adhe-
sion road has a slight decrease in the aspect of trajectory
tracking accuracy compared with the single-objective control
on the high adhesion road condition, it has a significant
improvement in vehicle lateral stability. The reason why the
trajectory tracking accuracy of the single-objective control
is better than that of the multi-objective control, is that for
single-objective control, only one target of trajectory tracking
accuracy is paid attention to, and it does not consider vehicle
lateral stability and longitudinal speed tracking performance.
Thus, the trajectory tracking accuracy is higher. However, the
multi-objective control is a compromise solution after com-
prehensively considering the trajectory tracking accuracy,
the vehicle lateral dynamics performance and longitudinal
speed tracking ability.

According to the comparison of control methods IV and I,
the trajectory tracking accuracy with the multi-objective con-
trol and single-objective control are basically consistent on
low adhesion road, while 4MIDEV with the multi-objective
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FIGURE 5. Results of J-Turn with accelerating.
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TABLE 3. Result comparison of J-Turn with accelerating.

Peak value of

Peak value of lateral

Peak value of centroid Peak value of yaw rate

Control method deviation e/m d:jzi;gﬁ Z}?‘%Zg sideslip angle fB/deg tracking error é5/(rad/s)
I 0.186 2.036 0.238 0.044
I 0.215 2.248 0.276 0.072
I 0.201 2.126 0.164 0.018
v 0.212 2214 0.198 0.025

II compared to I
III compared to I
III compared to 11
IV compared to I
IV compared to 11
IV compared to I1I

Increased 15.6%
Increased 8.1%
Decreased 6.5%
Increased 14.0%
Decreased 1.4%
Increased 5.5%

Increased 10.4%
Increased 4.4%
Decreased 5.4%
Increased 8.7%
Decreased 1.5%
Increased 4.1%

Increased 16.0%
Decreased 31.1%
Decreased 40.6%
Decreased 16.8%
Decreased 28.3%
Increased 20.7%

Increased 63.6%
Decreased 59.1%
Decreased 75.0%
Decreased 43.2%
Decreased 65.3%
Increased 38.9%

control has better lateral stability. We can be concluded
that compared with the single-objective control, the multi-
objective controller has great advantage in improving the
4MIDEV lateral stability, and the trajectory tracking accu-
racy of the single-objective control is better than that of the
multi-objective control under the condition of high adhesion
road, while the trajectory tracking accuracy of the single
target control cannot be significantly improved under the
condition of low adhesion road. The comparison of control
methods IV and I also show that the multi-objective control
plays an important role in improving 4MIDEV lateral stabil-
ity. According to the comparison of control methods II and I
and the comparison of control methods IV and III, it can be
concluded that when the road adhesion coefficient is reduced,
the performance of single objective control, such as trajectory
tracking accuracy and vehicle lateral stability, will be greatly
degraded, while the performance of the multi-objective
controller will be slightly degraded. The multi-objective con-
troller has good robustness to the changes of trajectory cur-
vature and the road adhesion coefficient. The curves change
in the Fig. 5(c), (d), (f), and (g) can also verify the above
conclusion.

According to Fig. 5(e), the front-wheel steering angle
curves with both the multi-objective control and single-
objective control are basically coincide with the curves of
the expected values on high or low adhesion road, the two
controllers can track the expected front-wheel steering angle
well. It can be seen from Fig. 5(h) that the torque of the
right front wheel motor is bigger than that of the left front
wheel motor at 5.5s, and with the action of front-wheel torque
difference, the vehicle turns left. Correspondingly, the pos-
itive front wheel steering angle in Fig. 5(e) indicates the
left turning of the vehicle. The torque difference between
the left front wheel motor and the right front wheel motor
introduces an additional counterclockwise yaw moment at
5.5s. To counteract this yaw moment, the torque of the left
rear wheel motor is greater than that of the right rear wheel
motor, a clockwise yaw moment is generated onto 4MIDEV
to eliminate the impact of differential steering on vehicle
lateral stability performance. It is worth noting that the motor
torque variation under the multi-objective control on the low
adhesion road is similar to that on the high adhesion road.
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In order to avoid repetition, only the motor torque variation
under multi-objective control on the high adhesion road is
given in Fig. 5(h) and similar observations can be found
in [42].

B. HIL TEST FOR DOUBLE LANE CHANGE WITH
ACCELERATING

In order to test 4AMIDEV trajectory tracking performance
during the acceleration overtaking process, HIL test is car-
ried out under double lane change (DLC) trajectory tracking
condition. The road adhesion coefficient is set as 0.8 and
0.3 respectively, 4MIDEV longitudinal speed accelerated
from 30km/h, and the controller design parameters are con-
sistent with that under the J-Turn trajectory tracking condi-
tion. The weighting coefficients of the controller are shown
in Table 2, and the test results are shown in Fig. 6.

Longitudinal speed tracking performance is shown
in Fig. 6(a). It can be seen that the multi-objective con-
troller achieves good longitudinal velocity tracking effect
on the road with two kinds of adhesion coefficients, while
the deviation between the longitudinal speed of 4MIDEV
controlled by the single-objective controller and the target
speed is large. Single-objective control cannot eliminate the
influence of differential steering on longitudinal speed, and
the longitudinal speed fluctuation is obvious at 5.55~8.5s.

According to Fig. 6(c), the lateral deviation performance
of single-objective control is poor on the low adhesion road,
the maximum lateral deviation is big up to 0.28m, so the limi-
tation of single-objective control is displayed. It can be found
out from Fig. 6(d) that the performance of the two controllers
is similar in the aspect of heading angle control. Similar to
the test of J-turn with accelerating, the multi-objective con-
troller plays an important role in improving 4MIDEYV lateral
stability according to Fig. 6(f) and (g). Besides, we found
out that the too large centroid sideslip angle controlled by
single-objective controller may cause dangerous situation on
the low adhesion road.

As shown in Fig. 6(e), on the high adhesion road, the
front-wheel steering angle curves under the multi-objective
control is basically coincide with the curve of the expected
values, so that the multi-objective controller can track the
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(h) Motor torque under multi-objective control (1=0.8)
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expected steering angle well; and on the low adhesion road,
the multi-objective control generates a large front wheel angle
to maintain lateral stability. It can be seen from Fig. 6(h)
that the front-wheel torque difference is large at 3.9s, 6.6s
and 8.0s, and the trajectory curvatures shown in Fig. 6(b)
are also relatively large at these times, which also corre-
sponds to the larger expected front-wheel steering angle in
the Fig. 6(e).

C. HIL TEST FOR DOUBLE LANE CHANGE WITH
DECELERATING

The test results of the previous two subsections verify the
performance of the multi-objective controller under the accel-
eration conditions. Now, 4MIDEV is set to travel in the
path shown in Fig. 7(b). In this maneuver, the vehicle is
required to complete DLC action within 15s and decelerate
from 60 km/h to 45 km/h. The test is carried out on high
adhesion coefficient pavement and low adhesion coefficient
pavement respectively. According to Fig. 7(a)~(g), the multi-
objective controller designed in this paper can achieve a high
trajectory tracking accuracy. Although the trajectory tracking
error is increased slightly compared with the single-objective
control, the increased degree of the trajectory tracking error
is small. The vehicle lateral stability and longitudinal speed
tracking performance are improved significantly with the
multi-objective control. As shown in Fig. 7(h), when the
multi-objective controller is adopted, the negative torque is
generated by four in-wheel motors to make the vehicle brake
and keep the vehicle speed near the expected speed, where
the effect of vehicle speed control is shown in Fig. 7(a).
According to Fig. 7(b) and (h), when the vehicle heading
changes at 2.3s, 3.8s, and 5.5s, vehicle body will produce
large yaw motion amplitudes. The multi-objective control
applies the large positive driving torque to the rear-left wheel,
rear-right wheel and front-left wheel to generate enough yaw
moments respectively, so as to stabilize the body attitude
and minimize the centroid sideslip angle shown in Fig. 7(f)
and make the actual yaw rate shown in Fig. 7(g) match the
expected yaw rate. Therefore, the designed multi-objective
controller can effectively improve the comprehensive perfor-
mance of 4MIDEV, while taking into account the trajectory
tracking accuracy and the longitudinal and lateral dynamics
characteristics.

VII. CONCLUSION

The trajectory tracking multi-objective controller for
4MIDEV with differential steering is studied in this paper.
Firstly, according to the differential steering dynamics char-
acteristics, the dynamics model of 4MIDEV with differ-
ential steering is established. The system state equation is
obtained by combining the dynamics model of 4MIDEV
with differential steering, the in-wheel motor model and
the trajectory tracking model. Then, considering there are
nonlinear time-varying parameters such as the vehicle speed
and the front wheel steering angle in the coefficient matrixes
of the system state equation, which brings difficulty to
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the controller design. Therefore, the T-S fuzzy method is
utilized to process the nonlinear time-varying parameters,
and the system T-S fuzzy state equation is obtained. Finally,
the kinematics control output, dynamics control output and
the measurement output of the system are selected, and the
system’s T-S fuzzy model is finally obtained. The influence
of differential steering on the vehicle longitudinal and lateral
dynamics characteristics is fully considered, and the trajec-
tory tracking control of 4MIDEYV is taken as a multi-objective
control problem in this paper. The high trajectory tracking
accuracy, good vehicle lateral stability and longitudinal speed
tracking performance are taken as the control objectives of the
trajectory tracking control.

Considering that the trajectory tracking control of 4dMIDEV
is not only a multi-objective control problem, but also a
vehicle kinematics and dynamics integration control prob-
lem. The trajectory tracking geometric error is attributed
to the vehicle kinematics category, and the vehicle longitu-
dinal and lateral dynamics characteristics are attributed to
the vehicle dynamics category. The generalized H, norm
and the Hy, norm are selected to constrain the kinematics
and dynamics performance indexes of trajectory tracking.
The parallel distributed compensation method is adopted
to design the multi-objective output feedback controller for
the system T-S fuzzy model. Finally, HIL test is adopted
to verify the effectiveness of the designed trajectory track-
ing multi-objective control system. The considerable results
show that the multi-objective control method can effec-
tively improve the comprehensive performance of the control
system.

REFERENCES

[1] C. Chatzikomis, M. Zanchetta, P. Gruber, A. Sorniotti, B. Modic,

T. Motaln, L. Blagotinsek, and G. Gotovac, “An energy-efficient

torque-vectoring algorithm for electric vehicles with multiple motors,”

Mech. Syst. Signal Process., vol. 128, pp. 655-673, Aug. 2019, doi:

10.1016/j.ymssp.2019.03.012.

Z.Li, L. Zheng, W. Gao, and Z. Zhan, “‘Electromechanical coupling mech-

anism and control strategy for in-wheel-motor-driven electric vehicles,”

IEEE Trans. Ind. Electron., vol. 66, no. 6, pp. 4524-4533, Jun. 2019, doi:

10.1109/TIE.2018.2863204.

[3] M. Kuslits and D. Bestle, “Modelling and control of a new differen-
tial steering concept,” Vehicle Syst. Dyn., vol. 57, no. 4, pp. 520-542,
Apr. 2019, doi: 10.1080/00423114.2018.1473616.

[4] C. Hu, R. Wang, F. Yan, Y. Huang, H. Wang, and C. Wei, “Differen-
tial steering based yaw stabilization using ISMC for independently actu-
ated electric vehicles,” IEEE Trans. Intell. Transp. Syst., vol. 19, no. 2,
pp. 627-638, Feb. 2018, doi: 10.1109/TITS.2017.2750063.

[5] Z.Tang, X. Xu, F. Wang, X. Jiang, and H. Jiang, “Coordinated control for
path following of two-wheel independently actuated autonomous ground
vehicle,” IET Intell. Transp. Syst., vol. 13, no. 4, pp. 628-635, Apr. 2019,
doi: 10.1049/iet-its.2018.5065.

[6] X. Xu, L. Shanfeng, C. Long, C. Yingfeng, and L. Yong, “Trajectory
tracking of distributed-drive self-driving vehicle based on coordination
between autonomous steering and differential steering,” Automot. Eng.,
vol. 40, no. 4, pp. 475481, 2018.

[7] J. Tian, J. Tong, and S. Luo, “Differential steering control of four-
wheel independent-drive electric vehicles,” Energies, vol. 11, no. 11,
pp. 2892-2909, 2018, doi: 10.3390/en11112892.

[8] J.Wang,Z.Luo, Y. Wang, B. Yang, and F. Assadian, “Coordination control
of differential drive assist steering and vehicle stability control for four-
wheel-independent-drive EV,”” IEEE Trans. Veh. Technol., vol. 67, no. 12,
pp. 1145311467, Dec. 2018, doi: 10.1109/TVT.2018.2872857.

[2

VOLUME 9, 2021


http://dx.doi.org/10.1016/j.ymssp.2019.03.012
http://dx.doi.org/10.1109/TIE.2018.2863204
http://dx.doi.org/10.1080/00423114.2018.1473616
http://dx.doi.org/10.1109/TITS.2017.2750063
http://dx.doi.org/10.1049/iet-its.2018.5065
http://dx.doi.org/10.3390/en11112892
http://dx.doi.org/10.1109/TVT.2018.2872857

H. Wang et al.: Multi-Objective Comprehensive Control of Trajectory Tracking for Four-In-Wheel-Motor Drive Electric Vehicle

IEEE Access

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

R. Wang, H. Jing, C. Hu, M. Chadli, and F. Yan, “Robust Hoo output-
feedback yaw control for in-wheel motor driven electric vehicles with
differential steering,” Neurocomputing, vol. 173, pp. 676684, Jan. 2016,
doi: 10.1016/j.neucom.2015.08.015.

C. Hu, R. Wang, F. Yan, and H. R. Karimi, ““Robust composite nonlinear
feedback path-following control for independently actuated autonomous
vehicles with differential steering,” IEEE Trans. Transport. Electrific.,
vol. 2, no. 3, pp. 312-321, Sep. 2016, doi: 10.1109/TTE.2016.2538183.
W. Zhao and H. Zhang, “Coupling control strategy of force and dis-
placement for electric differential power steering system of electric vehi-
cle with motorized wheels,” IEEE Trans. Veh. Technol., vol. 67, no. 9,
pp. 8118-8128, Sep. 2018, doi: 10.1109/TVT.2018.2850154.

D. Hernandez-Alcantara, L. Amezquita-Brooks, R. Morales-Menendez,
O. Sename, and L. Dugard, “The cross-coupling of lateral-longitudinal
vehicle dynamics: Towards decentralized fault-tolerant control
schemes,” Mechatronics, vol. 50, pp.377-393, Apr. 2018, doi:
10.1016/j.mechatronics.2017.07.001.

C. E. Beal and C. Boyd, ‘“Coupled lateral-longitudinal vehicle
dynamics and control design with three-dimensional state portraits,”
Vehicle Syst. Dyn., vol. 57, no. 2, pp.286-313, Feb. 2019, doi:
10.1080/00423114.2018.1467019.

R.Zhang, Y. Ma, Z. Li, R. Malekian, and M. A. Sotelo, ““Energy dissipation
based longitudinal and lateral coupling control for intelligent vehicles,”
IEEE Intell. Transp. Syst. Mag., vol. 10, no. 2, pp. 121-133, Summer 2018,
doi: 10.1109/MITS.2018.2806623.

X.Jin, Z. Yu, G. Yin, and J. Wang, “Improving vehicle handling stability
based on combined AFS and DYC system via robust Takagi-Sugeno fuzzy
control,” IEEE Trans. Intell. Transp. Syst., vol. 19, no. 8, pp. 2696-2707,
Aug. 2018, doi: 10.1109/TITS.2017.2754140.

X. Jin, G. Yin, and J. Wang, ‘“Robust fuzzy control for vehi-
cle lateral dynamic stability via Takagi-Sugeno fuzzy approach,” in
Proc. Amer. Control Conf. (ACC), May 2017, pp.5574-5579, doi:
10.23919/ACC.2017.7963822.

A. Cherifi, K. Guelton, and L. Arcese, “Uncertain T-S model-based
robust controller design with D-stability constraints—A simulation study
of quadrotor attitude stabilization,” Eng. Appl. Artif. Intell., vol. 67,
pp. 419-429, Jan. 2018, doi: 10.1016/j.engappai.2017.08.021.

R.-E. Precup, M.-C. Sabau, and E. M. Petriu, “Nature-inspired opti-
mal tuning of input membership functions of Takagi-Sugeno-Kang fuzzy
models for anti-lock braking systems,” Appl. Soft Comput., vol. 27,
pp. 575-589, Feb. 2015, doi: 10.1016/j.as0c.2014.07.004.

X.Ji, Y. Liu, X. He, K. Yang, X. Na, C. Lv, and Y. Liu, “Interactive control
paradigm-based robust lateral stability controller design for autonomous
automobile path tracking with uncertain disturbance: A dynamic game
approach,” IEEE Trans. Veh. Technol., vol. 67, no. 8, pp. 6906—-6920,
Aug. 2018, doi: 10.1109/TVT.2018.2834381.

S. Yuan, P. Zhao, Q. Zhang, and X. Hu, “Research on model predic-
tive control-based trajectory tracking for unmanned vehicles,” in Proc.
4th Int. Conf. Control Robot. Eng. (ICCRE), Apr. 2019, pp. 79-86, doi:
10.1109/ICCRE.2019.8724158.

C. Bian, G. Yin, N. Zhang, and L. Xu, ‘“Takagi-sugeno fuzzy model
predictive controller design for combining lane keeping and speed tracking
of four wheels steering and four wheels drive electric vehicle,” in Proc.
29th Chin. Control Decis. Conf. (CCDC), May 2017, pp. 4067-4072, doi:
10.1109/CCDC.2017.7979212.

B. Li, H. Du, and W. Li, “A potential field approach-based trajectory
control for autonomous electric vehicles with in-wheel motors,” IEEE
Trans. Intell. Transp. Syst., vol. 18, no. 8, pp. 2044-2055, Aug. 2017, doi:
10.1109/TITS.2016.2632710.

L. Guo, P. Ge, M. Yue, and J. Li, “Trajectory tracking algorithm in a
hierarchical strategy for electric vehicle driven by four independent in-
wheel motors,” J. Chin. Inst. Eng., vol. 43, no. 8, pp. 807-818, Nov. 2020,
doi: 10.1080/02533839.2020.1819432.

P. Hang, F. Luo, S. Fang, and X. Chen, ‘Path tracking control of a four-
wheel-independent-steering electric vehicle based on model predictive
control,” in Proc. 36th Chin. Control Conf. (CCC), 2017, pp. 9360-9366,
doi: 10.23919/ChiCC.2017.8028849.

H. Zheng and S. Yang, “A trajectory tracking control strategy of
4WIS/AWID electric vehicle with adaptation of driving conditions,” Appl.
Sci., vol. 9, no. 1, p. 168, Jan. 2019, doi: 10.3390/app9010168.

Z. Wang, D. Tan, G. Ge, and S. Liu, “Optimal trajectory planning and
control for automatic lane change of in wheel motor driving vehicles
on snow and ice roads,” Autom. Control Comput. Sci., vol. 54, no. 5,
pp. 432-445, Sep. 2020, doi: 10.3103/S0146411620050090.

VOLUME 9, 2021

(27]

(28]

[29]

[30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

[42]

F. Lin, Y. Zhang, Y. Zhao, G. Yin, H. Zhang, and K. Wang, “Trajectory
tracking of autonomous vehicle with the fusion of DYC and longitudinal—
lateral control,” Chin. J. Mech. Eng., vol. 32, no. 1, p. 16, Dec. 2019, doi:
10.1186/s10033-019-0327-9.

D. V. Balandin and M. M. Kogan, “LMI based multi-objective control
under multiple integral and output constraints,” Int. J. Control, vol. 83,
no. 2, pp. 227-232, Feb. 2010, doi: 10.1080/00207170903134130.

C. Han and D. Zhao, “Multi-objective static output feedback control for
vehicle active suspension,” in Proc. IEEE Int. Conf. Mechatronics Autom.,
Aug. 2014, pp. 1526-1532, doi: 10.1109/ICMA.2014.6885926.

X.Jin, J. Wang, S. Sun, S. Li, J. Yang, and Z. Yan, “Design of constrained
robust controller for active suspension of in-wheel-drive electric vehicles,”
Mathematics, vol. 9, no. 3, p. 249, Jan. 2021, doi: 10.3390/math9030249.
Y. Hu, Y. Yuan, H. Min, and F. Sun, “Multi-objective robust control based
on fuzzy singularly perturbed models for hypersonic vehicles,” Sci. China
Inf. Sci., vol. 54, no. 3, pp. 563-576, Mar. 2011.

H. Zhou, F. Jia, H. Jing, Z. Liu, and L. Guvenc, “Coordinated longitudinal
and lateral motion control for four wheel independent motor-drive elec-
tric vehicle,” IEEE Trans. Veh. Technol., vol. 67, no. 5, pp. 3782-3790,
May 2018, doi: 10.1109/TVT.2018.2816936.

W. Chen, W. Xiao, D. Tan, S. Lin, X. Sun, and Y. Xie, “Study on the grey
predictive extension control of yaw stability of electric vehicle based on the
minimum energy consumption,” J. Mech. Eng., vol. 55,no. 2, pp. 156167,
2019.

R. Wang, G. Yin, and X. Jin, “Robust adaptive sliding mode con-
trol for nonlinear four-wheel steering autonomous vehicles path track-
ing systems,” in Proc. IEEE 8th Int. Power Electron. Motion Con-
trol Conf. (IPEMC-ECCE Asia), May 2016, pp.2999-3006, doi:
10.1109/IPEMC.2016.7512774.

K. T. Leung, J. FE. Whidborne, D. Purdy, and P. Barber, “Road vehicle state
estimation using low-cost GPS/INS,” Mech. Syst. Signal Process., vol. 25,
no. 6, pp. 1988-2004, Aug. 2011, doi: 10.1016/j.ymssp.2010.08.003.
A.-T. Nguyen, C. Sentouh, and J.-C. Popieul, “Sensor reduction for driver-
automation shared steering control via an adaptive authority allocation
strategy,” IEEE/ASME Trans. Mechatronics, vol. 23, no. 1, pp. 5-16,
Feb. 2018, doi: 10.1109/TMECH.2017.2698216.

Z. Zhang, H. Liang, H. Ma, and Y. Pan, “Reliable fuzzy control for
uncertain vehicle suspension systems with random incomplete transmis-
sion signals and sensor failure,” Mech. Syst. Signal Process., vol. 130,
pp. 776-789, Sep. 2019, doi: 10.1016/j.ymssp.2019.05.032.

R. Wang, C. Hu, F. Yan, and M. Chadli, “Composite nonlinear feed-
back control for path following of four-wheel independently actuated
autonomous ground vehicles,” IEEE Trans. Intell. Transp. Syst., vol. 17,
no. 7, pp. 2063-2074, Jul. 2016, doi: 10.1109/TITS.2015.2498172.

Y. Ma, J. Chen, X. Zhu, and Y. Xu, “Lateral stability integrated with
energy efficiency control for electric vehicles,” Mech. Syst. Signal Pro-
cess., vol. 127, pp. 1-15, Jul. 2019, doi: 10.1016/j.ymssp.2019.02.057.

J. Ni, W. Wang, J. Hu, and C. Xiang, “‘Relaxed static stability for four-
wheel independently actuated ground vehicle,” Mech. Syst. Signal Pro-
cess., vol. 127, pp. 35-49, Jul. 2019, doi: 10.1016/j.ymssp.2019.02.059.
L. Guo, P. Ge, and D. Sun, “Torque distribution algorithm for stability
control of electric vehicle driven by four in-wheel motors under emer-
gency conditions,” IEEE Access, vol. 7, pp. 104737-104748, 2019, doi:
10.1109/ACCESS.2019.2931505.

J. Huang, Y. Liu, M. Liu, M. Cao, and Q. Yan, “Multi-objective opti-
mization control of distributed electric drive vehicles based on optimal
torque distribution,” IEEE Access, vol. 7, pp. 16377-16394, 2019, doi:
10.1109/ACCESS.2019.2894259.

HONGBO WANG received the B.Tech., M.S.,
and Ph.D. degrees from the Hefei University of
Technology, Hefei, China, in 2003, 2006, and
2014, respectively. He is currently an Associate
Professor with the School of Automotive and
Transportation Engineering, Hefei University of
Technology. He has authored more than 50 arti-
cles. His current research interests include robust
control, structured control, and control theory
applied to automotive systems.

62153


http://dx.doi.org/10.1016/j.neucom.2015.08.015
http://dx.doi.org/10.1109/TTE.2016.2538183
http://dx.doi.org/10.1109/TVT.2018.2850154
http://dx.doi.org/10.1016/j.mechatronics.2017.07.001
http://dx.doi.org/10.1080/00423114.2018.1467019
http://dx.doi.org/10.1109/MITS.2018.2806623
http://dx.doi.org/10.1109/TITS.2017.2754140
http://dx.doi.org/10.23919/ACC.2017.7963822
http://dx.doi.org/10.1016/j.engappai.2017.08.021
http://dx.doi.org/10.1016/j.asoc.2014.07.004
http://dx.doi.org/10.1109/TVT.2018.2834381
http://dx.doi.org/10.1109/ICCRE.2019.8724158
http://dx.doi.org/10.1109/CCDC.2017.7979212
http://dx.doi.org/10.1109/TITS.2016.2632710
http://dx.doi.org/10.1080/02533839.2020.1819432
http://dx.doi.org/10.23919/ChiCC.2017.8028849
http://dx.doi.org/10.3390/app9010168
http://dx.doi.org/10.3103/S0146411620050090
http://dx.doi.org/10.1186/s10033-019-0327-9
http://dx.doi.org/10.1080/00207170903134130
http://dx.doi.org/10.1109/ICMA.2014.6885926
http://dx.doi.org/10.3390/math9030249
http://dx.doi.org/10.1109/TVT.2018.2816936
http://dx.doi.org/10.1109/IPEMC.2016.7512774
http://dx.doi.org/10.1016/j.ymssp.2010.08.003
http://dx.doi.org/10.1109/TMECH.2017.2698216
http://dx.doi.org/10.1016/j.ymssp.2019.05.032
http://dx.doi.org/10.1109/TITS.2015.2498172
http://dx.doi.org/10.1016/j.ymssp.2019.02.057
http://dx.doi.org/10.1016/j.ymssp.2019.02.059
http://dx.doi.org/10.1109/ACCESS.2019.2931505
http://dx.doi.org/10.1109/ACCESS.2019.2894259

IEEE Access

H. Wang et al.: Multi-Objective Comprehensive Control of Trajectory Tracking for Four-In-Wheel-Motor Drive Electric Vehicle

62154

CHENGLEI HU received the B.Tech. degree
from Nanjing Agricultural University, Nanjing,
China, in 2018. He is currently pursuing the M.S.
degree with the Hefei University of Technology,
Hefei, China. His research interest includes vehi-
cle dynamics and control, particularly the design
of driver assistance systems.

WEI CUI received the B.Tech. degree from Qing-
dao University, Qingdao, in 2017, and the M.S.
degree from the Hefei University of Technology,
Hefei, China, in 2020. He is currently pursuing
the Ph.D. degree with Shandong University, China.
His research interests include vehicle dynamics
and control, and energy management optimization.

HAIPING DU (Senior Member, IEEE) received
the Ph.D. degree in mechanical design and theory
from Shanghai Jiao Tong University, Shanghai,
China, in 2002.

He was a Postdoctoral Research Associate with
The University of Hong Kong, from 2002 to 2003,
and Imperial College London, from 2004 to 2005.
He was a Research Fellow with the University
of Technology Sydney, from 2005 to 2009. He is

- currently a Professor with the School of Electrical,
Computer, and Telecommunications Engineering, University of Wollon-
gong, Wollongong, NSW, Australia. His research interests include vibration
control, vehicle dynamics and control systems, robust control theory and
engineering applications, electric vehicles, robotics and automation, and
smart materials and structures. He was a recipient of the Australian Endeav-
our Research Fellowship, in 2012. He is also a Subject Editor for the Journal
of the Franklin Institute, an Associate Editor for the IEEE TRANSACTIONS
oN InpusTrIAL ELEcTRONICS and IEEE Control Systems Society Conference,
an Editorial Board Member for some international journals, such as Jour-
nal of Sound and Vibration, Journal of Systems and Control Engineering
(IMechE), and a Guest Editor of IET Control Theory and Applications and
Mechatronics.

VOLUME 9, 2021



