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ABSTRACT In this paper, a path tracking control for active rear steering vehicles considering driver steering
characteristics is proposed to help drivers track the desired vehicle trajectory in a tailored way. Firstly,
the driver model is established, and based on the driver steering data, the driver parameters are identified
by the least square method. Based on driver model parameter identification, driver and vehicle models are
formed for the MPC controller design. In MPC controller design, global objective function, considering the
task performance, vehicle stability, driver’s physical workloads, mental workloads and actuator performance,
is designed to optimize the overall performance of the driver-vehicle system. On the constraint, the driver
operating limit, actuator physical limit and vehicle stability performance limit are also considered to make
the controller feasible to in the real practice. Simulation results under different conditions show that the
controller can significantly improve the system performance and reduce the driver’s workloads.

INDEX TERMS Path tracking, vehicle dynamics, active steering, model predictive control.

I. INTRODUCTION
In real driving scenario, vehicles can be affected by various
external disturbances, such as road interference, surrounding
obstacles, drivers’ distractions or capability limits, and et al.
Trajectory tracking is a significant issue in advanced driver
assistant system and intelligent driving technology, such as
lane keeping assistance (LKA), collision avoidance (CA),
automatic parking (AP), and et al [1]–[7]. Most of these tech-
nologies are implemented by tracking a pre-planned qualified
trajectory. For example, it is supposed that the LKA should
help vehicle run near the central line of the road or within
an expected driving zone [8]. The CA system will detect the
obstacles around vehicles and then generate a safe trajectory,
avoiding contact and collision between vehicles and obsta-
cles [9]. The AP system should design a trajectory based
on the vehicle surroundings and the current location, helping
drivers to park properly [7].

Numerous studies related to trajectory tracking have been
reported. In existing research, active steering has been
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considered as an effectiveway for vehicles to track the desired
path. A path planning and stability control of CA system
is designed by Wang to improve vehicle driving safety [9].
In this study, the active front steering was implemented and
the additional steering angle was used as the control input
to the system. The model parameter uncertainty as well as
system interferences are considered, so a robust tracking
controller is used to calculate the additional steering angle
to track the pre-planned CA trajectory. Salehpour presented
a vehicle path tracking by integrated chassis control [10].
In order to follow the desired path, linear quadratic regulator
controller was developed to regulate direct yaw moment and
corrective steering angle on wheels. Lin, Jiao and Wang
proposed a path tracking strategy for a farm vehicle based
on active disturbance rejection control technique and particle
swarm optimization algorithm [11]. Similarly, active front
steering was adopted to track the desired yaw angle, which
can be calculated according to the difference between real
path and pre-defined path.

Different from current active steering approaches, rear
active steering is an emerging way to improve steering sta-
bility [12]–[14]. While steering at low speed, the rear wheel
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steering angle can be adjusted in the opposite direction of the
front wheels to reduce the steering radius. When steering at
a high speed, the rear wheel steering angle can be regulated
in the same direction of the front wheels in order to pre-
vent oversteer and side slip accidents. A mechanical integral
steering system was proposed in [15], which was focused on
the steering box of the rear wheels, i.e. a cam-based mecha-
nism. This new steering system aimed to improve the vehicle
stability and handling performances by adopting an integral
steering law, which was designed in terms of correlation
between the steering angles of front and rear wheels. A con-
trol scheme through integration of direct yaw moment and
active rear steering was developed in [16] to enhance vehicle
stability. The required yaw moment and rear steering angle
were calculated in the upper-level control structure by sliding
mode controller and the yaw moment was achieved in the
lower-level control structure by distributing the brake torques
of each wheel appropriately. The active rear steering also
can be used to accomplish the rollover prevention. In [17],
a pulsed active rear steering control scheme was investigated
to reduce the likelihood of rollover for motor vehicles. Based
on rollover estimator, an on/off switch controller was used to
active the rear steering system.

The control objectives of all the abovementioned research
studies are mainly focused on path tracking or active steer-
ing technology. For a driver assistant technology, provid-
ing appropriate assistance to help drivers fulfill the driving
task is the core content. While in the real driving scenarios,
drivers will manipulate the steering wheel and pedals to
adjust vehicle motions. In the meantime, ADASwill generate
control inputs to vehicles according to vehicle driving states
to improve vehicle stability and safety. The driver’s reaction
may vary from person to person since it is affected by many
individual factors, such as driving experience, gender, habits,
etc. [11]–[14], [18]–[21], so it is of great importance to con-
sider drivers’ characteristics in the design of ADAS. These
individual differences have a significant impact on the driving
performance [15], [22].

In order to help drivers track a desired path as well as
improve the vehicle stability, an active rear steering control
strategy considering drivers’ characteristics is developed in
this paper. Firstly, based on the driver steering data, the driver
model can be identified. Based on driver model parameter
identification, driver and vehicle models are formed for the
MPC controller design. In MPC controller design, global
objective function, considering the task performance, vehicle
stability, drivers’ physical workloads, mental workloads and
actuator performance, is designed to optimize the overall per-
formance of the driver-vehicle system. The driver operating
limit, actuator physical limit and vehicle stability limit are
also added to the controller solution as constrains to make
the controller feasible in the real practice.

The rest of this paper is organized as follows. Section II
gives a brief description of system modeling. The individual-
ized control method based onMPC is designed in Section III.
Simulation studies based on a CarSim R© vehicle model

are presented in Section IV, followed by some concluding
remarks in Section V.

II. DRIVER-VEHICLE SYSTEM MODELING
In this section, the human driver model, vehicle model
and driver-vehicle system are established for later controller
design.

A. DRIVER MODEL
In the driving process, drivers manipulate the steering wheel
according to the lateral displacement deviation between pre-
view point of the desired path and vehicle predicted position,
which can be described by driver steering models [23].

FIGURE 1. Schematic view of preview driver model.

As shown in Fig. 1, this lateral displacement deviation can
be described as

1Y (s) = Yd (s) eτps − Y (s)− Lϕ (s) (1)

where Yd (s) eτps stands for the lateral displacement of the
desired path preview point and τp is the preview time;
L denotes the preview distance which can be approximated
as vx (s) τp; vx (s) is the longitudinal velocity; ϕ (s) and Y (s)
stand for the current vehicle heading angle and lateral dis-
placement, respectively. Therefore, Y (s)+Lϕ(s) describes the
lateral displacement of the predicted position for the vehicle
at time t + τp. The driver’s steering wheel angle to track
desired path can be simplified as a first-order driver model
with lead-lag elements and time delay [30], [31]. Thus the
driver model can be described as

θsw (s) =
Gh (1+ τLs) e−τd1s

1+ τd2s
1Y (s) (2)

where θsw(s) is the driver’s steering angle; Gh is the steer-
ing proportional gain; τd1 and τd2 are the pure delay time
and the delay time constant representing driver’s response,
respectively; τL is the derivative time constant.

Usually, τL and τd1 are significantly less than 1s. There-
fore, 1+ τLs can be considered as the approximation of eτL s.
(1 + τLs)1Y (s) can be approximated as the lateral displace-
ment deviation between the preview point of the desired path
and the predicted position of the vehicle at time t + τL + τp.
In addition, the pure time-delay e−τd1s can be approximated
as 1/(1 + τd1s). With above approximations, in order to
facilitate the design of the controller, the driver model can
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be rewritten in the form of differential equations as:

δ̈sw =
−1
τd1τd2

δsw −
Td

τd1τd2
δ̇sw

+
Gh

τd1τd2
[Yp − (Y + TpVxϕ)]+ d4 (3)

where Tp = τL + τp is the preview time; Yp and Y+TpVxϕ
denote the lateral displacement of the desired path preview
point and the predicted vehicle position at time t + τp.

B. VEHICLE MODEL
As shown in Fig. 2, a two-degree-of-freedom lateral dynam-
ics model schematic diagram of 4WS vehicle is established
for controller design.

FIGURE 2. Schematic diagram of vehicle model.

Considering vehicle lateral and yaw motions, the motion
equations for this model can be described as

v̇y = −vx ϕ̇ +
1
m

(
Fyf + Fyr

)
ϕ̈ =

1
Iz

(
aFyf cos δf − bFyr cos δr

)
Ẏ = vx sinϕ + vy cosϕ

(4)

where m is the total mass of the vehicle; Iz is the vehicle yaw
inertia; a and b are the distances from the vehicle center of
gravity to the front and rear axles, respectively; vx , vy and ϕ
are the vehicle longitudinal velocity, lateral velocity and yaw
angle, respectively; δf is front tire steering angle and δr is rear
tire steering angle; Fyf and Fyr are front and rear lateral tire
forces, respectively, which can be defined as{

Fyf = kf αf
Fyr = krαr

(5)

where kf and kr are the cornering stiffness of the front and
rear tires, respectively; αf , αr are the slip angles of front and
rear tires, respectively, which are described as

αf = −δf +
vy + aϕ̇
vx

αr = −δr +
vy − bϕ̇
vx

(6)

C. DRIVER-VEHICLE AUGMENTED SYSTEM
Combining the driver model with the vehicle model, a driver-
vehicle augmented system is obtained. In order to express the
driver-vehicle model in the form of state space, assuming that
the front and rear tire steering angle is small and the vehicle
heading angle is not large, the equation (4) is rewritten in the
following form

v̇y = −vx ϕ̇ +
1
m

(
Fyf + Fyr

)
+ d1

ϕ̈ =
1
Iz

(
aFyf − bFyr

)
+ d2

Ẏ = vxϕ + vy + d3

(7)

where
d1 =

1
m

[
Fyf (cos δf − 1)+ Fyr (cos δr − 1)

]
d2 =

a
Iz

[
Fyf (cos δf − 1)− Fyr (cos δr − 1)

]
d3 = vx(sinϕ − ϕ)+ vy(cosϕ − 1)

(8)

Assuming that the ratio from steering wheel angle to front
wheel steering angle is Rg, thus front wheel steering angle
can be described as δf = Rgδsw. x =

[
vy ϕ̇ ϕ Y δsw δ̇sw

]T
is the system state vector; w =

[
Yp
]
is the disturbance input

of the system; and u = [δr ] is the control input vector to be
designed. Combining (3), (5)-(8), the driver-vehicle system
model for tracking the desired path can be defined as{

ẋ = Ax + B1w+ B2u+ d
y = Cx (9)

where A, B1, B2, d , and C as shown at the bottom of the next
page.

III. PERSONALIZED CONTROLLER DESIGN
As shown in Fig. 3, the overall control strategy mainly
consists of five modules: environmental perception mod-
ules, sensor and estimator module, driver model parameter
identification module, MPC controller module and rear steer-
ing motor module. Environmental perception module per-
ceives the road environment information and gets the desired
path Yp. Driver model parameter identification module iden-
tifies the driver parameters according to Yp, δsw, ϕ̇ and β.
Then the target rear wheel angle will send to MPC controller
module according to the information obtained from the above
modules. Finally, the rear steering motor controls the rear
wheel to steer according to the target rear wheel angle. Driver
model parameter identification and MPC controller design
will be introduced in detailed in the next. Details of analyses
about the Environmental perception module and Rear wheel
steering motor module are discussed in [24].

A. DRIVER MODEL PARAMETER IDENTIFICATION
In order to facilitate the driver model parameter identifica-
tion, a simplified closed-loop driver-vehicle system model is
established. The block diagram of this systemmodel is shown
in Fig. 4.

VOLUME 8, 2020 98011



H. Zhang et al.: Path Tracking Control for Active Rear Steering Vehicles Considering Driver Steering Characteristics

FIGURE 3. Overall control scheme.

FIGURE 4. Driver preview optimal curvature model diagram structure.

As shown in Fig. 4, the system input signal f (t) stands for
the lateral displacement of the desired path and the system
output signal y(t) is the lateral displacement of the actual path,
δsw(t) is the steering wheel angle signal. The Vs denotes the
the transfer function between lateral acceleration ay and front
wheel angle δf .

The parameters to be identified in the driver model are
Gh, τd1 and τd2. Driver parameters can be identified by
desired path signal f (t), actual path signal y(t) and steering
wheel angle signal δsw(t). From the system block diagram,
the equation (10) can be obtained

δsw(s) =
Gh

(1+ τd1s)(1+ τd2s)

(
eTpsf (s)− (1+ Tps)y(s)

)
(10)

The transfer function to be identified is

G0(s) =
Gh

(1+ τd1s)(1+ τd2s)
(11)

In this study, the recursive least square algorithm is used to
identify driver model parameters [24]. Before identifying the
parameters, the transfer function G0(s) should be discretized.
The discrete function G0(z) is as follows

G0(z) =
y(k)

u(k − 1)
=

b1z−1

1− a1z−1 − a2z−2
(12)

where a1 = e
−

T
τd1 + e

−
T
τd2 ; a2 = −e

−( T
τd1
+

T
τd2

); b1 =
Gh(e

−
T
τd1 −e

−
T
τd2 )

τd1−τd2
; T is sample time.

G0(z) can be expressed as controlled auto-regressive model
(CAM) as follows

A(z−1)y(k) = B(z−1)u(k − 1)+ ξ (k) (13)

where ξ (k) denotes the white noise signal, and{
A(z−1) = 1− a1z−1 − a2z−2

B(z−1) = b1z−1
(14)

The equation (13) can be written in the form of least square.

y(k) = a1y(k − 1)+ a2y(k − 2)+ b1u(k − 2)

= ϕT (k)θ + ξ (k) (15)

A =



kf + kr
mvx

−vx +
akf − bkr
mvx

0 0 −
Rgkf
m

0

akf − bkr
Izvx

a2kf + b2kr
Izvx

0 0 −
aRgkf
Iz

0

0 1 0 0 0 0
1 0 vx 0 0 0
0 0 0 0 0 1

0 0 −
GhTpvx
τd1τd2

−
Gh

τd1τd2
−

1
τd1τd2

−
1

τd1τd2


;

B1 =

[
0 0 0 0 0

Gh
τd1τd2

]T
; B2 =

[
−
kr
m

bkr
Iz

0 0 0 0
]T
;

d =
[
d1 d2 0 d3 0 d4

]T
; C =


1 0 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

 .
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where ϕ(k) is data vector; θ is parameter vector to be esti-
mated, and{

ϕ(k) = [y(k − 1), y(k − 2), u(k − 2)]T

θ = [a1, a2, b1]T
(16)

According to recursive least square theory, the recursive for-
mula of the estimated parameter vector θ̂ (k) is

θ̂ (k) = θ̂ (k − 1)+ K(k)[y(k)− ϕT(k)θ̂ (k − 1)]

K(k) =
P(k − 1)ϕ(k)

1+ ϕT (k)P(k − 1)ϕ(k)
P(k) = [I − K(k)ϕT(k)]P(k − 1)

(17)

After the parameters a1, a2 and b1 are obtained, the identified
results can be used to calculate the parameters Gh, τd1, τd2.
In order to collect the data needed for driver parame-

ter identification, the driving experiment is carried out on
hardware-in-the-loop simulation platform. The experiment
scene is double lane-change trajectory and the speed is 15m/s.
The results of parameter identification are shown in Fig. 5.

FIGURE 5. Results of parameter identification.

The Fig. 5(a) shows the driver data including the lateral
displacement of the desired path f (t), the actual path y(t), and
the steering wheel angle signal δsw(t). The Fig. 5(b) gives the
change curve of driver parameters in the recursive process.
After the recursive operation of 4000 sample data, the values
of each parameter tend to converge. To verify the accuracy
of the driver model parameters identified, the path obtained
by the driver model through Matlab/simulink simulation is
used to compare with the path measured by the experiment.
As shown in Fig. 5(c), the path obtained by the driver model
matches the measured path pretty well.

B. MPC CONTROLLER DESIGN
In this section, the path tracking control for ARS vehicles
considering driver steering characteristics is formulated as an
optimization problem under constraints.

For the design of MPC controller, the continuous-time
systemmodel (9) is discretized at a sample time of Ts, then the
discrete-time system model can be described as follows [24]:{

x(k + 1) = Ak,tx(k)+ B1k,tw(k)+ B2k,tu(k)
y(k) = Ck,tx(k)

(18)

where, Ak,t = eATs ,B1k,t = B1
∫ Ts
0 eAτdτ,B2k,t =

B2
∫ Ts
0 eAτdτ,Ck,t = C.

For the convenience of implementing the constraints on the
actuator’s actuation rate and system state responses simulta-
neously, a new state variable ξ (k) is introduced to augment
the original system state variable at time k , which can be
described as

ξ (k|t) =
[

x(k|t)
u(k − 1|t)

]
(19)

Then, the discrete-time system model (10) can be rewritten
as{
ξ (k + 1|t) = Ãkξ (k|t)+ B̃1kw(k|t)+ B̃2k1u(k|t)
η(k|t) = C̃k,tξ (k|t)

(20)

where Ãk,t =
[
Ak,t B2k,t
01×6 I1

]
, B̃1k,t =

[
B1k,t
01

]
, B̃2k,t =[

B2k,t
I1

]
, C̃k,t =

[
Ck,t 01

]
In addition, to improve computational efficiency and con-

trol system real-time property in implementation, it is sup-
posed that Ãk,t = Ãt , B̃1k,t = B̃1t , B̃2k,t = B̃2t and
C̃k,t = C̃ t , k = 1, · · · , t + N − 1.

In this paper, the prediction horizon is set as Np and the
control horizon is set as Nc. Then the prediction state matrix
and output matrix in the prediction horizon can be expressed
with the current state and the future control input.

ξ (t + 1|t) = Ãtξ (t|t)+ B̃2t1u(t|t)+ B̃1tw(t|t)

ξ (t + 2|t) = Ã
2
t ξ (t + 1|t)+ Ãt B̃2t1u(t|t)

+B̃2t1u(t + 1|t)+ Ãt B̃1tw(t|t)

+B̃1tw(t + 1|t)
...
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ξ (t + Np|t) = Ã
Np
t ξ (t + 1|t)+ Ã

Np−1
t B̃2t1u(t|t)

+ · · · + Ã
Np−Nc−1
t B̃2t1u(t + Nc|t)

+Ã
Np−1
t B̃1tw(t|t)+ · · · + B̃1tw(t + Nc|t)

η(t + Np|t) = C̃ t Ã
Np
t ξ (t + 1|t)+ C̃ t Ã

Np−1
t B̃2t1u(t|t)

+ · · · + C̃ t Ã
Np−Nc−1
t B̃2t1u(t + Nc|t)

+C̃ t Ã
Np−1
t B̃1tw(t|t)+ · · ·

+C̃ t Ã
Np−Nc−1
t B̃1tw(t + Nc|t) (21)

To make the whole relationship more explicit, the output in
the prediction horizon is expressed in the form of matrix

Y (t) = Ψ tξ (t|t)+2t1U(t)+Φ tW (t) (22)

where,

Y (t)

=
[
η(t+1|t) η(t+2|t) · · · η(t+Nc|t) · · · η(t+Np|t)

]T
;

Ψ t

=

[
C̃ t Ãt C̃ t Ã

2
t · · · C̃ t Ã

Nc
t · · · C̃ t Ã

Np
t

]T
;

1U(t)

=
[
1u(t|t) 1u(t + 1|t) · · · 1u(t + Nc|t)

]T
;

W (t)

=
[
w(t|t) w(t + 1|t) · · · w(t + Nc|t)

]T
;

Θ t

=



C̃ t B̃2t 0 0 0

C̃ t Ãt B̃2t C̃ t B̃2t 0 0

· · · · · ·
. . . · · ·

C̃ t Ã
Nc−1
t B̃2t C̃ t Ã

Nc−2
t B̃2t · · · C̃ t B̃2t

C̃ t Ã
Nc
t B̃2t C̃ t Ã

Nc−1
t B̃2t · · · C̃ t Ãt B̃2t

...
...

. . .
...

C̃ t Ã
Np−1
t B̃2t C̃ t Ã

Np−2
t B̃2t · · · C̃ t Ã

Np−Nc−1
t B̃2t


;

Φ t

=



C̃ t B̃1t 0 0 0

C̃ t Ãt B̃1t C̃ t B̃1t 0 0

· · · · · ·
. . . · · ·

C̃ t Ã
Nc−1
t B̃1t C̃ t Ã

Nc−2
t B̃1t · · · C̃ t B̃1t

C̃ t Ã
Nc
t B̃1t C̃ t Ã

Nc−1
t B̃1t · · · C̃ t Ãt B̃1t

...
...

. . .
...

C̃ t Ã
Np−1
t B̃1t C̃ t Ã

Np−2
t B̃1t · · · C̃ t Ã

Np−Nc−1
t B̃1t


.

Considering the multi-objectives including path-tracking
error, vehicle stability, driver’s physical workloads, mental
workloads and the control effort, according to LQR control
method, the cost function is defined as

J =
∫
∞

0

[
q1v2y + q2(ϕd − ϕ)

2
+ q3(Yd − Y )2 + q4δ2sw

+q5δ̇2sw + R1δ
2
r

]
dt (23)

where qi(i = 1, 2, 3, 4, 5) and R are weighting factors,
J1 =

∫
∞

0 (Yd − Y )2dt and J2 =
∫
∞

0 (ϕd − ϕ)2dt represent
the assessment of the path-tracking performance; ϕd and Yd
denote the reference heading angle and the reference lateral
position of current time, respectively; J3 =

∫
∞

0 v2ydt denotes
the vehicle stability performance; J4 =

∫
∞

0 δ2swdt and J5 =∫
∞

0 δ̇2swdt describe the driver’s physical and mental work-
loads [41]–[43], respectively; J6 =

∫
∞

0 1δ2r dt represents the
steering rate of the rear wheel. Equation (16) can be rewritten
as

J (ξ (t),u(t − 1),1U(t)) =
Np∑
i=1

∥∥η(t + i|t)− ηref(t + i|t)∥∥2Q
+

Np−1∑
i=1

‖1u(t + i|t)‖2R + ρε
2

(24)

where ρ is weighting coefficient; ε is relaxation factor;
Q = diag

[
q1 q2 q3 q4 q5

]
; ηref =

[
0 ϕd Yd 0 0

]T
;1u =

[1δr ].
The output deviation in the prediction time domain are

E(t) = Ψ t ξ̃ (t|t)+Φ tW (t)− Y ref(t), (25)
Y ref = [ηref(t + 1|t), · · · ηref(t + Np|t)]T (26)

The cost function (17) can be adjusted as

J (ξ (t),u(t − 1),1U(t)) =
[
1U(t)T, ε

]T
H t

[
1U(t)T, ε

]
+Gt

[
1U(t)T, ε

]
+ Pt (27)

where H t =

[
ΘT
t QeΘ

T
t + Re 0

0 ρ

]
; Gt =

[
2E(t)TQeΘ t 0

]
;

Pt = E(t)TQeE(t),Pt is a constant.
In real practice, there are some physical constrains for this

optimization problem for both output and control variables.
The control input increment 1u = [1δr ] and the control

input u = [δr ] represent the speed and amplitude the rear
steering wheel angle, so they both should obey the physical
limits of the actuators, which could be expressed as

1Umin ≤ 1U(k) ≤ 1Umax, k = t,
t + 1, · · · , t + Nc − 1

Umin ≤ u(t − 1)+
k∑
i=t
1U(k) ≤ Umax, k = t,

t + 1, · · · , t + Nc − 1

(28)

where1Umin 1Umin and1Umax denote the lower and upper
limits for control input increments vector1Uk , respectively;
Umin and Umax represent the lower and upper limits for
control input vector Uk , respectively.

For the safety and stability of the vehicle and considering
the steering wheel angle δsw and steering rate δ̇sw limits,
the output also should be limited. This constraint can be
written as

Ymin − ε ≤ Ψ tξ (t|t)+Θ t1U(t)+Φ tW (t)

≤ Ymax + ε, ε > 0 (29)

98014 VOLUME 8, 2020



H. Zhang et al.: Path Tracking Control for Active Rear Steering Vehicles Considering Driver Steering Characteristics

With all the constraints above, the optimization problem can
be summerized as

min
1U t ,ε

[
1U(t)T, ε

]T
H t

[
1U(t)T, ε

]
+ Gt

[
1U(t)T, ε

]
(30)

subject to

1Umin ≤ 1U(k) ≤ 1Umax, k = t,
t + 1, · · · , t + Nc − 1

Umin ≤ u(t − 1)+
k∑
i=t
1U(k) ≤ Umax, k = t,

t + 1, · · · , t + Nc − 1
Ymin − ε ≤ Ψ tξ (t|t)+Θ t1U(t)+Φ tW (t)
≤ Ymax + ε

ε > 0

(31)

By solving the proposed constrained optimization problem
with Matlab, the sequence of the optimal input increments
can be obtained

1U∗t = [1u∗t ,1u
∗

t+1, · · · ,1u
∗

t+Nc−1]
T (32)

The first sample of 1u∗t is used to compute the optimal
steering torque control law

u(t) = u(t − 1)+1u∗t (33)

IV. SIMULATION STUDIES
In order to verify the effectiveness of the proposed control
strategy, simulations are executed by using the co-simulation
platform of CarSim and Matlab/simulink. Two driver mod-
els with different parameters are identified in advance. The
Driver A is an experienced and aggressive driver with smaller
time delay and larger steering proportional gain, while Driver
B is an inexperienced driver with longer time delay and
smaller steering proportional gain. The MPC controllers are
designed for each driver, respectively. In controller design,
the maximum allowable deviation of trajectory tracking as
well as the maximum human capability of steering angle and
steering rate constraints are set based on the data given in [25].

Five quadratic integral functions are adopted to evaluate
the performance and steering work loads of a driver [26].
The parameters of the drivers and vehicle are shown
in Table 1 and Table 2.

TABLE 1. Parameters of drivers.

In order to verify the effectiveness of the proposed con-
troller for driving assistance, let Driver A and Driver B drive
the vehicle with and without the controller, respectively, and
their simulation results are compared. The driving condition
is set as double lane-change trajectory with constant vehicle
speed of 15 m/s. The simulation results are shown in Fig. 6.

TABLE 2. Parameters of vehicle.

It can be seen from Fig. 6 that, when the controller is
not applied, the inexperienced Driver B has greater steering
wheel angle and steering wheel angle rate than the experi-
enced Driver A. Thus the response of yaw rate and sideslip
angle of the vehicle driven by Driver B are greater than that
of the vehicle driven by Driver A, and the deviation of path
tracking is larger.

In case the controller is applied, steering wheel angle and
steering wheel angle rate of the vehicle driven by Driver A
and B both decrease compared with that of the controller is
not applied, and the reduction of Driver B is more obvious.
As a result, the driver’s physical workload and mental work-
load are all reduced. Fig. 6.c show the vehicle’s rear wheel
angle under the work of the proposed controller. Under the
work of the controller, the rear wheel steering direction of
the vehicle driven by experienced Driver A is the same as
the front wheel, while the direction of the vehicle driven by
inexperienced Driver B is opposite to the front wheel, so as
to better track the target path. In case of vehicle stability,
when the controller is applied, the sideslip angle are both
reduced compared with that of the controller is not applied.
Thus, the stability of the vehicle is improved. In the aspect
of path tracking control, compared with no control, the path
deviation of the two drivers’ driving vehicles is reduced, and
the improvement effect of the inexperienced Driver B is more
obvious.

It can be seen in Table 3 that, when the controller is not
applied, the task performance, physical workload and mental
workload of Driver A are all smaller than those of Driver B.
However, when the controller is applied, the three indicators
of Driver A and Driver B are all decreased, and the workload
of Driver B become smaller than those of Driver A. This
means the proposed controller can significantly improve the
driver’s task performance, decrease the driver’s workload.

TABLE 3. Control performance.
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FIGURE 6. Simulation results.

V. CONCLUSIONS
A path tracking control strategy for active rear steering con-
sidering driver steering characteristics is proposed in this
paper. The driver-vehicle augmented system is established
based on driver and vehicle model at first. The driver char-
acteristics are identified based on daily driving data, then
theMPC control algorithm considering the task performance,
vehicle stability, driver’s physical workloads, mental work-
loads and actuator performance, is designed to optimize
the overall performance of the driver-vehicle system. The
simulation results prove that the personalized controller can
significantly improve the system performance and reduce the
driver’s workloads.
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