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ABSTRACT As one of the research focuses in the field of intelligent driving, improving the performance of
path tracking has become a goal for many scholars. Among many path tracking control algorithms, model
predictive control (MPC) controllers are widely used due to their excellent control performance. However,
the traditional MPC control has shortcomings because it does not consider the particularity of the driving
car with preview driving characteristics, i.e., it is only directly controlling from the vehicle state. To fully
retain the advantages of the MPC controller and simultaneously exert the preview characteristic of the
intelligent vehicle to improve the path tracking performance, this work proposes a model predictive control
with adaptive preview characteristics and an algorithm of longitudinal vehicle speed-assisted constraint for
the path tracking algorithm. The algorithm mainly consists of two parts: The MPC controller with adaptive
preview characteristic is proposed based on the lateral error and target curvature; The longitudinal vehicle
speed-assisted constraint algorithm based on the largest ideal lateral acceleration becomes a supplementary
part of the algorithm as a supplementary constraint of the MPC controller. Series of simulations based on
the Simulink/CARSIM software individually verified the model predictive control with adaptive preview
characteristics and an algorithm of longitudinal vehicle speed-assisted constraint for the path tracking
algorithm. The proposed adaptive preview strategy is suitable for the path tracking algorithm controlled
by the MPC controller and improves the path tracking performance.

INDEX TERMS Path tracking, model predictive control (MPC), adaptive preview characteristics, assisted
constraint.

I. INTRODUCTION
At present, intelligent driving technology is mainly divided
into environment perception and localization, decision plan-
ning and tracking control [1]–[3]. Among them, as the under-
lying technology of intelligent driving, path tracking has a
more direct impact on intelligent driving effects [4] than
environmental awareness and decision planning. If the per-
formance of various indicators of the path tracking can be
greatly improved, the level of intelligent driving is improved,
which is a great significance to enterprises and countries.
Therefore, many scholars currently conduct in-depth research
to improve the performance of various indicators of path
tracking [5]–[11]. The algorithms currently applied in path
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tracking control are mainly divided into six categories: geo-
metric and kinematic algorithms, dynamic algorithms, opti-
mal algorithms, adaptive algorithms, model-based algorithms
and classical algorithms [3]. These studies can be divided
into two major directions. One direction is directly from the
perspective of vehicle status to control, which is learned from
robot control problems, such as optimal algorithms, adaptive
algorithms, model-based algorithms and classical algorithms.
The other direction is to propose a control method from the
perspective of a comprehensive consideration of the vehicle
characteristics and driver characteristics, such as geometric
and kinematic algorithms and dynamic algorithms, which
consider the preview characteristics of the driver.

Path tracking control can be considered an automatic exe-
cution system that replaces the real driver, which should have
the driving characteristics of a real driver [12], [13]. The most

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 184697

https://orcid.org/0000-0003-3538-035X
https://orcid.org/0000-0003-0940-1903


C. Dai et al.: Path Tracking Control Based on MPC With Adaptive Preview Characteristics and Speed-Assisted Constraint

remarkable driving characteristic of a driver is the preview
process, where the driver selects a point on the path at a dis-
tance from the front of the vehicle as a driving reference point.
The preview optimal curvature control described in [14] is
this idea. The tracking control of the intelligent vehicle is
different from the tracking control problem of the robot. The
preview operation is the main characteristic and strategy of
the intelligent vehicle path tracking control.

Among the mentioned algorithms, because of their signifi-
cant advantages for complex coupled systems,multiple inputs
andmultiple outputs, multiconstraint control issues [15]–[17]
and predictive capabilities [18], model predictive controllers
have been the research hotspot in the field of path tracking
control of intelligent vehicles. In particular, in recent years,
the performance of portable supercomputers that can han-
dle complex algorithms and computing power requirements
has been increasing [3], which enables this type of control
method in the intelligent vehicle field. Many studies have
been conducted, e.g., [19] presents a linear model predictive
control approach to design a moving horizon path tracking
controller to solve the situations that may cause collision
and run-out-of-road issues in the traditional path tracking
method. Reference [20] proposes a linear model-based MPC
path-tracking steering controller for autonomous vehicles.
[21], [22] propose model predicted control algorithms to
solve the path-tracking problem of terrestrial autonomous
vehicles. In [23], a path-tracking controller formulated the
tracking task as a multiconstrained model predictive control
problem and calculated the front steering angle to prevent
the vehicle from colliding with a moving obstacle vehicle.
From these studies, although the MPC controller shows good
performance, some shortcomings remain for the path tracking
control of intelligent vehicle. Because the model predictive
controller is directly controlled from the perspective of the
vehicle state, although the MPC controller has certain pre-
dictive ability, the predictive ability of the controller is not
the preview operation from the particularity of the preview
driving characteristics of the vehicle.

To fully retain the advantages of the MPC controller
and simultaneously exert the preview characteristic of the
intelligent vehicle to improve the path tracking effect, this
work proposes a model predictive control with adaptive pre-
view characteristics and an algorithm of longitudinal vehi-
cle speed-assisted constraint for the path tracking algorithm.
The algorithm mainly consists of two parts. The main part
is the MPC controller with adaptive preview characteristic.
The longitudinal vehicle speed-assisted constraint algorithm
is a supplementary part of the algorithm to constrain the
MPC controller. First, an MPC control algorithm based on an
adaptive preview characteristic of the lateral error and target
curvature is proposed to improve the tracking performance.
Then, this work builds the basic framework of MPC. The lat-
eral acceleration should be constrained in theMPC controller,
the vehicle may understeer, and the tracking performance
may deteriorate under constraint. Hence, a longitudinal vehi-
cle speed control assistant algorithm based on the largest ideal

lateral acceleration is proposed to address the contradiction
and improve the vehicle safety and passability.

This work is organized as follows. Section II describes the
autonomous vehicle path tracking model and predictive plant
(vehicle dynamic model) for MPC path tracking. Section III
builds the model predictive control with adaptive preview
characteristics and the longitudinal vehicle speed-assisted
constraint for the path tracking algorithm. The several simu-
lations in the Simulink/CARSIM are conducted in Section IV,
and Section V provides the conclusions.

II. MODELING
In this part, the autonomous vehicle path tracking model and
coordinate systems are described to unify expressions in the
full text. Next, an improved vehicle dynamic model based
on a three-degree-of-freedom (DOF) vehicle dynamic model
was presented to provide a predictive plant for MPC control.

A. AUTONOMOUS VEHICLE PATH TRACKING MODEL
For an autonomous vehicle path tracking model, there are
two coordinate systems: Ground coordinate system (GCS)
and Vehicle coordinate system, which are fixed with the
ground and autonomous vehicle, respectively. Figure 1 also
shows many fundamental variables such as the horizon-
tal and vertical coordinates, heading angles and errors.
In the field of autonomous vehicle path tracking, the mostly
closed-loop control algorithms are based on errors, including
the position error, lateral position error and heading angle
error [24], [25]. Those errors are commonly calculated from
the variables of GCS. Then, lateral position error e1 and
heading angle error e2 are defined as

dY = Yo − Yr (1)

dX = Xo − Xr (2)

e1 = dY × cosψdes − dX × sinψdes (3)

e2 = ψ − ψdes (4)

ė1 = VOx × sin e2 (5)

ė2 = ψ̇ − ψ̇des (6)

where Xr and Yr are the reference horizontal and vertical
coordinates of the center of the vehicle, respectively; ψdes
is the reference heading angle; Xo and Yo are the real hori-
zontal and vertical coordinates of the center of the vehicle,
respectively; ė1 and ė2 are the change ratio of the lateral
position error and heading angle error, respectively; Vox is
the longitudinal velocity; ψ̇ is the yaw angular velocity of
the vehicle; ψ̇des is the reference yaw angular velocity of the
vehicle, and ψ̇des = VOX des × ρr ; ρr is the desired road
curvature.

B. PREDICTIVE PLANT (VEHICLE DYNMIC MODEL) FOR
MPC PATH TRACKING
A vehicle is a highly complicated system with multiple
degrees of freedom, so it is difficult tomodel [26]. To simplify
the model, there are several assumptions as follows.
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FIGURE 1. Autonomous vehicle path tracking model.

1. The movement of the vehicle in the Z-axis direction is
ignored; only the movement in the XY horizontal plane
is considered.

2. The bicycle model is used to describe the vehicle move-
ment with negligible load transfer between left and
right.

3. The speed of the vehicle slowly changes; the transfer
of front and rear axle loads is ignored.

4. The body and suspension systems are rigid.
5. Considering the characteristics of only purely biased

tires only, the longitudinal and lateral coupling of tire
forces are ignored.

6. The performances of aerodynamics are ignored.
Next, as shown in Figure 1, the vehicle model only has

three degrees of freedom: lateral motion, yaw motion about
the z-axis and longitudinal motion along the x-axis. Accord-
ing to Newton’s second law, the force analysis along the
x-axis, y-axis and z-axis includes

max = Fxf + Fxr (7)

may = Fyf + Fyr (8)

Izψ̈ = lf Fyf − lrFyr (9)

where ax and ay are the longitudinal and lateral acceleration
of the vehicle, respectively; Fxf and Fxr are the longitudinal
tire force of the front and rear axles, respectively; Fyf and Fyr
are the lateral tire forces of the front and rear axles, respec-
tively;m and Iz are the vehicle mass and yaw inertia; lf and lr
are the distances from the center of gravity to the front and
rear axles, respectively.

The acceleration in the y-axis direction is

ay = ÿ+ Voxψ̇ (10)

where ψ̇ is the yaw angular velocity.
When subjected to lateral pressure, the tire will produce

a small lateral slip angle while generating a corresponding
lateral force. The lateral forces in the front and rear axles are

Fyf = 2Cf (δf − θf ) (11)

Fyr = 2Cr (−θr ) (12)

where Cf and Cr are the lateral stiffnesses of the front and
rear axles, and δf is the steering angle of the front wheel.

From the geometric perspective, there are the following
relationships

tan(θf ) =
Voy + lf ψ̇

Vox
(13)

tan(θr ) =
Voy − lr ψ̇

Vox
(14)

Because angles θf and θr are small and Voy = ẏ, we have

θf =
ẏ+ lf ψ̇
Vox

(15)

θr =
ẏ− lr ψ̇
Vox

(16)

Then, the dynamic model can be obtained by merging those
formulas as follows

d
dt

[
ẏ
ψ̇

]
= Af

[
ẏ
ψ̇

]
+ Bf [δf ][

ẏ
ψ̇

]
=

[
1 0
0 1

] [
ẏ
ψ̇

]
(17)

where

Af =

 − 2Cf+2Cr
mVox

−Vox −
2Cf lf−2Cr lr

mVox

−
2Cf lf−2Cr lr

IzVox
−

2Cf l2f +2Cr l
2
f

IzVox


Bf =

[
2Cf
m

2Cf lf
Iz

]
.

By introducing output variable ψ̇des, the above model is
transformed from a two-output space state equation into a
three-output space state equation as

d
dt

[
ẏ
ψ̇

]
= As

[
ẏ
ψ̇

]
+ Bs

[
δf
ψ̇des

]
 ẏ
ψ̇

ψ̇des

 =
 1 0

0 1
0 0

[ ẏ
ψ̇

]
+

 0 0
0 0
0 1

[ δf
ψ̇des

]

= Cs
[
ẏ
ψ̇

]
+ Ds

[
δf
ψ̇des

]
(18)

where

As = Af

Bs =

[
2Cf
m

2Cf lf
Iz

0
0

]
.

According to the autonomous vehicle path tracking model,
when heading angle error e2 is small, the following equation
holds[

ė1
ė2

]
=

[
0 Vox
0 0

] [
e1
e2

]
+

[
1
0

0
1

0
−1

] ẏ
ψ̇

ψ̇des


= Aa

[
e1
e2

]
+ Ba

 ẏ
ψ̇

ψ̇des

 (19)
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FIGURE 2. Entire framework of the path tracking control algorithm.

Combining state quantities [ ẏ, ψ̇ ]T and [ e1, e2 ]T ,
the final state space equation is

d
dt


ẏ
ψ̇

e1
e2

 = [ As zeros(2, 2)
Ba ∗ Cs Aa

]
ẏ
ψ̇

e1
e2


+

[
Bs

Ba ∗ Ds

] [
δf
ψ̇des

]

= A


ẏ
ψ̇

e1
e2

+ B1 [δf ]+ B2 (20)

[
e1
e2

]
=

[
0
0

0
0

1
0

0
1

]
ẏ
ψ̇

e1
e2

 = C


ẏ
ψ̇

e1
e2


where

A =


−

2Cf+2Cr
mVox

−Vox −
2Cf lf−2Cr lr

mVox
0 0

−
2Cf lf−2Cr lr

IzVox
−

2Cf l2f +2Cr l
2
f

IzVox
0 0

1 0 0 Vox
0 1 0 0



B1 =


2Cf
m

2Cf lf
Iz
0
0

 ,B2 =


0
0
0
−ψ̇des


After being built, the model should be discretized. This

study uses the bilinear transformation to solve:

Ak,t = (I −
T
2
A)−1(I +

T
2
A) (21)

B1k,t = TB1 (22)

B2k,t = TB2 (23)

Ck,t = C (24)

where T is the model discretized step; I is a 4∗4 unit matrix.
Finally, the discretized state space equation for applica-

tion is

ẋk,t = Ak,txk,t + B1k,tuk,t + B2k,t
yk,t = Ck,txk,t (25)

III. PARTH TRACKING CONTROL ALGRITHM
To introduce the driver preview characteristics into the path
tracking control using the MPC controller, we analyzed the
characteristics of the traditional MPC and established an
adaptive preview strategy based on the MPC controller. Next,
the MPC basic framework was established. Finally, to avoid
the problem that understeer is easily caused by the con-
strained lateral acceleration in MPC, we proposed a longitu-
dinal vehicle speed-assisted constraint strategy based on the
lateral acceleration constraint. The entire framework of the
path tracking control algorithm is shown in Figure 2.

A. ADAPTIVE PREVIEW STRATEGY BASED ON THE MPC
CONTROLLER
During the actual driving process, the drivers do not start
steering after entering the curve. Instead, the drivers start
steering before entering the curve. This process is called
the driver preview operation. For path tracking based on
traditional MPC controllers, there is no preview operation
in the tracking process. To make the driving process more
realistic, driving characteristics with a preview operation
are added to improve the tracking performance, an adap-
tive preview strategy based on the MPC controller was
proposed.
REMARK 1: MPC CONTROLLER WITH PREVIEW

DRIVING CHARACTERISTIC

184700 VOLUME 8, 2020
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For a tracking control issue, reference states can be divided
into two types: control reference state and result reference
state. From the perspective of the control principle, the tradi-
tional MPC controller adopts the current states and reference
variables that correspond to the current states as the basis of
the control, where the control reference state point is identical
to the result reference state point. As shown in Figure 3, when
the vehicle is at position (X kO,Y

k
O), its control and result refer-

ence states correspond to the states of the vehicle at the closest
point (X kr ,Y

k
r ) to the vehicle. Figure 4 is a corresponding

diagram of the MPC control reference states.

FIGURE 3. Status quantity correspondence diagram.

FIGURE 4. Traditional MPC control reference correspondence diagram.

Based on the analysis of the reference state selected by
the traditional MPC controller, an MPC controller with a
preview strategy was proposed for the problem that there was
no preview operation using the traditional MPC controller.
In the MPC controller with a preview strategy, the closest
point (X kr ,Y

k
r ) to the vehicle is not the control reference

state point but only a result reference point. Reference point
(X k+ir ,Y k+ir ) at a certain distance in front of the vehicle is
selected as the control reference state point of (X kO,Y

k
O). The

MPC control process transits to that in Figure 5, where i is

the preview time. The modified MPC control process only
changes the current control reference state. We can consider
that the actual states under the original MPC reference states
at K time generate an offset, which will not affect the control
stability and control mode of the MPC [27].

FIGURE 5. Reference map of the MPC controller with preview driving
characteristic.

REMARK 2: ADAPTIVE PREVIEW STRATATEGY
In real life, the drivers generally adjust their driving behav-

ior through the current state of the vehicle and the road ahead,
including the driving distance, steering behavior and driving
speed. During the driving process of the driver, the driving
accuracy is controlled in a safety zone for a specified path
tracking. In addition, steering ahead is adopted to enable the
vehicle to quickly enter the desired states, and the steering
rate of change is minimized to improve driving comfort.
The action of steering ahead is started depending on the
preview distance, which becomes the key to affect the lateral
control performance. During the driving process, the preview
distance should be changeable because the preview distance
will decrease if the driver encounters an increase in curvature
of the front path. Simultaneously, to ensure the control accu-
racy, the preview distance will also decrease when the error
increases. Therefore, an adaptive preview distance strategy
based on the target curvature and lateral error was proposed

tpremax = 0.02VOX (26)

tpremin = 0.016VOX (27)
tpre = tpremax − K1tpremax • (

|e1|
|emax|

)−

K2tpremax • (
|ρ|
|ρmax|

), if tpre > tpremin

tpre = tpremin , if tpre ≤ tpremin

(28)

Lpre = VOX tpre (29)

where K1+K2 =1 and K1 and K2 are the weight coefficients;
emax is the maximal lateral error; ρmax is the maximal path
curvature; tpremax and tpremin are the maximal and minimal
preview time; Lpre is the preview distance.
REMARK 3: MPC CONTROLLER MPC WITH ADAP-

TIVE PREVIEW STRATATEGY
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The reference point at the front of the vehicle, which is
obtained by the adaptive preview distance Lpre, was used as
the control reference point of the MPC controller, and the
closest point was used as the result reference point. In sum-
mary, the MPC controller with adaptive preview strategy can
be represented by Figures 6 and 7.

FIGURE 6. Schematic diagram of the MPC controller with adaptive
preview strategy.

FIGURE 7. Corresponding diagram of the MPC controller with adaptive
preview strategy.

B. BASIC MPC FRAMEWORK FOR PATH TRACKING
REMARK 1: BUILDING THE PREDICTION EQUATION
We converted equation (25) to an augmented matrix form,

whose state quantities are ξ (k) = [ x(k), u(k) ]T and control
quantity is 1u(k).

ξ (k + 1|k) = Ãk,tξ (k|k)+ B̃1k,t1u(k|k)+ B̃2k,t
η(k + 1|k) = C̃k,tξ (k|k) (30)

where Ãk,t =
[
Ak,t B1k,t
0m×n Im

]
, B̃1k,t =

[
B1k,t
Im

]
, B̃2k,t =[

B2k,t
0m

]
, C̃k,t = [Ck,t 0 ].

To further simplify the expression, we make those defini-
tions as follows

Ã = Ãk,t , k = 1, 2, · · · , t + N − 1 (31)

B̃1 = B̃1k,t , k = 1, 2, · · · , t + N − 1 (32)

B̃2 = B̃2k,t , k = 1, 2, · · · , t + N − 1 (33)

C̃ = C̃k,t , k = 1, 2, · · · , t + N − 1 (34)

Then, the predictive horizon and control horizon are set as
NP and NC . Therefore, the state quantity and system output
in the prediction horizon are

ξ (k + Np|k) = Ã
Np
ξ (k|k)+ Ã

Np−1
B̃11u(k|k)+ · · ·

+Ã
Np−Nc−1

B̃11u(k + Nc|k)+ Ã
Np−1

B̃21
+ · · · ÃB̃2Np−1 + B̃2Np

η(k + Np|k) = C̃Ã
Np
ξ (k|k)+ C̃Ã

Np−1
B̃11u(k|k)

+ · · · + C̃Ã
Np−Nc−1

B̃11u(k + Nc|k) (35)

Next, the form of the output matrix of the system at the
future time is expressed as

Y (k) = 9kξ (k|k)+2k1U(k|k)+ 0k (36)

whereY (k) =


η(k + 1|k)
η(k + 2|k)

...

η(k + Np|k)

 ,9k =


C̃Ã

C̃Ã
2

...

C̃Ã
Np

 ,1U(k) =


1u(k|k)

1u(k + 1|k)
...

1u(k + Nc|k)

 ,0k =


B̃2
ÃB̃2+ B̃2
...

Ã
Np−1B̃2+ · · · + ÃB̃2+ B̃2

 ,

2k =



C̃B̃1 0 · · · 0
C̃ÃB̃1 C̃B̃1 · · · 0
...

C̃Ã
Nc−1B̃1

...

C̃Ã
Nc−2B̃1

. . .

· · ·

...

C̃B̃1

C̃Ã
NcB̃1
...

C̃Ã
Np−1B̃1

C̃Ã
Nc−1B̃1
...

C̃Ã
Np−2B̃1

· · ·

. . .

· · ·

C̃ÃB̃1
...

C̃Ã
Np−Nc−1B̃1


REMARK 2: BUILDING THE COST FUNTION
When constructing the cost function, we considered that if

the control quantity was used as the state quantity, the control
increment could not be precisely constrained. Simultane-
ously, considering the feasible solution to ensure the opti-
mization goal, we added a relaxation factor and constructed
the tracking cost function as

J (ξ (k), u(k − 1),1U(k))

=

Np∑
i=1

||η(k + i|k)− ηref (k + 1|k)||2Q

+

Nc−1∑
i=1

||1u(k + i|k)||2R + τε
2 (37)

where ε is the relaxation factor, τ is the weight coefficient,
Q is the weight coefficient matrix for state variables, and R is
the weight coefficient matrix for control variables.
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The deviation of the output in the predicted horizon is
obtained by equation (36) as

E(k) = 9kξ (k|k)+2k1U(k|k)+ 0k − Y ref (k) (38)

where Y ref (k) = [ ηref (k + 1|k), · · · , ηref (k + Np|k) ]T ,
ηref (k + i|k) is the reference output at step k + i.
To simplify the expression, the equation of 9kξ (k|k) +

0k−Y ref (k) is defined asEeq(k). Therefore, the cost function
can be further expressed as

J (ξ (k), u(k − 1),1U(k))

= [1U(k); ε]THk [1U(k); ε]

+Fk [1U(k); ε]+ ETeq(k)QEeq(k) (39)

where Hk =

[
2T
k Q2k + R 0

0 τ

]
,Fk =

[
2ETeq(k)Q2k 0

]
.

REMARK 3: SETTING THE STABILITY CON-
STRAINTS

The dynamic vehiclemodel considering the internal forces,
energy or momentum in the system [3], [28], [29] is built
based on the assumptions in Section II. Thus, the constraints
should include the steering angle, change ratio of the steer-
ing angle, tire lateral slip angle, and ground attachment
conditions.

The steering wheel of the vehicle was turned to the left
and right limit positions, i.e., ±540◦. The steering ratio of
the vehicle was set as 16.5, so the limit position of the front
wheel was ±32.75◦. According to the limit experiment of
the current steering wheel of the motor, the limit steering
speed of the general vehicle was 500◦/s; to ensure the steer
speed, the value range was generally [250◦/s, 500◦/s]. After
converting the units according to the actual control step,
the constraint of the steering wheel angle was set as [-0.5]
≤ Uk ≤ [0.5], and the change ratio of the steering wheel
angle was set as [−0.005] ≤ 1U∗k ≤ [0.005].

In addition, according to the tire’s characteristics, when the
lateral slip angle of the tire is within [-5◦, 5◦], the lateral
slip angle is linear with the slip bias force, and the vehicle
is in a stable state in the lateral direction. The dynamic model
was based on the assumption of a small lateral slip angle,
so the constraint on the front wheel slip angle was defined
as -5◦ ≤ af ≤ 5◦. In tire dynamics, there is the following
relationship

αf =
ẏ+ lf ψ̇
VOx

− δf (40)

Therefore, −5◦ ≤ ẏ+lf ψ̇
VOx
− δf ≤ 5◦.

During the operation of the vehicle, the vehicle is restricted
by ground attachment conditions, and the lateral acceleration
is a manifestation of the vehicle attachment conditions. The
lateral acceleration can be restricted to achieve the ground
attachment conditions. It can increase the safety of the vehicle
and improve the comfort of the vehicle when the lateral accel-
eration is restricted. However, when the lateral acceleration is
restrained in the MPC controller, while the vehicle enters the
large curvature curve at a constant speed, the steering angle

is easily restricted. This scenario may result in an insuffi-
cient steering angle, and there is a possibility to rush out of
the track path with decrease tracking performance. Aiming
at the dilemma between lateral acceleration constraint and
large curvature curve under constant speed, a longitudinal
speed-assisted constraint algorithm based on lateral accel-
eration was proposed [30]. The longitudinal speed-assisted
constraint is equivalent to the lateral acceleration constraint,
which is a supplement constraint of the MPC. The longitudi-
nal speed-assisted constraint algorithm will be explained in
detail in part C of this chapter.
REMARK 4: OPTIMIZATION PROBLEM
Combining the above cost function and constraints,

the solution process transfers to the following quadratic pro-
gramming optimization problem

min
1uk ,ε

= [1U(k); ε]THk [1U(k); ε]+ Fk [1U(k); ε]

s.t. 1Umin ≤1Uk ≤ 1Umax

Umin ≤ Uk + V1Uk ≤ Umax

−αf min +
x(1)+ lf x(2)

VOx
≤Uk+V1Uk≤−αf max

+
x(1)+ lf x(2)

VOx
Ymin − ε ≤ Y sc ≤ Ymax + ε

ε > 0 (41)

where V =


1 0 · · · 0
1
...

1
...

. . .

· · ·

0
...

1 1 · · · 0
1 1 · · · 1


︸ ︷︷ ︸

Nc×Nc

⊗Im; ⊗ is Kronecker product.

REMARK 5: FEEDBACK
After completing the optimization solution in each control

cycle, a series of control input increments in the control time
domain is obtained

1U∗k = [1u∗k , · · · ,1u
∗

k+Nc−1]
T

We applied the first element in the control sequence to the
system as the actual control input increment; then, the control
variable at this step is

u(k) = u(k − 1)+1u∗k (42)

The system performs the control variable to the next step
and repredicts the output of the next step based on the state
information at a new step. This cycle is repeated until the
entire control process is completed.

C. LONGITUDINAL VEHICLE SPEED-ASSISTED
CONSTRAINT ALGORITHM
When the vehicle is running, it is limited by the ground
adhesion. The following relationship holds:

√
a2x + a2y ≤ µg.

Accordingly, we can derive that |ay| ≤ µg, where µ is
the road surface adhesion coefficient, and the road sur-
face adhesion coefficient is generally in the range of µ ∈
[0.2, 0.85]. Simultaneously, from the perspective of vehicle
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control safety, the range of the lateral acceleration limit is
generally |ay| ∈ [4, 6]m/s2. Thus, the lateral acceleration
limit was taken as 0.6 g, i.e., −6m/s2 ≤ ay ≤ 6m/s2.

In the path tracking control, when the lateral constraint
and control precision are contradictory and neither lateral
constraint nor control precision is to be relaxed, only the
longitudinal speed of the vehicle is decreased to relax the limit
condition [31]. For path tracking control research, the goal
is to ensure control accuracy under the most extreme con-
ditions possible. In the lateral control constraint, the lateral
acceleration is affected by the vehicle speed. According to the
kinematic model, when the lateral slope of the road is ignored
on the horizontal plane, the lateral acceleration is

aydes =
V 2
oxdes

Rdes
= V 2

oxdesρ (43)

where aydes is the ideal lateral acceleration; Rdes is the
ideal turning radius; Voxdes is the ideal speed; ρ is the road
curvature.

According to the above formula, the ideal limit speed can
be derived. In actual operation, the largest ideal limit speed
should be set. Thus, the following expression holds

Voxdes =
√
|
aydes
ρ
|, if

√
|
aydes
ρ
| ≤ Vmax

oxdes

Voxdes = Vmax
oxdes, if

√
|
aydes
ρ
| > Vmax

oxdes

(44)

To better simulate human driving characteristics, the cal-
culated target speed must be decelerated in advance and
accelerated at a delay.

IV. SIMULATION RESULTS AND ILLUSTRATION
A. TRADITIONAL MPC CONTROLLER SIMULATION
REMARK 1: SIMULATION DESCRIPTION

To verify the proposed dynamic model and provide a com-
parable object using the traditional MPC controller, a cosim-
ulation program was established in Simulink/CARSIM. The
program converted the front wheel angle into the steering
wheel angle input through the steering system transmission
ratio. The longitudinal vehicle speed was set as a constant
value in CARSIM. In the program, a C-class car was selected
to have the CARSIM’s vehicle model, and the other variables
are shown in table 1. The running step of the program was set
to 1000 Hz, and the control step of the controller was set to
100 Hz.
REMARK 2: SETTING WORKING CONDITION
The ISO3888-1:1999 shifting condition was set as a part of

the test path in the middle of a straight road, and its variables
are shown in Figure 8.

1—direction of travel, 2—lane offset, 3—road width,
4—road segment 1, 5—road segment 2, 6—road segment 3,
7—road segment 4, 8—road segment 5, 9—road segment 6.

The positions and offsets of each segment in Figure 8 are
shown in table 2.
REMARK 3: SIMULATION RESULTS

TABLE 1. Simulation parameters.

FIGURE 8. ISO3888-1:1999 path settings.

TABLE 2. Table of variables in the ISO3888-1:1999 path settings.

The simulation results with longitudinal speeds of 10 m/s,
20 m/s and 30 m/s are shown in Figure 9.

The simulation results show that the largest lateral error
of tracking the path is 0.22 m, the largest yaw angle error of
tracking the path is -0.040 rad, the largest lateral acceleration
is -0.198 g, and the largest lateral slip angle of the left front
wheel is -0.75◦ when the vehicle speed is 10 m/s. When the
vehicle speed is 20 m/s, the largest lateral error is 0.50 m,
the largest yaw angle error of tracking the path is -0.067
rad, the largest lateral acceleration is 0.600 g, and the largest
lateral slip angle of the left front wheel is -2.37◦. When the
vehicle speed is 30 m/s, the path tracking performance is
obviously worse: the lateral error is 1.46 m, the largest yaw
angle error is -0.094 rad, the largest lateral acceleration is
0.8461 g, and the largest lateral slip angle of the left front
wheel is -4.42◦. At low and medium speeds, the tracking
performance basically satisfies the tracking requirements, but
the tracking performance deteriorates when the vehicle speed
increases.
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FIGURE 9. (a). Lateral error at different vehicle speeds (b). Yaw angle error at different speeds (c). Tracking path at different
speeds (d). Lateral slip angle of the left front wheel at different speeds.

At the first turn in Figure 9 (c), all three steering
actions begin only when the vehicle enters the first corner,
which is the 59th m in the X axis. In the enlarged part
of Figure 9 (c), the tracking actions of the vehicle is gradually

delayed when the vehicle speed increases. The tracking
action has lagged behind the reference path, which results
in a worse tracking performance when the vehicle speed
is 30 m/s.
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FIGURE 10. (a). Lateral error at different vehicle speeds (b). Yaw angle error at different speeds (c). Tracking path at different
speeds (d). Left front wheel’s lateral slip angle at different speeds (e). Preview distance at different speeds.

B. SIMULATION TO VERIFY THE ADAPTIVE PREVIEW
STRATATEGY BASED ON THE MPC CONTROLLER
To verify the proposed the adaptive preview strategy based
on the MPC controller, we set the double-shifting conditions

identical to Section IV.A and the longitudinal speeds to be
10 m/s, 20 m/s, and 30 m/s. The newly added and changed
parameters are shown in table 3, and the simulation results
are shown in Figure 10.
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FIGURE 11. (a). Tracking path (b). Steering angle (c). Lateral error (d). Yaw angle error (e). Longitudinal speed and lateral acceleration.

As shown in Figure 10, when the vehicle speed is 10 m/s,
the largest lateral error of tracking the path is 0.04 m, the
largest yaw angle error of tracking the path is -0.010 rad,
the largest lateral acceleration is -0.25 g, and the largest lateral
slip angle of the left front wheel is -0.81◦. When the vehicle
speed is 20 m/s, the largest lateral error is 0.23 m, the largest
yaw angle error of tracking the path is -0.041 rad, the largest

lateral acceleration is 0.80 g, and the largest lateral slip angle
of the left front wheel is -4.34◦. When the vehicle speed is
30m/s, the largest lateral error is 0.61m, the largest yaw angle
error of tracking the path is -0.058 rad, the largest lateral
acceleration is 0.90 g, and the largest lateral slip angle of
the left front wheel is -4.64◦. The comparison in Figure 10
(a) shows that the largest lateral error of path tracking is
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TABLE 3. Table of new variables in the model.

reduced by 81.8%, 54%, and 58.2% when the vehicle speed
is 10 m/s, 20 m/s, and 30 m/s, respectively. The comparison
in Figure 10 (b) shows that the largest yaw angle error of path
tracking is reduced by 75.0%, 38.8% and 38.3% when the
vehicle speed is 10 m/s, 20 m/s, and 30 m/s, respectively.

Figure 10 (e) shows that the preview distance varies with
the curvature and lateral error at different vehicle speeds.
Therefore, as shown in the enlarged area in Figure 10 (c),
the steering action starts before entering the curve and
advances when the vehicle speed increases. We specifically
present three steering actions that begins at the 59th m, 53th m
and 47th m on the X axis. The simulation results show that the
tracking performance was improved, but the lateral accelera-
tion of the vehicle was easily at the extreme edge.

C. SIMULATION TO VERIFY THE PROPOSED PATH
TRACKING CONTROL STRATATEGY OF THE MPC WITH THE
SPEED CONSTRAINT AND PREVIEW PROCESS
To verify the proposed path tracking control based on
model predictive control with adaptive preview charac-
teristics and longitudinal vehicle speed-assisted constraint
algorithm, the integrated driving conditions were set for sim-
ulation. A circuit condition in Figure 11 (a) was set in the
CARSIM, and its starting vehicle speed was set at 72 km/h.
The target speed was decelerated for 2 seconds in advance
and could only be accelerated on the straight path. The sim-
ulation results with Np having the rounding magnitude of
100-1.5(Vox -10) are as follows.

As shown in Figure 11, the lateral error is maintained
within [−0.270 m, 0.138 m], the yaw angle error is main-
tained within [−0.026 rad, 0.029 rad], the lateral acceleration
in the curve is maintained at 0.6 g for most of the time, and the
largest value is 0.643 g. A few parts exceeded 0.6 g, such as
the magnified area in Figure 11 (e), because the longitudinal
velocity did not fall below the reference value during the
curve.

In addition, Figure 11 (e) shows that the annular road
condition has a minimum vehicle speed of 48 km/h under the
lateral acceleration constraint of 0.6 g. In the tracking process,
only the starting vehicle speed is smaller than the minimum
vehicle speed of 48 km/h, and all other vehicles travel at a
speed above 48 km/h. Thus, this strategy obviously results in
a much lower running time for tracking than with a constant
speed of 48 km/h. From the perspective of lateral error and

lateral acceleration, the proposed path tracking control strat-
egy of MPC with the speed constraint and preview process
achieves the desired performance.

V. CONCLUSION AND FUTURE WORK
A model predictive control is proposed with adaptive pre-
view characteristics and an algorithm of the longitudinal
vehicle speed-assisted constraint for the path tracking algo-
rithm. First, an MPC algorithm based on an adaptive preview
characteristic of lateral error and target curvature is pro-
posed to improve the tracking performance. Then, this work
builds the basic framework of MPC. The lateral acceleration
should be constrained in the MPC controller, the vehicle
may understeer, and the tracking performance may deterio-
rate under constraint. Considering this contradiction, a lon-
gitudinal vehicle speed control assistant algorithm based on
the largest ideal lateral acceleration is proposed to resolve
the contradiction and improve vehicle safety and passability.
In this study, we found that

(1) The traditional MPC controller generates almost no
preview characteristics in the intelligent vehicle path tracking
application, but the control strategy of the intelligent vehicle
path tracking requires the preview characteristic to improve
the tracking performance.

(2) The proposed adaptive preview strategy is suitable for
the path tracking algorithm controlled by the MPC controller.

(3) We only consider the vehicle speed constraint that
corresponds to the lateral acceleration in the horizontal plane,
and the vehicle must be decelerated in advance to satisfy the
requirements of no acceleration and deceleration operation in
a curve and the corresponding speed of the curve.

(4) The model predictive control with adaptive preview
characteristics and an algorithm of the longitudinal vehi-
cle speed-assisted constraint for the path tracking algorithm
reduces the running time when the vehicle tracks a specified
path with a safe and constant vehicle speed.

However, shortcomings remain in this study: the Np step
size is not constant, and the longitudinal speed control could
not fully satisfy the constraint. Those issues will be our next
research focus.
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