
Journal of Intelligent & Robotic Systems
https://doi.org/10.1007/s10846-018-0834-4

Implementation and Development of a Trajectory Tracking Control
System for Intelligent Vehicle

Junyu Cai1 ·Haobin Jiang1,2 · Long Chen1 · Jun Liu1 · Yingfeng Cai2 · JunyanWang3

Received: 9 June 2017 / Accepted: 29 March 2018
© Springer Science+Business Media B.V., part of Springer Nature 2018

Abstract
In this paper, a trajectory tracking control system, which consists of a model predictive control unit and an active safety
steering control unit, has been developed. A nonlinear bicycle vehicle model, including the longitudinal, lateral, yaw, and
quasi-static roll motions, was derived as a predictive model to simulate and test the proposed model predictive control (MPC)
system. A 4-DOF vehicle model was used to reflect the characteristics of vehicle dynamics to avoid rollover accidents of
automobiles. Simulation was performed and experiment results demonstrated good performance of both MPC unit and active
safety steering control unit. Finally, it was proved that the proposed trajectory tracking control system is easy to realize with
low cost.

Keywords Model predictive control · Tracking control · Steer-by-wire · Active safety · Active steering control

1 Introduction

Intelligent vehicles (IV), which are integrated with many
advanced technologies such as circumstance perceiving,
planning and decision making, and automated driving,
have become a hotspot of future development in the
automobile industry and have a good application prospect in
vehicle engineering [1, 2]. Their intelligence is embodied in
automatic navigation in place of manual operation to reduce
reliance on driver operation and the frequency of traffic
accidents, improve road efficiency by planning travel paths
using real-time traffic information, and realize “zero loss,
zero road traffic congestion” [3].

At present, many trajectory tracking control algorithms
utilize PID control, synovial control, or neural network con-
trol, but these methods are highly dependent on the

� Haobin Jiang
jianghb@ujs.edu.cn

1 School of Automobile and Traffic Engineering,
Jiangsu University, Xuefu Road 301, Zhenjiang
212013, China

2 Automotive Engineering Research Institute,
Jiangsu University, Zhenjiang, China

3 School of Automotive Engineering, Zhenjiang College,
Zhenjiang, China

parameters and environment, and thus are not very adap-
table [4–7]. MPC (model predictive control) is now widely
implemented for vehicle motion planning and control
due to its advantages of using multi-step testing, rolling
optimization and feedback correction, and other control
strategies, especially strong ability to deal with multi-
objective constraints [8]. Using a complex model can yield
more accurate vehicle output values, but it also increases the
controller’s computational load. However, using a simple
model may lead to vehicle tracking failure. In order to
solve this problem, Liu et al. [9] designed a 2-DOF bicycle
model and a 14-DOF model trajectory tracking controller.
We compared the trajectory tracking results, as shown
in Fig. 1, where Fig. 1a does not consider the safety
constraints and Fig. 1b considers the safety constraints.
It can be seen that the controller based on the 14-DOF
model can achieve better obstacle avoidance; however,
the 2-DOF model can also have similar effects and the
computational time has obvious advantages. Therefore, the
complex prediction model is not the best choice. The
focus of this study was to reasonably simplify the vehicle
dynamics model and to choose the constraints that satisfy
the driving conditions. In another study, Falcone et al.
[10] presented a novel MPC-based approach for active
steering control design, and conducted a simulation test
of an obstacle avoidance emergency maneuver involving
a double lane change maneuver on snow or ice with a
given initial forward speed, but it was unable to track time
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Fig. 1 Comparison of 2-DOF
model and 14-DOF model’s
vehicle trajectories. a Vehicle
trajectories when 2-DOF model
and 14-DOF model both without
steering limits. b Vehicle
trajectories when 2-DOF model
and 14-DOF model both used
steering limits

(b)(a)

varying curvature trajectory and difficult to implement on
the vehicle.

When there are strong disturbances and uncertainties,
MPC cannot work well with the vehicle stability for not
directly handling disturbances [11]. Thus, active safety
control based on SBW (steer-by-wire) system acts as a
compensator, thereby improving vehicle performance of
stability and safety. SBW was first used in NASA’s digital
fly-by-wire aircraft (1972) and the advantages of SBW
are easier operation for left- or right-hand driving, no
disturbances or vibrations transmitted to drivers’ hands,
and strong ability to improve steering efforts and driving
safety based on different driving conditions by introducing
advanced controllers [12, 13]. An SBW system without
a conventional steering motor was designed with an
electronic control unit instead of the mechanical connection
between the steering wheels, getting rid of the limitation of
mechanical steering systems [14]. The steering system is the
key component of vehicle dynamic to control the vehicle,
which is related to the operation stability and the driving
safety of the vehicle. Under normal driving conditions,
the vehicle has good operational stability, and in imminent
danger, the SBW system is required to adjust the attitude
of the vehicle in time to avoid the danger [15]. As the
research in SBW systems is maturing, and new elements
such as compensation components are considered [16].
However, practical applications combining MPC and SBW
for rollover prevention have rarely been demonstrated.

In this paper, we establish an easy to realize and low-cost
trajectory tracking control system for intelligent vehicles,
which includes an MPC unit and an active safety steering
control unit to maintain vehicle safety and stability in
high-speed and complex conditions.

The main purpose of the developed controllers is to
improve both the vehicle stability and the comfort of the
driver [17]. A nonlinear bicycle vehicle model was used
to predict the vehicle dynamic behavior [18]. A 4-DOF
vehicle model [19] was used to avoid rollover accidents
of automobiles. By the combination of motion state online

prediction technology and SBW system, the active safety
steering control system based on the 4-DOF vehicle model
acts as a compensation of front angle in a dangerous
situation.

Each sensor receives the real-time position, attitude,
and speed information through the serial port RS232 and
transfers the data to the self-developed MPC system. The
MPC controller recognizes vehicle driving performance and
determines the target front wheel angle. The active safety
steering controller receives the target front wheel angle from
the MPC controller, and calculates the difference between
the current angle and target angle. When a vehicle rolls
over, the front and rear axles of the body roll into the
front and rear axles, and the load on one side of the left
and right wheels increases, while the load on the other
side decreases, which is called load transfer [20]. Preston
and Dongyoon et al. [21, 22] proposed the use of LTR
(lateral load transfer ratio) to determine the rollover risk
level, which can better reflect the vehicle rollover status.
In order to achieve the rollover discrimination function, the
LTR value needs to be predicted in the next few seconds.
Commonly used prediction methods are mainly Markov
analysis, neural network prediction, gray system model
prediction, and regression model prediction [23]. AR (auto-
regressive) model prediction is a linear prediction method,
and the value after the Nth point is calculated by recursive
method from N known quantities of the system [24–26].
This paper selects the AR model to complete the LTR
prediction work to determine whether the vehicle is in
rollover risk. Thus, the steering motor can track the target
angle quickly and precisely and enter into compensation
control when the real-time predicted LTR exceeds LTR
thresholds. Finally, the safety and stability of the intelligent
vehicle is realized to achieve trajectory tracking function.

This paper is organized as follows. The details of the
trajectory tracking control system architecture, including a
nonlinear bicycle vehicle model, a 4-DOF dynamics model
and control methods of the MPC algorithm, AR prediction
model, and active safety steering algorithm are presented
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in Section 2. In Section 3, the experimental setup of the
trajectory tracking control system is given. The simulation
and experiment results are analyzed in Section 4. Finally, in
Section 5, the conclusions and some recommendations for
future work are presented.

2 System Architecture

The block diagram of trajectory tracking control system
architecture is given in Fig. 2, which has 2 parts, the MPC
unit and the active safety steering control unit.

2.1 Vehicle Dynamics for MPC

A nonlinear vehicle dynamic model including the longitudi-
nal, lateral, and yaw motion was used as a predictive model
for the model predictive control unit. Compared with the
kinematic model [27], the dynamic model can improve the
predictive ability of the controller for future behavior. A
four-wheel vehicle model was simplified as a vehicle bicy-
cle model to ensure the accuracy of the model (see Fig. 3).
The road friction coefficient, sideslip angle, and slip rate of
both left wheel and right wheel were assumed to be equal.
The nonlinear vehicle dynamic model for MPC unit was
simplified as follows:

mÿ= −mẋϕ̇+2

[
Ccf

(
δf− ẏ+aϕ̇

ẋ

)
+Ccr

bϕ̇−ẏ

ẋ

]
(1)

mẍ= mẏϕ̇+2

[
Clfsf+Ccf

(
δf− ẏ+aϕ̇

ẋ

)
δf+Clrsr

]
(2)

Iϕ̈= 2

[
aCcf

(
δf− ẏ+aϕ̇

ẋ

)
−bCcr

bϕ̇−ẏ

ẋ

]
(3)

Ẏ=ẋsinϕ+ẏcosϕ (4)

φ

Fig. 3 Vehicle bicycle model

Ẋ=ẋcosϕ−ẏsinϕ (5)

In this unit, state variables were selected as

ξdyn=[ẏ,ẋ, ϕ,ϕ̇,Y,X]T (6)

Control variables were selected as

Udyn=δf (7)

The state variable a is the distance between the centroids
of the front axle, b is the distance between the centroids of
the rear axle, m is the vehicle mass, δf is the front wheel
angle, αf is the front wheel side angle, ϕ and ϕ̇ are the yaw
and yaw rate of the vehicle, CcfCcr and ClfClr are the tire
lateral and longitudinal stiffness of the front and rear axle,
respectively, and finally ẋẏ are the longitudinal velocity and
lateral velocity of the vehicle centroid.

2.2 Vehicle Rollover Model

The vehicle rollover model was used for the active safety
steering control unit. Although the MPC unit uses the
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Fig. 2 Trajectory tracking control system architecture
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vehicle bicycle model to predict the vehicle future behavior,
there will still be a rollover risk when driving. To establish a
simple and accurate 4-DOF vehicle rollover model to further
ensure the vehicle safety when driving at high speed, the roll
dynamics equations of a 4-DOF vehicle rollover model [28]
(see Fig. 4) were written as

m×ay=Fy=
(
Fy11+Fy12

) × cos δ+ (Fx11+Fx12) × sin δ+Fy21+Fy22 (8)

ay=v̇+ωu + hω2 sinφ+hφ̇2 sinφ−hφ̈ cosφ (9)
(
Ix+mh2

)
φ̈ = (Fz2−Fz1)

D

2
+Fyh cosφ+mgh sinφ

+ [(Iy−Iz
) −mh2]ω2 sinφ cosφ (10)

mz̈2= m
(
φ̇2h sinφ+φ̈h cosφ

)
= (Fz1+Fz2) −mg (11)

In this paper, we use Fx, Fy, and Fz to represent the
longitudinal, lateral, and vertical tire forces, respectively;
φandω are the heading angle and yaw rate, respectively; the
variables at the front and rear wheels are denoted by lower
subscripts 1 and 2.

The lateral load transfer ratio (LTR) is a very reliable
rollover indicator to determine the degree of risk of rollover.
More details on LTR can be found in Ref. [29]. LTR is
expressed by Fz1 and Fz2 which are defined as the vertical
tire forces acting on the left and right sides of the wheels:

LTR =Fz1−Fz2
Fz1+Fz2

(12)

The vertical loads on the left and right sides of the wheels
are equal when LTR becomes 0, meaning that the vehicle
is running in good condition. When LTR becomes 1 or -1,
one side of the wheel is separated from the ground, and the
vehicle will have rollover risk. Thus, LTR was chosen as a
rollover indicator with a threshold of 0.8. If the real-time

LTR value is more than 0.8, the active safety steering control
unit will work. Considering the assumption of modeling
that the side angle and the change rate can be regarded as
minimal: φ̇≈ 0,φ̈≈ 0

LTR = 2

D

h · ( cosφ·(v̇+ωu) + g · sinφ)

g
(13)

Substituting cos2 φ ≈ 0, sinφ ≈ 0, v̇ + ωu = ay cosφ into
the formula above, LTR can be transformed to

LTR = 2h

Dg
(ay + g cosφ) (14)

where ay is lateral acceleration and φ is roll angle.

2.3 AR PredictionModel

According to the definition of AR model, the AR prediction
formula was written as

XN+i=ϕ1xN−1+i+ϕ2xN−2+i + . . . + ϕpxN−p+i (15)

where xN+i is predicted value, xN−1+ixN−2+i. . .xN−p+i is
observant value, and p is the model order.

In this paper, AIC (Akaike Information Criterion) [30,
31] was used to determine the model order, with the
following formulas:

Ip= log

[
Sp (N)

N

]
+2p/N (16)

Sp (N) =
(
XN−�Nφ̂N

)T
(XN−�Nφ̂N) (17)

where Ipis minimum model order, N is the number of data
needed for modeling, and Sp (N) is the sum of squared resi-
duals for AR order. Mathematical expectation is estimated
by recursive least squares method after determining the mo-
del order. After determining the model parameters, LTR can

Fig. 4 4-DOF Vehicle Rollover
Model
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be predicted. The estimating procedure of model parameters
ϕp can be expressed as:

φ̂N=[�T
N�N]−1

�TXN (18)

The recursive least squares estimation formula is

ϕ̂N+1=ϕ̂N+KN+1

[
xN+1−	T

N+1ϕ̂N

]
,N ≥ 2p (19)

Where,

�N =

⎡
⎢⎢⎣

xp
xp+1

. . .

xN−1

xp−1

xp
. . .

xN−2

. . .

. . .

. . .

. . .

x1
x2
. . .

xN−p

⎤
⎥⎥⎦

=

⎡
⎢⎢⎢⎣

	T
p+1

	T
p+2
. . .

	T
N

⎤
⎥⎥⎥⎦KN+1= PN	N+1

1+	T
N+1PN	N+1

(20)

The initial value of PN isPN=[�T
N�N]−1

, and the update
formula is

PN+1=
(
I−KN+1	

T
N+1

)
PN (21)

2.4 Controller Design of MPC Unit

2.4.1 Linear Error Equation

In this paper, the nonlinear dynamics model needed to be
linearized because nonlinear MPC cannot generally meet
the instantaneity requirements of the controller when the in-
telligent vehicle travels at high speed. In the control process,
there is always a desired reference trajectory. At the moment
t, the controller predicts the system output in the future
with the current measured value and forecasting model. This
results in a control sequence whose first element serves as
the control amount of the controlled object. The control
amount is obtained by repeating the above process. It is
not necessary to obtain the state quantity and the control
amount of the desired tracking path in advance by contin-
uously predicting the amount of control to achieve contin-
uous control. The linear time varying equation was written
as

ξ̇dyn=Adyn (t) ξdyn (t)+Bdyn (t) udyn (t) (22)

With

Bdyn (t)= ∂fdyn

∂udyn

|
ξ̂t ,ut

=
⎡
⎣2Ccf

m
,
2Ccf

(
2δf ,t−1− ẏt+aϕ̇t

ẋt

)
m

, 0,
2aCcf

Iz

, 0, 0

⎤
⎦ (23)

Adyn (t) = ∂fdyn

∂ξdyn

|
ξ̂t ,ut

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−2(Ccf +Ccr)
mẋt

∂fẏ

∂ẋ
0 −ẋt+−2(bCcr−aCcf )

mẋt
0 0

ϕ̇−−2Ccf δf ,t−1
mẋt

∂fẋ

∂ẋ
0 ẏt−−2aCcf δf ,t−1

mẋt
0 0

0 0 1 0 0
2(bCcr−aCcf )

Izẋt

∂fϕ̇

∂ẋ
0

−2
(
a2Ccf +b2Ccr

)
Izẋt

0 0

cos (ϕt ) sin (ϕt ) ẋt cos(ϕt ) −ẏt sin (ϕt ) 0 0 0

− sin (ϕt ) cos (ϕt ) −ẏt cos (ϕt ) −ẋt sin (ϕt ) 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(24)

∂fẏ

∂ẋ
=2Ccf (ẏr+aϕ̇r ) +2Ccr (ẏt−bϕ̇t )

mẋ2
t

−ϕ̇t

∂fx

∂ẋ
=2Ccf δf ,t−1 (ẏt+aϕ̇t )

mẋ2
t

(25)

∂fϕ̇

∂ẋ
=2aCcf (ẏt+aϕ̇t ) − 2bCcr(ẏt−bϕ̇t )

İzẋ
2
t

(26)

Using the method of first order difference quotient to make
(22) discrete, the discrete state space expression was given
as

ξdyn (k+1) =Adyn (k) ξdyn (k) +Bdyn (k) udyn (k) (27)

Where

Adyn (k)=I+T Adyn (t) Bdyn (k) =I+T Bdyn (t) (28)
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2.4.2 Controller Design of MPC

In this paper, we controlled the steering angle of vehicle
in the process of trajectory tracking while maintaining the
longitudinal velocity. In order to make intelligent vehicle
tracking desired trajectory fast and smooth, the objective
function was designed as

J
(
ξdyn (k) ,udyn (k−1) ,�Udyn (k)

)
=

∑Np

i=1
‖ηdyn (k+i|t)−ηdyn,ref (k+i|t) ‖2

Q

+
∑Nc−1

i=1
‖�udyn (k+i|t) ‖2

R
+ρε2 (29)

where Np is prediction horizon; Nc is control horizon; ε is
relaxation factor; ρ is weight coefficient of ε; and Q and
R are weight matrices. The first two items in the objective
function reflect the fast tracking ability of the system and
the requirements for the smooth change of front wheel
angle, respectively. The relaxation factor was introduced
in the objective function because the prediction model is
a complex vehicle dynamics model, which can affect the
continuity of the system output. In each cycle, the trajectory
tracking control algorithm should consider the following
optimization problems

minδUdyn(t),ε

∑Np

i=1
‖ηdyn (t+i|t)−ηdyn,ref (t+i|t) ‖2

Q
+

Nc−1∑
i=1

‖�udyn (t+i|t) ‖2
R
+ρε2 (30)

s.t. �Udyn,min ≤ �Udyn,t ≤ �Udyn,max

Udyn,min ≤ A�Udyn,t + Udyn,t ≤ U
dyn,max

yhc,min ≤ yhc ≤ yhc,max

ysc,min − ε ≤ ysc ≤ yhs,max + ε

ε> 0

To solve the optimization problem in each cycle to obtain
ideal control input increment sequence in Nc:

�U∗
dyn,t=[�U∗

dyn,t ,�u∗
dyn,t+1, . . . ,�u∗

dyn,t+Nc−1]T (31)

Adding the first element of this sequence to the control of
the last time, the final control becomes:

udyn (t)=udyn (t−1) +�U∗
dyn,t (32)

2.5 Controller Design of Active Safety Steering
Control Unit

The traditional model of PI control has the advantages of
fastness and high stability, but its control parameters are
not adjusted automatically with the environment [32]; fuzzy
control does not depend on the parameters of the system
model, robustness, but the poor performance of the system
to eliminate steady-state errors, it is difficult to achieve high
control accuracy [33, 34]. Because of the uncertainties of
vehicle motion and the strong nonlinearity of the controlled
object, the fuzzy PI control was adopted in this paper.
Fuzzy PI control has been widely used in vehicles, such as
for vehicle ABS Anti-lock systems, vehicle cruise systems,
vehicle air-conditioning, etc. [35, 36].

Active safety steering control based on fuzzy PI control
is used to compensate for the front wheel angle within a
certain range when LTR exceeds the threshold value. The
inputs of the fuzzy PI control system are e and ec, where e is

the deviation of real-time LTR and LTR threshold, and ec is
its variation rate. The outputs of the fuzzy PI control system
are ratio coefficient kp and differential coefficient ki . Fuzzy
linguistic variables are [NB, NM, NS, Z, PS, PM, PB]; the
universe of e is (−0.2, 0.2); the universe of ec is (−3, 3),
and the universe of both kp and ki is (30, 40). In this paper,
fuzzy inference using Mamdani reasoning method [37] and
trigonometric membership function is regarded as the input.
The fuzzy rule surface of e, ec, and kp is shown in Fig. 5a;
the fuzzy rule surface of e, ec, and ki is shown in Fig. 5b.

3 Experimental Setup

An experimental setup (see Fig. 6) was developed for the
MPC unit and the active safety steering control unit to
implement control strategies on a personal computer and a
steer-by-wire system, respectively. The control algorithms
of the MPC unit were run on a personal computer in real
time using VB/MATLAB. The control algorithms of the
active safety steering control unit were run on a Freescale
chip in real time.

3.1 MPC Unit

An NTS SCT-200NS steering wheel sensor was installed on
the steering wheel to measure the rotation angle, angular
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Fig. 5 Surface figure of fuzzy

Membership functions of error  Membership functions of error differential 

(a)

 Surface figure of fuzzy              Surface figure of fuzzy 

(b)

velocity, and torque of the steering wheel. A SPAN-CPT
GNSS/INS integrated navigation product [38] mainly inclu-
ded two GPS antennas, one inertial navigation system, power
supply, and the connection between data receiving device
and SPAN-CPT, and its main function is collect longitude,
latitude, velocity, and attitude information. One GPS antenna
and the inertial navigation system were installed on the
vehicle roof to collect the vehicle operating information.
The other GPS antenna was regarded as a reference station
and was installed at the top of Sanjiang building, Jiangsu
University, which was measured as [32.1984725306,
119.5137124611103.888]. The SPAN-CPTGNSS/INS used
the two GPS antennas to implement differential GPS, in
which the GPS corrects the position measured by the inertial
navigation system and eventually gets the precise location
information of the vehicle.

The MPC software, which was developed in Microsoft
Visual Studio, was used to calculate the control output
through the position, velocity, and attitude information, and
then provide a real-time display of rotation angle correction

Steering wheel 

angle sensor

Front wheel angle 

sensor

Vehicle sensing

Integrated navigation

Trajectory tracking

Receiving station

Mobile station

Brushless 

motor drive 

circuit

Steering 

motor

MC9S12XET

256

chip

Fig. 6 Experimental setup

and state information of the running vehicle. The flow chart
and the software interface of the MPC software are shown
in Figs. 7 and 8 respectively.

Trajectory tracking 

decision control

Send control instruction

Data display

Data storage

Whether to end

End

Sensor data acquisition

Start

No

Yes

Fig. 7 Software program flow chart
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Fig. 8 Vehicle navigation system interface

3.2 Active Safety Steering Control Unit

According to the needs of the active safety steering control
unit, the SBW controller was selected as freescale chip
MC9S12XET256, which is given in Fig. 9. An angle sensor
MLX90316 was installed on the front wheel to measure the
front wheel angle [39]. The steering motor (which details
can be found in Refs. [40, 41]) and road feeling motor both
used the brushless servo motor for the SBW bench test (see
Fig. 9).

An active safety steering control software was devel-
oped in Code Warrior V5.0. According to the real-time
information from sensor: angle sensor data, vehicle attitude,
target front wheel angle, and gear ratio, the steering motor
angle and predictive LTR can be calculated. If predicted
LTR<0.8, then SBW operates as steering motor angle; if
predicted LTR> 0.8, then there becomes a compensation for

front wheel rotation because of the rollover risk. The flow
chart of the active safety steering control software is given
in Fig. 10.

4 Simulation and Experiment

In this section, we present results from one simulation
experiment and two verification tests to illustrate how
the trajectory tracking control system works and to
demonstrate its potential for autonomous driving. For the
first simulation, the MPC controller was given different
velocities to compare the trajectory tracking performance.
In the second case, the vehicle test platform was built
to verify the data communication and the acquisition of
the target angle. Due to the limitations of the conditions,
steering experiments could not be completed in the real
car, and the steering bench test was designed to complete
the corresponding hardware in-loop experiment. In the third
case, the system on bench was selected to verify the active
safety steering control strategy.

4.1 Simulation Experiment: Trajectory Tracking
under Different Velocity

4.1.1 Parameter Settings

The proposed trajectory tracking approach was simulated in
MATLAB and CarSim. The double lane change is a com-
monly used test in the road segment of vehicle running
stability tests [42, 43]. In this paper, the double lane change
in Ref. [44] was used to simulate the designed model pre-
dictive controller. The reference trajectory was composed
of reference lateral position Yref (X) and reference yaw
ϕref (X). According to the vehicle stability study carried out
by Bosch [45, 46], the steady-state sideslip angle constraint

Fig. 9 System hardware physical diagram
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Fig. 10 Designing scheme of
the program of ECU
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yhc can reach[−12◦, 12◦] on a well-adhered dry asphalt
pavement. Therefore, yhc was set to [−12◦, 12◦]; the front
tire side lip angle constraint ysc was set to [−2.5◦, 2.5◦]

based on the small angle velocity hypothesis of the bicy-
cle model; using the same parameters of the controller to
achieve different speed under the active steering control,

Table 1 The parameters for MPC controller

Parameter Definition Value

�Udyn,t Control increment constraint [−0.85◦, 0.85◦]
A�Udyn,t+Udyn,t Control volume constraint [−10◦, 10◦]
yhc Sideslip angle constraint [−12◦, 12◦]

Tire side slip angle constraint [−2.5◦, 2.5◦]
ysc Vehicle attachment condition Soft constraint ysc,min−ε ≤ysc≤yhs,max+ε

μ road adhesion coefficient 0.8

T sampling period T=0.05s

Np prediction horizon Np=25

Nc control horizon Nc=10

ρ Weight coefficient of relaxation factor ρ = 1000

Q,R Weight matrix Q =
⎡
⎢⎣
200 0 0

0 100 0

0 0 100

⎤
⎥⎦ ,R = 1.1×105

Ytar (X) = dy1
2 (1+ tanh z1) − dy2

2 (1+ tanh z2)

ϕtar (X)=
Yref (X) Reference double lane change tan−1

(
dy1

(
1

cosh z1

)2 (
1.2
dx1

)
−dy2

(
1

cosh z2

)2 (
1.2
dx2

))

ϕref (X) Reference yaw Where, z1= 2.4
25 (X − 27.19) −1.2,

z2= 2.4
21.95 (X − 56.46)−1.2,

dx1= 25,dx2= 21.95,dy1= 4.05,dy2= 5.7
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the controller robustness was analyzed for different vehi-
cle speeds. The road adhesion condition was set as good
(μ = 0.8), and the other parameters used by controllers
were: T,Np,Nc,�Udyn,t ,A�Udyn,t+Udyn,t, ρ,Q,R. All
the parameters used in the following experiments for MPC
unit are listed in Table 1.

4.1.2 Trajectory Tracking under Different Velocity

To clearly demonstrate the adaptability of the approach in
complex scenarios, the host car performed a double lane
change, and the speeds were set to 36 km/h,72 km/h, and
108 km/h respectively, while keeping the same parameter
settings in Table 1.

Simulation results are shown in Fig. 11. Figure 11a shows
how the vehicle accurately tracked the target trajectory.

Both the deviation between the horizontal position Y and
reference Y and the deviation between the course angle ϕ

and reference ϕ increased with the increase in speed. The
simulation trajectories at the three speeds is similar with the
reference trajectory, which indicates the strong robustness
of the method.

Figure 11b shows the time-varying curves of front wheel
angle and its increment. The front wheel ∂f changed
smoothly in general, and ∂f increment increased greatly
with the increase in speed. Considering both Fig. 11a and b,
it was observed that the larger the increment of ∂f , the more
difficult for the systems to track the trajectory, but ∂f and
the increment of ∂f always remained in the given scope as
long as the application was running.

Figure 11c shows the time-varying curve of dynamic
constraint. The sideslip angle was kept in constraint

(a) comparison between simulation and target trajectory

(b) time-varying curves of front wheel angle and its increment

(c) time-varying curve of dynamic constraint

Fig. 11 Simulation Result

J Intell Robot Syst (2019) 94:251–264260



domain [−12◦, 12◦], and the tire slip angle was kept in
constraint domain [−2.5◦, 2.5◦] at the same time. Under
these conditions, the sideslip angle was far lower than the
limit scope, which indicates that the vehicle ran extremely
smoothly.

Lateral acceleration was kept in constraint domain [47]
[−0.4g, 0.4g] at speeds 40 km/h and 60 km/h to ensure the
comfort of the vehicle. When the speed was 80 km/h, the
lateral acceleration exceeded 0.4g between t = 3 s and t = 4
s, which would reduce the comfort of vehicle. Although the
comfort of the vehicle reduces when speed increases, it does
not lead to a decrease in the stability of the vehicle, and the
proposed MPC controller has very good tracking ability at
different speeds.

Overall, the simulation results suggest that the MPC
controller with dynamic constraints has good performance
in robustness and adaptability of road surface adhesion
condition, vehicle speed variation, and target trajectory,
especially for the problem of intelligent vehicle tracking at
high speeds under complex surface conditions.

4.2 Verification Test 1: MPC Unit Software

Figure 12 shows the MPC unit software verification test.
With all the hardware installed, the ‘open’ button of the
MPC software (shown in Fig. 8) was pressed, the test
vehicle was driven along the double lane change path, and
the vehicle speed was maintained at 60 km/h.

The test results demonstrate that the MPC unit software
can acquire the sensor information accurately in real time,
and calculate the target front wheel angle quickly combined
with the transmission ratio (see Fig. 13). At the same
time, LTR and predicted LTR was calculated by Eq. 14
(see Fig. 14). The D and h of the test vehicle were fixed,
where D is tread distance, and h is the distance between
sprung mass center and roll center. The D and h of the
test vehicle used in this paper were 1.76 m and 0.86 m
respectively.

Fig. 12 MPC unit software verification test
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Fig. 13 Front wheel angle and target front wheel

4.3 Verification Test 2: Active Safety Steering Bench
Test

Step and sine steering angle input were selected by the
hardware-in-the-loop test to verify the system performance
of the active safety steering unit. For the case of step steering
angle input, the sharp turn speed was set to 60 km/h while
the steering wheel step input amplitude was 90◦. For the
case of sine steering angle input, the sharp turn speed was
set to 60 km/h, while the steering wheel step input amplitude
was 90◦ and T=5 s.

Figure 15 shows the comparison of front wheel angle
with and without active safety control for the two cases.
When the steering wheel turns 90°, the risk of fatal rollover
accidents becomes maximized, meanwhile the front wheel
angle compensation becomes the biggest. For the case of
step steering angle input, the front wheel angle with active

0 1 2 3 4 5 6 7 8
-1.5
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-0.5

0

0.5

1

1.5

t/s

LT
R

LTR
Predicted LTR

Fig. 14 LTR and predicted LTR
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(a) Step steering angle input (b) Sine steering angle input

Fig. 15 Front angle of J-turn

safety control was corrected by a coefficient of 1.1◦, and
for the case of sine steering angle input, the front wheel
angle with active safety control was maximally corrected by
a coefficient of 0.6◦.

The test results demonstrate that the steering system is
capable of improving vehicle active safety performance.
Therefore, it is feasible to apply the steering system in
vehicles to achieve steering control in the future.

5 Conclusions and Future Research

In this paper, a trajectory tracking control system, which
consists of a model predictive control unit and an active
safety steering control unit, was developed. A nonlinear
bicycle vehicle model as a predicted model, including the
longitudinal, lateral, yaw, and quasi-static roll motions, was
used to simulate and test the proposedMPC system. A 4-DOF
vehicle rollover model was used to response the charac-
teristics of vehicle rollover to avoid rollover accidents of
automobiles. Simulations were performed and experimental
results demonstrate good performance of both model pre-
dictive control unit and active safety steering control unit.

To study the behavior of the trajectory tracking control
system, two experimental setups were developed for the two
control units. The MPC unit satisfied the requirements for
the reference of target trajectory tracking. Additionally, the
MPC unit led to better and faster optimal operation of front
steering at 40 km/h and 60 km/h than at 80 km/h, and made
dynamic constraints in reasonable range. The MPC unit was
proven to be effective for ensuring the comfort and stability
of the vehicle.

Moreover, the actual steering behavior achieved by the
motors in SBW system may cause accidents at high speed.
Active safety steering control was used to further ensure
the safety and stability of the vehicle. The test results of

SBW bench testing proved the effectiveness of front wheel
compensation.

The control strategy with high anti-interference ability of
the whole system was feasible and results showed that the
proposed approach can work well under complex driving
conditions. The paper provides an important theory and
practice basis for developing the sample trajectory tracking
control system, especially the control strategies of MPC and
active safety steering control system. In future work, we will
try to replace the original steering system with the proposed
SBW system, and improve the control method with different
combinations.
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