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ABSTRACT
Adaptive cruise control (ACC) is recognized as an effectivemethod to improve vehicle safety and
reduce driver workload. This paper proposes a whole hierarchical multi-level state ACC system.
According to the function of ACC system, the three-level state ACC system is designed and the
conversionmechanism between different states is put forward. As for the complex car-following
mode, considering the variable headway safety distance and the road adhesion coefficient, the
expected safety distance model is established, using the distance error and the speed error as
fuzzy input, based on the fuzzy control algorithm, the following mode is obtained; considering
vehicle safety, tracking capability and ride comfort, the control objectives are formulated into the
model predictive control algorithm. Adynamicweight strategy is proposed to solve time-varying
multi-objective control problems, where the weight can be adjusted with respect to different
following conditions. The simulation results demonstrate that the car following performance of
ACCwith the proposed dynamic weightedMPC can provide better performance than that using
constant weight MPC, and the multi-level state ACC system can display the control mode more
intuitively.
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1. Introduction

The adaptive cruise control (ACC) system is one of
the vehicle ADAS technologies and is an important
part of the advanced driver assistance system. It uses
distance sensors to obtain the longitudinal distance
between the vehicle and the preceding vehicle, and
automatically adjusts the throttle opening or braking
pressure according to the longitudinal distance, making
the vehicle increase the longitudinal speed or maintain
a safe distance. Adaptive cruise control is recognized as
an effective way to improve vehicle safety and reduce
driver workload, and is therefore widely used in many
vehicles [1].

As for the adaptive cruisemodes,many scholars have
done a lot of researches, Fancher et al. [4] studied the
related vehicle state, and then divided the state of ACC
system into car-following mode and constant speed
cruise mode, which is also the most commonly used
mode of ACC system. Pei et al. [5] divided ACC sys-
tem into constant speed cruise, steady state following,
approaching the preceding vehicle, strong acceleration
and deceleration controlmodes. Leng et al. [6] designed
a multi-mode adaptive cruise hierarchical controller,
including cruise control, approaching the preceding
vehicle, steady-state following, collision avoidance fol-
lowing. Zhang et al. [9] added two states of overtaking
and close to the preceding vehicle based on the existing

states of constant speed cruise and car-following, mak-
ing the ACC system more specific and accurate. In
the car-following mode, the vehicle can automatically
adjust the vehicle speed and acceleration to maintain
a safe distance from the preceding vehicle. Moreover,
because the environment is complicated, when the pre-
ceding vehicle suddenly start or stop, vehicles from
another lane cut into the lane, etc., the ACC vehicle
must be controlled to suit for the motion of the preced-
ing vehicle. Haroon et al. [2] proposed a cruise control
strategy to alleviate traffic congestion under the stop-
go scenario. Cai et al. [3] proposed an adaptive cruise
control strategy which was optimized based on side car
merging behaviour. Mosharafian et al. [25] designed a
mode that allows switching between warning, danger
and lane-change, as well as adjusting the steering angle
to perform lane change manoeuvres when required, for
efficient and safe autonomous driving. A complete ACC
system should include functions such as start, start and
stop, cruise control, car-following, cut-in/off, etc. How-
ever, few investigations have been found in the open
literature with respect to the whole hierarchical ACC
system.

Due to the variable motion of the preceding vehicle,
the following behaviour is relatively complicated, which
is the focus of ACC research at present. Yan [10] divided
the following conditions into steady-state following
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and transient-state following according to the expected
acceleration amplitude, and defined the transition area
by the distribution of characteristic parameters of the
car-following behaviour of the tested driving group.
Seungwuk et al. [7] divided the following modes into
threemodes: safety, warning, and danger, and proposed
different control strategies depending on different driv-
ing situations. Zhang et al. [11] comprehensively coor-
dinated the driver’s expected response, car following
safety and other control objectives, and adopted fuzzy
inference and acceleration-weighted average strategies
to achieve the best matching of operating modes and
smooth transition. Huang et al. [12] proposed a car-
following controller based on explicit model predictive
control theory, and used explicit polyhedron piecewise
affine system to calculate the expected acceleration.
Changwoo et al. [13] established a car-following con-
troller based on linear quadratic algorithm, and con-
sidered acceleration and acceleration change rate as
performance indicators. Mahtout et al. [8] proposed a
multi-objective ACC control method in order to cope
with different system operating conditions in the fol-
lowing scenario. Zhao et al. [14] proposed a multi-
objective adaptive cruise control method for vehicles
based on explicit model predictive control. Chu et al.
[24] established a car-following style learning algorithm
on the basis of reinforcement learning. Since the model
predictive control algorithm can simultaneously coor-
dinatemultiple objectives andmultiple constraints, and
restore accurate control strategies in a short time, there-
fore, it is very suitable for solving the control problem
of ACC.

Although many studies have greatly improved the
performance of ACC systems, most of the current ACC
systems use a set of parameters with fixed values. For
example, Darbha [15] used fixed headway method as
the ACC system vehicle distance control method to
improve the stability of some road traffic flow, with-
out taking into account the preceding vehicle informa-
tion. In many complex environments, the fixed head-
way method will also make the vehicle less flexible and
stable [16]. Cheng et al. [19] took constant time head-
way and the preceding vehicle speed as the tracking
target, and theminimumandmaximumvalues of accel-
eration and rate of change of acceleration were used
as constraints. These ACC systems with fixed parame-
ter values can represent the average preference of most
person, which could not meet the different goals of dif-
ferent following states. Naus et al. [17] used explicit
model predictive control to parameterize the key char-
acteristics of theACC system for different cruise control
modes. Gao B et al. [20] proposed a personalized adap-
tive ACC system based on driving style recognition
and model predictive control to meet different driving
styles while ensuring car-following, comfort and fuel-
economy performances. Andreas et al. [18] designed an
energy-saving ACCmethod based on model predictive

control and dynamic programming. However, some
control objectives (driving safety, tracking stability, ride
comfort, etc.) still need to be considered.

It can be seen from the above that the mentioned
studiesmostly focus on solving the non-smooth switch-
ing between different modes, coordinating and opti-
mizing indicators such as car following, safety and com-
fort. However, when the vehicle drives under different
working conditions, the focus of ACC should be dif-
ferent, such as the safety when the preceding vehicle
is decelerating, and the following performance when
the preceding vehicle is accelerating. Based on these
studies, the tracking capability, vehicle safety is diffi-
cult to achieve an extremely appropriate state at the
same time. So how tomake ACC systemsmeet different
preferences needs further study.

Therefore, this paper focuses on the design of
an overall hierarchical multi-level state ACC system,
the conversion machine among different states is put
forward. As for complicated car-following modes, a
dynamic weighted MPC algorithm is proposed consid-
ering vehicle safety, tracking capability and ride com-
fort simultaneously. The overall control framework of
adaptive cruise designed in this paper is shown in
Figure 1, which mainly contains two modules: the
multi-level state machine decision module and the
car-following control module. According to the input
information of the vehicle and the preceding vehicle,
the expected safety distance between the ACC vehi-
cle and the preceding vehicle is obtained. Through the
multi-level state machine decision module, the ACC
state is obtained according to vehicle state, driving dis-
tance and driver operation information. If the vehi-
cle is in the car-following mode, the specific follow-
ing mode is determined by fuzzy control algorithm,
then the dynamic weighted multi-objective model
predictive controller is used to obtain the expected
acceleration and then control the throttle opening
or braking pressure through the inverse longitudinal
dynamics model to achieve expected adaptive cruise
control.

The main contributions of this article are as
follows:

(1) According to the function of ACC system, compre-
hensively consideration of the interaction among
driver, vehicle, external environment, the three-
level unified ACC framework system is con-
structed by adopting the concepts of layering and
modularization, and the conversion mechanism
among different modes is established. This work
can enable the system to clearly describe the work-
ing mode in the application.

(2) The expected safety distance is modelled based on
variable headway time distance and road adhesion
coefficient, and the distance error and speed error
are used as fuzzy inputs to obtain the following
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Figure 1. Control structure diagram of ACC.

mode by fuzzy control algorithm. In order to bal-
ance the performance weights of the ACC system
under different following states, the control objec-
tive is formulated as a model predictive control
algorithm, taking into account tracking capabil-
ity and ride comfort. A dynamic weight strategy
is proposed to solve time-varying multi-objective
control problems. Based on Matlab/Simulink and
CarSim, the above ACC control strategy is verified.

2. Multi-level state machine decisionmodule

The multi-level state machine decision module is
shown in Figure 2. The ACC mode is comprehensively
defined in three levels using the method of hierar-
chical division. Among them, the first-level state, the
second-level state, and the third-level state are layers of

inclusion and subordination. The first-level state > the
second-level state > the third-level state.

2.1. First-level state

The purpose of the first-level state is to establish
the logical relationship between driver behaviour and
ACC, and to define the overall operating state of
ACC. It mainly includes ACC initialization mode, off
mode, failure mode, activation mode, waiting activa-
tion mode, suspended mode. The switching mecha-
nism is shown in Figure 3.

After the vehicle starts, the ACC system automati-
cally enters the initialization mode. When the driver
turns on theACC, the system enters thewaiting for acti-
vation mode, according to the driver’s operation and
the driving status of the vehicle, judges whether the

Figure 2. Schematic diagram of multi-level state machine.
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Figure 3. First level state design and its switching mechanism.

activation conditions are met. If the system fails or the
driver turns off the ACC, the system enters the failure
mode and the offmode respectively from the activation
mode, while if the activation condition is not met due
to the driver’s operation such as applying the brake, the
system enters the waiting activation mode.

2.2. Second-level state

The secondary state is the further state after the ACC
system enters the activemode.When theACC is in nor-
mal operation, through the analysis of driver behaviour,
driving state, etc., The state mainly includes overtaking
mode, cruise mode, following mode, start-stop mode,
cut-in(merge) mode. After the ACC system starts to
work normally, it first judges whether the vehicle is in
the parking phase according to the vehicle speed, and if
it is, it enters the start-stop mode; it judges to enter the
overtaking mode according to whether the driver steps
on the accelerator; then judges it is a constant speed
based on the result of the sensor detecting the preced-
ing vehicle cruise or car-following mode. The switch-
ing mechanism between secondary states is shown in
Figure 4.

(1) Start-stopmode: It is used in congested urban traf-
fic conditions, to realize the functions of following
the preceding vehicle to stop and start automati-
cally when the vehicle is driving and following the
vehicle at low speed. For example, when the vehi-
cle speed is less than 1 km/h, it enters the start-stop
mode, and if the parking time is less than three sec-
onds, it automatically enters the follow-upmode, if

it is greater than 3s, it judges whether to start based
on the driver’s operation.

(2) Overtaking mode: When the driver steps on the
accelerator pedal, the ACC system judges the
driver’s pedal strength, determines whether it is
stepped by mistake, and then enters the transcen-
dental mode. If the driver continues to accelerate
the accelerator for more than 10s, the ACC system
will exit the work by itself, otherwise it will exit the
overtaking mode and continue to work normally.

(3) Merging mode: Predict whether the vehicle in the
side lane will cut into the lane and whether the
preceding vehicle of the lane has the behaviour of
cutting out of the lane, when it indicates that there
is a tendency to change lanes to the own lane, it
is judged that the next car should change into the
own lane and enter the parallel mode of the side
car.

(4) Cruise mode: Control the speed of the vehicle to
reach the driver’s designated speed within a suit-
able time and maintain a constant speed.

(5) Following mode: By controlling the speed of the
vehicle, the vehicle can reasonably follow the pre-
ceding vehicle to drive stably with a certain dis-
tance and the same speed.

2.3. Third-level state

The third-level state is the classification of the mode
when the vehicle is in the following mode, due to the
traditional single control mode and switching mecha-
nism cannotmeet the driver’s expectations and require-
ments for the ACC system, and in order to ensure
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Figure 4. Secondary state design and its switching mechanism.

the safety and other performance of the ACC sys-
tem in the complex driving environment performance.
This paper adopts four following modes: acceleration
following, deceleration following, steady-state follow-
ing and strong deceleration following. The four fol-
lowing modes can well reflect the driver’s behaviour
when driving, avoid the confusion of switching and
the abrupt change of acceleration caused by multi-
mode. The detail content will be introduced in next
section.

3. Adaptive cruise control for following
vehicles

3.1. The longitudinal kinematic model

The longitudinal kinematic model of the ACC system
is shown in Figure 5. dact is the actual vehicle distance
between the two vehicles, ddes is the expected vehi-
cle distance between the two vehicles, dr is the error
between the actual vehicle distance and the expected
vehicle distance, dx, vx is the position and the speed of
the ACC vehicle, df , vf is the position and the speed of
the preceding vehicle. Based on the dynamic relation-
ship between vehicles, the following relationship can be
obtained [21]:

⎧⎨
⎩
dact(k) = df (k) − dx(k)
dr = dact(k) − ddes(k)
vr = vf (k) − vx(k)

(1)

Figure 5. Longitudinal kinematics diagram of ACC system.

According to themoving state of the preceding vehi-
cle, the ACC vehicle can automatically adjust velocity
to maintain the expected distance from the preceding
vehicle (dr→0, vr→0).

3.1.1. The expected safety distancemodel
The vehicle distance between the two vehicles is
important, long distance will decrease the traffic effi-
ciency and lead to frequent preceding vehicle’s cut-in
from adjacent lanes, short distance will make driver
feel uncomfortable, even cause collisions, because
the expected safety distance can improve traffic effi-
ciency on the basis of ensuring safety. Based on
the constant headway safety distance model, con-
sidering the speed of the ACC vehicle, the rela-
tive speed of the two vehicles, the acceleration of
the preceding vehicle and the road adhesion coeffi-
cient, the variable headway safety distance model is
established:

ddes = thvx + d0 (2)



924 S. WANG ET AL.

where, th represents the headway, which is calculated as
follows:

th =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

thmax
th0 − Krvr
−Kf af ≥ thmax

th0 − Krvr − Kf af
thmin < th0 − Krvr
−Kf af < thmax

thmin
th0 − Krvr − Kf af
≤ thmin

(3)

where, th0 represents the initial setting headway, vr =
vx − vf represents the relative speed, Kr represents the
relative speed coefficient, af , Kf represent the accel-
eration and acceleration coefficient of the preceding
vehicle. d0 is the minimum relative distance, which is
related to speed and road adhesion coefficient.

The calculation formula is as follows:

d0 = min
(

2vx
Kx(μ + b)

, 2
)

(4)

where, μ represents the road adhesion coefficient, Kx
represents the ACC vehicle speed coefficient (set the
value is 22.5), and the constant coefficient b is 0.3 [22],
2 is the minimum distance when the vehicle stops.

3.2. Switchingmechanism design of car-following
mode

We classify the following process into four follow-
ing modes: acceleration, deceleration, steady state, and
strong deceleration. The four following modes can well
reflect the driver’s behaviour when driving, avoid the
confusion of switching and the abrupt change of accel-
eration caused by multi-mode. How to achieve smooth
switching is the primary problem to be solved. In view
of the subjectivity and uncertainty of driving intention,
fuzzy reasoning can better simulate human thinking in
dealing with empirical model decision-making prob-
lems. Fuzzy control algorithm is adopted to design the
switching mechanism of car following mode.

The speed error vr and the distance error dr are
taken as the input variable. The model factor Sfactor
is proposed as the output variable. The fuzzy sets,
the rule matrix of the fuzzy controller and the three-
dimensional map surface are shown in Figure 4.

According to the expert experience, driver’s driving
habits and rational analysis, the following fuzzy con-
trol rules are established. These fuzzy rules are easily
comprehended. For example, if the speed error is NL
and the distance error is NL, this rule implies that if the
ACC vehicle is fast approaching the preceding vehicle
and the two vehicles are very close, it is a dangerous sit-
uation which is desirable to decelerate the ACC vehicle
quickly to avoid car collision. So the output state safety
factor Sfactor is L (strong deceleration following mode).
Moreover, the rule matrix is symmetric with respect to
the diagonal entries (Figures 6 and 7).

3.3. Design ofmulti-objective control algorithm
based on variable weightMPC

The following controller uses a model predictive con-
trol algorithm to calculate the expected acceleration
of the vehicle, and then uses an inverse longitudinal
dynamics model to derive the throttle opening or brak-
ing pressure to control the vehicle acceleration, decel-
eration to realize the adaptive cruise function. The
frame is shown in the Figure 8. Due to the different
requirements in different modes, this paper discusses
the tracking controller in detail.

3.3.1. Design of MPC control
Based on the longitudinal kinematics between the fol-
lowing vehicle and the preceding vehicle of the ACC
system in Figure 5, the lower-level controller is consid-
ered as a first-order lag etc., the following equations can
be obtained:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

dact(k + 1) = dact(k) + vr(k)Ts

+1
2
af (k)T2

s − 1
2
ax(k)T2

s

vr(k + 1) = vr(k) + af (k)Ts − ax(k)Ts

vx(k + 1) = vx(k) + ax(k)Ts

ax(k + 1) =
(
1 − Ts

τ

)
vx(k)ax(k) + Ts

τ
u(k)

j(k + 1) = − 1
τ
ax(k) + 1

τ
u(k)

(5)

where ax(k) is the vehicle’s acceleration at moment k,
j(k) is the rate of change of the vehicle’s acceleration
at moment k, af (k) is the acceleration of the preceding
vehicle, Ts is the discrete sampling period, τ is the time
constant of the lower controller, u(k) is the expected
acceleration output from the upper controller at time.

The car-following model is a continuous-time sys-
tem, but in real-time control applications, the car-
following model is usually applied to the discrete time
domain, then it is converted into the discrete-time
domain, the actual distance, the vehicle speed, the rela-
tive vehicle speed, the vehicle acceleration and the rate
of change of acceleration are selected as the following
controller state variables:

x(k) = [dact(k) vx(k) vr(k) ax(k) j(k)]T (6)

With the preceding vehicle acceleration as the sys-
tem disturbance and the expected acceleration as the
control output, the longitudinal kinematic equation of
state is expressed as:

x(k + 1) = Ax(k) + Bu(k) + Gw(k) (7)

where:

A =

⎡
⎢⎢⎢⎢⎣

1 0 Ts − 1
2T

2
s 0

0 1 0 Ts 0
0 0 1 −Ts 0
0 0 0 1 − Ts

τ
0

0 0 0 − 1
τ

0

⎤
⎥⎥⎥⎥⎦ , B =

⎡
⎢⎢⎢⎢⎣

0
0
0
Ts
τ
1
τ

⎤
⎥⎥⎥⎥⎦ ,
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Figure 6. The Fuzzy sets and rule matrix for the fuzzy controller.

Figure 7. The relationship between the mode factor and following mode.

G =

⎡
⎢⎢⎢⎢⎣

1
2T

2
s

0
Ts
0
0

⎤
⎥⎥⎥⎥⎦ (8)

In order to fully ensure the performance of the
upper-level controller of the ACC system to meet
the expectations of the driver, the design of the con-
troller needs to meet the requirements of driving
safety, ride comfort, and followability, and transform
the control requirements into corresponding system
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Figure 8. Hierarchical control structure of the proposed ACC system.

constraints, and performance indicators. The ACC sys-
tem is dynamically coordinated and optimized, and
then a comprehensive performance indicator function
is obtained.

(1) Car-following performance index: It is evaluated
by relative vehicle speed and relative distance error.
When the vehicle enters a steady state, the index
approaches 0:

Objective 1 :
{
dr → 0
vr → 0

}
(9)

(2) Driving safety index: To ensure driving safety,
the actual distance between the two vehicles is
restricted:

Objective 2 : dact > d0 (10)

(3) Ride comfort index: the acceleration and rate of
change of acceleration of ACC vehicle should be
as small as possible within the range allowed:

Objective 3 :
{
min |ax(k)|
min |jx(k)|

}
(11)

In addition, considering the speed limitation infor-
mation of the road and the maximum travel speed,

maximum acceleration capability and maximum brak-
ing performance of the vehicle itself, speed and acceler-
ation are also required to be constrained.

Objective 4 :

⎧⎨
⎩
vxmin ≤ v(k) ≤ vxmax
axmin ≤ a(k) ≤ axmin
jmin ≤ j(k) ≤ jmax

⎫⎬
⎭ (12)

To sum up, select the distance error, relative speed,
acceleration, acceleration change rate to form the opti-
mization performance index vector, the expression is as
follows:

y(k) = Cx(k) − Z (13)

Among them,
⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

y(k) = [δ(k) vr(k) ax(k) j(k)]T

C =

⎡
⎢⎢⎣
1 0 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1

⎤
⎥⎥⎦ , Z =

⎡
⎢⎢⎣
ddes(k)

0
0
0

⎤
⎥⎥⎦ (14)

3.3.2. Design ofmodel prediction algorithm
The discrete MPC prediction equation can be obtained
from the above optimized performance indicator vec-
tor equation and the longitudinal kinematic equation
of state in standard form as:

⎧⎪⎪⎨
⎪⎪⎩

X̂p(k + p |k) = Āx(k) + B̄Ux(k + m)

+ḠW(k + p) + H̄ex(k)
Ŷp(k + p |k) = C̄x(k) + D̄U(k + m)

+ĒW(k + p) + F̄ex(k) − Z̄

(15)
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where:
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

X̂p(k + p|k) =

⎡
⎢⎢⎢⎣
x̂p(k + 1|k)
x̂p(k + 2|k)

...
x̂p(k + p|k)

⎤
⎥⎥⎥⎦ ,

Ŷp(k + p|k) =

⎡
⎢⎢⎢⎣
ŷp(k + 1|k)
ŷp(k + 2|k)

...
ŷp(k + p|k)

⎤
⎥⎥⎥⎦

U(k + m|k) =

⎡
⎢⎢⎢⎣

u(k)
u(k + 1)

...
u(k + c − 1)

⎤
⎥⎥⎥⎦ ,

W(k + p) =

⎡
⎢⎢⎢⎣

w(k)
w(k + 1)

...
w(k + p − 1)

⎤
⎥⎥⎥⎦

ex(k) = x(k) − x(k − 1)

(16)

where p is the prediction matrix; c is the control time
domain; x̂p(k + 1|k), x̂p(k + 2|k), . . . , x̂p(k + p|k) is the
predicted value of the state variable for p consecutive
times obtained based on the iteration of the prediction
model at time k; ŷp(k + 1|k), ŷp(k + 2|k), . . . , ŷp(k +
p|k) is the predicted value of the output variable for
p consecutive times obtained based on the iteration of
the prediction model at time k; u(k) is the system out-
put, which is the desired acceleration; W(k + p) is the
matrix of systematic error coefficients at time p; and ex
is the error between the actual detected state vector and
the predicted.

The multiple performance indicators are expressed
in weighted form as the following function:

J =
p∑

i=1
[ŷp(k + i |k) − yr(k + i)]T

× Q[ŷp(k + i |k) − yr(k + i)]

× +
m−1∑
i=0

u(k + i)TRu(k + i) (17)

3.3.3. Real-time dynamic weight fuzzy adjustment
strategy
According to different car-following modes, the dif-
ferent system constraint groups and weight coefficient
values in the MPC controller are shown in Table 1.

Table 1. Indicator constraint group in different modes.

Followmode/range vx ax(k) j(k) u(k)

Accelerated following mode (0,120) (0,2) (−4,4) (0,2)
Steady state following mode (0,120) (−1,1) (−2,2) (−1,1)
Decelerated following mode (0,120) (−2,0) (−3,3) (−2,0)
Strong deceleration following mode (0,120) (−4,0) (−5,5) (−4,0)

MPC with constant weights hardly obtains satisfac-
tory control performance for different complex situa-
tions in ACC systems. Therefore, a real-time dynamic
weight adjustment strategy is proposed to cope with
the problem [23]. In the formula 17, Q and R are the
weighting coefficients of output and control, represents
the weight of car following safety, and R represents the
weight of ride comfort.

During the process of car following, the safety is
more important than comfort, this paper sets the
weighting factor R to be 1, while the weighting factor Q
is self-adjusting when the mode changes, for example,
in the acceleration mode (the distance between the two
vehicles is large), theACCvehicle is safe,more attention
should be paid to ride comfort, so the weighting coeffi-
cient R > Q; while in the deceleration mode (the inter-
vehicle distance is negative), the safety of the vehicle is
more important than the ride comfort, so the weighting
coefficient R < Q. By adjusting the weighting Q coeffi-
cients, the values of the expected acceleration and speed
can be controlled. The member function of weighting
coefficient Q is shown in Figure 9.

Likewise, the solution algorithm for the weighted
coefficient Q also uses fuzzy control algorithm, the
fuzzy control algorithm is consistent with the vehicle-
following mode solution algorithm, The distance error
dr and the speed error vr are taken as the input vari-
able. Which is the same as the vehicle-following mode,
the output becomes the dynamic weighted coefficient
Q, the membership functions of Q is triangular. It is set
to four levels: L (low), NL (lower), M (medium), and
B (big), and its domain range is [0,3]. According to the
expert experience, driver’s driving habits and rational
analysis, the following fuzzy control rules are estab-
lished, the detail fuzzy rules experience table is shown
in Table 2, the rule matrix is symmetric with respect to
the diagonal entries.

These fuzzy rules are easily comprehended. For
example, if the speed error is NL and the distance error
is NL, then the output coefficient Q is B. This rule
implies that if the ACC vehicle is rapidly approach-
ing the preceding vehicle and the two vehicles are very
close, the safety of the ACC vehicle is most important,
so the weighting coefficient Q is big. If the speed error is

Figure 9. Membership function of weighting coefficient Q.
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Table 2. Fuzzy control rules table of security weight.

Distance error

Speed error NL NS NO PS PL

NL B B B M NL
NS B B M NL NL
NO B M NL NL L
PS M NL L L L
PL NL NL L L L

NS, and the distance error is PL, then the output coeffi-
cient Q is NL. This rule implies that if the ACC vehicle
is approaching the preceding vehicle and the distance
of vehicles is long, the ACC vehicle has no danger, so
the ride comfort of the ACC vehicle is more important
than safety, so the weighting coefficient Q is NL.

4. Simulation and verification

4.1. Car following verification

To verify the feasibility and effectiveness of the ACC
strategy established, a set of general scenarios are shown
in Table 3. By changing the driving conditions of the
preceding car, analyzing the performance of the car fol-
lowing and the mode change of ACC. Assuming that
the ACC mode is already active (the first level state is
active, indicating that the ACC system is in working
mode). The simulation process is 100s, and the initial
speed of the preceding vehicle is 40 km/h. Three ACC
controllers are simulated and compared, one is the pro-
posed MPC with real-time weighted strategy, which is
state dependent, one is MPC with constant weights, the
other is the fuzzy algorithm. Three ACC controllers
were implemented usingMatlab/Simulink and CarSim.
The B-class hatchback fuel vehicle is selected, with an
engine power of 125 kW, matched with a continuously
variable transmission and a torque converter. The vehi-
cle speed, acceleration, distance error, weight parameter
Q, ACCmodes are analyzed, and the simulation results
are shown in Figures 10–13.

4.1.1. The performance of car following
The car following simulation of ACC system is 100s,
which is divided into 6 working conditions. It can be

Table 3. Changes in preceding vehicle movement.

Working
condition Stage The change of the preceding vehicle

1 0 s–10 s Travels at an initial speed of 40 km/h
2 10 s–30 s Accelerates to 60 km/h at an acceleration of

2m/s2

3 30 s–40 s Decelerates to 50 km/h at a deceleration of
1m/s2

4 40 s–55 s Accelerates to 70 km/h at an acceleration of
1.5m/s2

5 55 s–75 s Decelerates to 40 km/h at a deceleration of
1.5m/s2

6 75 s–100 s Decelerates to 0 km/h at a deceleration of
3.5m/s2

Figure 10. The curve of vehicle speedwith different algorithm.

Figure 11. Comparison of the distance error curve under car
following conditions.

Figure 12. Comparison of the expected acceleration curve
under car following conditions.

obtained from Figure 10 that when the preceding vehi-
cle accelerates and decelerates, the ACC vehicle also
accelerates and decelerates accordingly. Due to the dif-
ferent speeds between the two vehicles, the distance
deviation is changing. From Figure 11 and Table 4, the
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Figure 13. The change of dynamic weight Q.

peak value of the distance error generated by the pro-
posed algorithm is about −3.31m, while the peak val-
ues of the other two algorithms are about −8.26m and
−9.24m, respectively. The change of vehicle accelera-
tion under the three algorithms is shown in Figure 12
and Table 4. As can be seen from Figure 10, although
the velocity following ability of the proposed algorithm
is slightly better than that of the MPC algorithm,
the effects are not significantly different. For example,
under the first two working conditions, the time of the
speed convergence of the algorithm in this paper to the
steady speed of the preceding vehicle is shorter than
that of the MPC algorithm, and the distance error is

Table 4. Peak value comparison in different stages.

Condition

Working condition change

Algorithm 1–2 2–3 3–4 4–5 5–6

Distance error The proposed −1.27 0.68 −1.15 0.78 −3.31
The MPC 4.11 −1.76 3.27 −4.31 −8.26
The fuzzy −9.24 −4.81 −9.63 −5.12 2.43

Acceleration The proposed 1.49 −0.78 1.11 −1.30 −2.64
The MPC 1.49 −0.73 1.12 −1.23 −2.46
The fuzzy 0.84 −0.65 0.90 −1.23 −2.22

smaller. Although the acceleration of the fuzzy control
algorithm changes more slowly under the first two con-
ditions, the distance error is too large and the speed
convergence is slow under the steady-state following
mode, which has too poor following performance.

In addition, the average acceleration rate of change
of the proposed algorithm is also smaller than the other
two algorithms. According to the performance index
analysis, the proposed algorithm improves the comfort.
In the following deceleration process, the maximum
deceleration of the proposed algorithm is larger than
that of theMPC algorithm, and the deceleration change
is smoother. The tracking error is much smaller than
the other two algorithms, so the tracking performance
of the proposed algorithm is better.

4.1.2. The change of car followingmode
(Figure 14) The Q value and the working mode of ACC
system will change with the distance error and relative
vehicle speed, and the specific changes are shown in
Table 5. It can be seen that the distance between the two
vehicles increases when the vehicle accelerates, and the
safety is high at this time. The following performance
of the vehicle should be considered, so the Q value
decreases, and the car-following mode is accelerated
mode. As shown in Figures 11 and 12, when the preced-
ing vehicle acceleration is 2 and 1.5m/s2, respectively,
the corresponding Q values are 0.6 and 0.7. The greater
the preceding vehicle acceleration, the smaller the Q
value. On the basis of ensuring the safety, the comfort
performance of the vehicle should be improved.

When the preceding vehicle is decelerated, the dis-
tance between the two vehicles is reduced, and it is

Table 5. The value of dynamic weight Q and following modes.

Working condition change

1–2 2–3 3–4 4–5 5–6The
preceding
vehicle Accelerate Decelerate Accelerate Decelerate Decelerate

Q 0.60 1.31 0.67 1.6 1.7
Mode 1 3 1 3 3 and 4

Figure 14. The change of the following mode.
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easy to collide at this time. Therefore, the safety is
in the first place, so the Q value increases. The car
following mode is decelerated mode. When the pre-
ceding vehicle deceleration is 1, 1.5 and 3.5m/s2, the
corresponding Q values are 1.3, 1.5 and 1.68. Because
when the acceleration is 3.5m/s2, in order to ensure
the vehicle safety, the followingmode changes to strong
decelerationmode.When the distance and speed of the
two vehicles increase, the followingmode changes from
strong deceleration to deceleration.

It can be seen from the above figures and tables
when the preceding vehicle accelerates, the accelera-
tion change rate of the proposed algorithm is lower
than that of the ordinary MPC, which means that the
ride comfort of the algorithm in this paper is much
better than that of ordinary MPC. When the preced-
ing vehicle decelerates, the maximum deceleration of
the proposed algorithm is greater than that of ordi-
nary MPC, the deceleration change is smoother, and
the distance error during deceleration is smaller. When
following the vehicle in the steady state mode, the fol-
lowing error and speed convergence in this paper are
also better than that of ordinary MPC, that is, the fol-
lowing performance of this algorithm is better than
that of ordinary MPC. Although the change of accel-
eration and deceleration and the speed following effect
of fuzzy control are not much different from those of
the proposed algorithm, the overall distance error of
fuzzy control is much greater than that of the proposed
algorithm. Therefore, the car following performance,
comfort and safety of the proposed algorithm are better
than those of the other two algorithms.

4.2. Two level ACCmode changes

In order to better observe the changes of adaptive cruise
mode at different levels, the following scenarios are
designed on the basis of the above car-followingmodes.
The scenarios and tables are shown in Figure 15 and
Table 6, and then through simulation analysis, the cor-
responding mode changes are shown in Figure 16.

As the primary state of the vehicle is assumed to be
the activation phase, the ACC system is in the work-
ing state. According to the simulation setup conditions,
the ACC mode of the vehicle changes as shown in
Figure 16, the mode of ACC can be seen intuitively.

(1) As can be seen from the secondary state, the vehi-
cle is always in following mode when there is a
car in front of this lane, except for the stop and
start phases. During the stop and start phase, the
secondary state changes to start-stop mode. When
the preceding vehicle leaves the lane, the mode of

Table 6. Specific changes of the preceding vehicle.

Working
condition Stage The preceding vehicle specific changes

1 0–10 s Travels at an initial speed of 40 km/h
10–30 s Accelerates to 60 km/h at an acceleration of

2m/s2

30–45 s Accelerates to 80 km/h at an acceleration of
1.5m/s2

2 45–65 s Decelerates to 40 km/h at a deceleration of
1.5m/s2

65–85 s Decelerates to a stop at a deceleration of
3.5m/s2

3 85–110 s Accelerates to 54 km/h at an acceleration of
1.5m/s2

110 s The preceding vehicle cuts out of the lane

Figure 15. Typical driving simulation scenario of ACC system.
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Figure 16. Mode simulation diagram of multi-level state machine.

vehicle changes from the following mode to the
constant speed cruise mode.

(2) It can be clearly seen from the three-level state that
when the preceding vehicle is driving stably, the
vehicle is in the steady-state followingmode.When
the preceding vehicle is accelerating or decelerat-
ing, the car is in the accelerating or decelerating
followingmode.When the preceding vehicle stops,
starts, or leaves the lane, and there is no three-level
state.

5. Conclusion

Adaptive cruise control is recognized as an effective
method to improve vehicle safety and reduce driver
workload, in order to improve its performance and
application, according to the interaction among driver,
vehicle, external environment, the three-level ACC
framework system is constructed and the conversion
mechanism among different modes is established. In
this paper, the expected safety distance is modelled
based on variable headway time distance and road
adhesion coefficient, and the distance error and speed
error are used as fuzzy inputs to obtain the following
mode by fuzzy control algorithm. In order to balance
the performance weight of ACC system under different
following conditions, the control target is set as model
predictive control algorithm, and tracking ability and
ride comfort are considered. A dynamic weight strat-
egy is proposed to solve time-varying multi-objective
control problems. The above ACC control strategy is
verified by experiments under complex operating con-
ditions. Comparing with normal following MPC algo-
rithms, the results show that the proposed algorithm
can reasonably weigh the performance indicators,

improve the ride comfort performance under accel-
eration conditions and the safety performance under
deceleration conditions, optimize the driver’s experi-
ence while meeting most people’s driving habits.

The ACC system control algorithm studied in this
paper is limited to the longitudinal control level of the
intelligent vehicle. In some complex working condi-
tions involving steering, the influence of lateral control
on the ACC system needs to be further analyzed.
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