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ABSTRACT Adaptive cruise control (ACC) systems can reduce collision risk and make traffic flow more
smoothly; nevertheless, improving the string stability and car-following safety in ACC systems has remained
an important research topic. Based on the desired safety margin (DSM) model adopted as an ACC velocity
control method, a sliding mode controller is proposed to investigate string stability and car-following
safety using the time headway policy (THP), and its stability is verified by the Lyapunov stability theory.
Furthermore, numerical simulations are conducted to verify the effectiveness of the proposed stabilization
strategy for the stability of the DSM model. Analyzing the risk assessment indexes (time-to-collision, TTC,
and time headway, TH) of the DSM model reveals that the proposed stabilization strategy can improve the
traffic flow stability and avoid rear-end collision risks when the leading car exhibits a small disturbance.
Therefore, the proposed stabilization strategy is valuable for designing ACC controllers to enhance traffic
flow stability and car-following safety in automotive platoon driving.

INDEX TERMS String stability, safety margin, adaptive cruise control system, stabilization strategy, time
headway policy.

I. INTRODUCTION
Traffic congestion and safety problems have been increas-
ingly threatening environmental and economic development
in modern society. Humans play a key role in transporta-
tion systems because they are the participants, handlers,
controllers, and decision makers of all driving behaviors
that significantly influence roadway performance and traffic
safety [1], [2]. Thus, traffic flow stability and the reduction in
collision risk should be improved. Intelligent transportation
systems (ITSs) and vehicle-to-vehicle (V2V) communication
can detect potential risk situations, thereby avoiding colli-
sions and improving vehicle control performance [3]. There-
fore, problems with adaptive cruise control (ACC) systems
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and controlling vehicle formations have attracted extensive
attention.

Recently, ACC systems have been widely installed in vehi-
cles to improve string stability and platoon (car-following)
safety [4]–[6], and the system mainly comprises information
collection equipment, vehicle longitudinal dynamic models
(one of the core parts), and human machine interactive
systems. In terms of modeling, complete communications
between vehicles were taken into account to build a mass
spring damper system [7]. Franck et al. [8] believed that
vehicle interactions are based on physical phenomena or
mimic animal interaction behaviors when a vehicular platoon
is considered a multiagent system. Yi and Chong [9] deemed
that interactions are considered virtual spring damper sys-
tems. The nonlinear longitudinal dynamic model was pro-
posed by Lu et al. [10], and includes road resistance, gravity,

111336 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 9, 2021

https://orcid.org/0000-0002-8011-327X
https://orcid.org/0000-0003-0394-0316
https://orcid.org/0000-0002-2543-2710


M. Mu et al.: String Stability and Platoon Safety Analysis of New Car-Following Model Considering Stabilization Strategy

FIGURE 1. A platoon of N vehicles.

aerodynamic drag, and other influencing factors.
Zheng et al. [11] used some state variables, such as position,
speed, and acceleration/deceleration, to build a linearized
vehicle longitudinal dynamicmodel. Later,Milanes et al. [12]
built a second-order response model with time delay to
characterize a vehicle longitudinal model during the starting
and braking process on the basis of experimental test data.
In addition, the intelligent driver model (IDM) [13], [14]
and its extended models [15], [16] can be well applied to
the vehicle longitudinal dynamic model of ACC vehicles
to analyze the effect of different ACC strategies on traffic
flow. Kerner [17], [18] proposed a three-traffic-phase ACC
(TPACC) model and found that the TPACC approach can
result in more merits (i.e., ensuring string stability, decreas-
ing the probability of traffic flow breakdown and velocity
disturbances) than the classical approach to ACC. Likewise,
Lu et al. [19], [20] clarified car-following behaviors by
defining a safety margin, and proposed a desired safety
margin (DSM) model. and geographic information system
is also applied on the study of driving behavior. Although
the aforementioned vehicle longitudinal dynamic models
have a good ability to simulate the whole car-following
processes of ACC vehicles, how to improve the ACC vehicle
platoon stability is still a matter of concern for scholars.
That is, the basic requirement of applying ACC to vehicles
is performance stability, which ensures the comfortableness
and safety of drivers and passengers in platooning applica-
tions [21]. Therefore, string stability, which is a key property
of platoon control, has attracted the attention of scholars [22].

The string stability indicates that the spacing headway
error, states, or the control input are not amplified as a
small perturbation propagation upstream from one vehicle
to another vehicle in the platoons. Several control strate-
gies have been introduced in vehicle platoons to improve
string stability [23], [24]. In general, two major car-following
spacing policies (constant spacing policy, CSP; constant time
headway policy, CTHP), have been used to reduce the prop-
agation of disturbances in platoons. Between these policies,
a CSP is usually applied because it not only enhances string
stability but also achieves high traffic capacity [25]–[31].
However, this policy is founded on a realistic assumption of
the initial speed and zero spacing error and requires the cost
of vehicle-to-vehicle communications [30]. The CTHP is a
simple and common variable spacing policy [32]. This pol-
icy can enhance string stability using onboard information.
Thus, the CTHP is typically adopted to replace the CSP for
controlling vehicle platoons [33]–[39]. Compared with the
CSP, steady-state intervehicle spacing can be enlarged with

increasing velocity, which leads to a low traffic density [34].
Swaroop et al. [40] presented a comparative study of time
headway policy and spacing for automatic control vehicles,
and the results show that spacing control is a very attrac-
tive method without requiring intervehicle communication
for autonomous intelligent cruise control systems. Recently,
Ali et al. [41] modified the CTHP and improved string sta-
bility by introducing a virtual truck. However, this policy
increases the risk of collision due to the small distances
between vehicles. Guo et al. [42] presented a distributed
adaptive sliding mode control strategy that is based on the
modified CTHP to improve the string stability.

According to these studies, string stability is strongly cor-
related to the control strategy of vehicle platoons, which is
significant in the theory and practice of ACC systems.

ACC systems are longitudinal driving assistant systems
that can detect and identify leading vehicles and maintain
space headways by constantly adjusting a vehicle’s speed on
the basis of a control algorithm. Most dynamic models of
ACC vehicles are car-following model-based ACC models,
including the IDM and its extended models, the extended
OV model, the state variable-based linearized vehicle longi-
tudinal dynamic model, etc. However, most dynamic models
cannot simulate different drivers’ physiological and psycho-
logical characteristics. That is, most ACC systems require
drivers to adjust their behavior to adapt to these systems.
Satisfying the requirements of drivers’ individual comfort in
this manner is difficult because different drivers have varying
driving habits. In contrast, the vehicle dynamic model based
on the risk measure of the DSM is capable of detecting
drivers’ physiological and psychological characteristics using
five driving behavior parameters.

In this study, the DSM model is used to develop a corre-
sponding dynamic control scheme, investigate string stability,
and verify the effectiveness of our proposed stabilization
strategy. The findings will promote the development of the
DSM model in ACC systems.

II. DSM CAR-FOLLOWING MODEL
We consider that a platoon of N vehicles run on a straight
road as shown in Figure 1. All vehicles follow their preceding
vehicle based on the DSM car-following model [20]. The
acceleration of the nth follower vehicle can be written as

an(t + τ ) =


α1 (VMn(t)− VMnDH ) , VMn(t) > VMnDH

α2 (VMn(t)− VMnDL) , VMn(t) < VMnDL

0, else
(1)
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where α1 is the sensitivity factor for acceleration, α2 is the
sensitivity factor for deceleration an(t) is the acceleration of
the nth vehicle at time t , VMnDH is the upper limit of the
DSM, VMnDL is the lower limit of the DSM, and VMn(t) is
the value of the DSM.

And

VMn(t) = 1−
vn(t) · τb +

(
[vn(t)]2

/
2dn(t)

)
xn−1(t)− xn(t)− ln−1

+
[vn−1(t)]2

/
2dn−1(t)

xn−1(t)− xn(t)− ln−1
(2)

where vn(t) is the velocity of the nth vehicle at time t , xn(t)
is the position of the nth vehicle at time t , ln−1 is the length
of the (n − 1)th vehicle, dn(t) is the deceleration of the nth
vehicle at time t , τ is the reaction time, and τb is the brake
system’s reaction time.

The DSM model can be used as the control strategy of the
ACC system [43], VMnDL and VMnDH denote the acceptable
gaps between two successive vehicles with the ACC system
in the platoon, τ can denote the response time of vehicles with
the ACC system, and α1 and α2 denote the acceleration and
deceleration response characteristics of vehicles within the
ACC system.

Several supplementary constraints are imposed to satisfy
the limitations in the vehicle motion in the car-following
process as follows.

(1) Maximum deceleration: a vehicle’s deceleration ranges
from approximately 2 m/s2 to 8 m/s2 on the basis of the
Highway Capacity Manual [44]. Therefore, the maximum
deceleration of vehicles with the ACC system is set to less
than -8 m/s2.
(2) Maximum favorite acceleration: a vehicle’s accelera-

tion ranges from approximately 0.9 m/s2 to 4 m/s2 on the
basis of the Highway Capacity Manual [44]. In addition,
Treiber et al. declared that a vehicle’s acceleration ranges
from approximately 0.8 m/s2 to 2.5 m/s2 [45]. However,
the maximum favorite acceleration is set as 1.5 m/s2 in
the Gipps car-following model [46]. Therefore, the max-
imum favorite acceleration is set as 1.5 m/s2; that is
an(t) = 1.5 m/s2 if an(t) > 1.5 m/s2.
(3) Minimum relative spacing headway: Lu et al. [20]

estimated a relatively acceptable spacing headway for drivers
in the car-following process, found that the relative accept-
able spacing headway ranges from approximately 1.07 m to
4.83 m, and its median is 1.90 m. Therefore, the minimum
relative spacing headway constraints were set as

an(t)

=max
{

−[vn(t)]2

(2 ·max[(1xn(t)−ln−1−S0), 0.01])
,−8.0m

/
s2
}
,

in which S0 is the minimum favorite gap when two vehicles
are at a stop and is set to 1.9m.max[(1xn(t)−ln−1−S0), 0.01]
can be used to avoid [vn(t)]2/(2 · max[(1xn(t) − ln−1 −
S0), 0.01]), which is unreasonable.

Lu et al. [20] used the vector P = (τ,VMnDL ,VMnDH , α1,

α2)T to describe the car-following behaviors of different

FIGURE 2. Two test vehicles, GPSs, IMU and other components of the ACC
system.

drivers. In the ACC system, the control parameters of the
DSM model are set to τ = 0.5VMnDL = 0.75, VMnDH =

0.94, α1 = 6.43, and α2 = 12.22. In addition, other
parameters of the DSM model, such as dn(t) = 7.35 and
dn−1(t) = 7.35[47], τb = 0.15 s because its value remains
within the limits of 0.1 to 0.2 s for most Japanese andWestern
vehicles in emergency situations [48].

Furthermore, two test vehicles with a speed control system
(DSM model) are used to collect experimental data in Tian
Gong Road, as shown in Figure 2.

Based on the test results of the car-following performance,
fluctuations between the detected headway and the desired
headway were detected, as shown in Figure 3, in which
the velocity difference between the leading vehicle and the
following vehicle was more than ±2 m/s when the velocity
of the leading vehicle slightly fluctuated [49]. As suggested
in Wagner [50] and Jiang et al. [51], if the fluctuation is
approximately ±2 m/s, then the headways of all vehicles in
the platoon have large fluctuations. This result implies that
unstable traffic flow may occur [52] with a small disturbance
of the leading vehicle acceleration in the platoon. Therefore,
the results show that the DSM control strategy should be
improved to enhance string stability and car-following safety.
How to further improve the DSMmodel stability is a problem
worth studying.

III. PLATOON CONTROL SCHEME
A. NOTATIONS
Symbol Quantity
S desired spacing headway
en spacing error
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FIGURE 3. The whole car-following processes in the DSM model.

xn−1 position of the (n-1) th vehicle
xn position of the n th vehicle
δn new spacing error
H time headway between the (n-1) th and n th

vehicles
v∗ same velocity for all vehicles in a stable

platoon
1x∗ same space headway for all vehicles in a

stable platoon
χDSM feasible value between the lower and the

upper limits of the DSM
sn gap between the n th vehicle and the (n-1) th

vehicle
εvn small perturbation of the velocity around the

steady-state solution
εsn small perturbation of the gap around the

steady-state solution
uin(t) control signal term
20 new gap error
k1, ρ, γ positive constants

B. SLIDING MODE CONTROLLER STABILITY ANALYSIS
In this study, the vehicle platoon comprises many equipped
vehicles following one another, and each vehicle can receive
the motion information of its preceding vehicle. Other vehi-
cles follow one another, moving at the same velocityV (S) and
with the same desired spacing headway S, and the 1st vehicle
is the leading car, as shown in Figure 4.

Then, the spacing headway error en of the nth vehicle can
be defined as follows:

en = xn−1 − xn − S. (3)

As suggested in [41], the kinematic evolution can be
defined as follows:

·
en =

·
xn−1−

·
xn . (4)

The dot above en denotes the differentiation regarding the
time.

Therefore, the goal of the control strategy is lim
t→t0

en = 0

in the constant spacing control, and t0 is a constant (t0 > 0).
However, the nth vehicle’s new spacing error δn is defined in
the time headway policy as follows:

δn = en − Hvn. (5)

Similarly, this control strategy drives δn to 0. Previous
studies have shown that the THP eliminates the requirement
of communication with the leading vehicle and increases the
intervehicle distance with velocity. This condition implies
that the THP is superior to a constant spacing control strategy.
Equation (2) can be written by the DSM as follows:

0 = α1

 1−
2dn(t) · vn(t) · τb + [vn(t)]2

2dn(t) [xn−1(t)− xn(t)− ln−1]

+
[vn−1(t)]2

2dn−1(t) [xn−1(t)− xn(t)− ln−1]
− VMnDH


(6)

and

0 = α2

 1−
2dn(t) · vn(t) · τb + [vn(t)]2

2dn(t) [xn−1(t)− xn(t)− ln−1]

+
[vn−1(t)]2

2dn−1(t) [xn−1(t)− xn(t)− ln−1]
− VMnDL


(7)

H can be calculated as follows:

H =
τb

1− χDSM
+

l
v∗
. (8)

where χDSM = 〈VMnDL ,VMnDH 〉, vn = vn−1 = v∗, dn =
dn−1, and ln−1 = l.

For the convenience of qualitative analysis, the DSM
model can be written as follows:

dvn(t)
dt
= fi(vn−1, sn, vn),

dsn(t)
dt
= vn−1(t)− vn(t).

(9)
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FIGURE 4. Vehicle platoon.

where the function fi(vn−1, sn, vn) = αi (VMn(t)− VMnDH ) ,

i = 1, 2.
Specifically, the velocity of the considered vehicle is given

by vn = vn−1 = · · · = v∗, and the gap of the considered
vehicle is given by sn = sn−1 = · · · = s∗, which satisfies
the function f (v∗, s∗, v∗) = 0.We define vn = v∗ + εvn and
sn = s∗+εsn, respectively. Then, Equation (10) can bewritten
as

dεvn(t)
dt

= f
vn−1
i εvn−1(t)+ f

sn
i εsn(t)+ f

vn
i εvn(t),

dεsn(t)
dt

= εvn−1(t)− εvn(t).
(10)

where

f vni =
∂f
∂vn

∣∣∣∣
(v∗,s∗)

= −αi
τbd + v∗

s∗d
,

f sni =
∂f
∂sn

∣∣∣∣
(v∗,s∗)

= αi
v∗τb
(s∗)2

,

f
vn−1
i =

∂f
∂vn−1

∣∣∣∣
(v∗,s∗)

= αi
v∗

s∗d
. (11)

where dn = dn−1 = d .
A control signal term uin(t) is added, and Equation (10) can

be written as follows:
dεvn(t)
dt

= f
vn−1
i εvn−1(t)+ f

sn
i εsn(t)+ f

vn
i εvn(t)+ u

i
n(t),

dεsn(t)
dt

= εvn−1(t)− εvn(t).

(12)

Furthermore, the new gap error 20 can be defined on the
basis of Equations (6) and (9) as follows:

20 = εsn −
(

τb

1− χDSM
+

l
v∗

)
· εvn + l. (13)

Then, the goal of the control scheme is lim
t→t0

20 = 0.

A sliding mode controller of the vehicle platoon is brought
in, in which the sliding mode surface is given as follows:

2 = 20 + k1

∫ t

0
20dζ. (14)

Then,

2̇ = 2̇0 + k120

= εvn−1(t)− εvn(t)−
(

τb

1− χDSM
+

l
v∗

)
εv̇n(t)

+k1

(
εSn(t)−

(
τb

1− χDSM
+

l
v∗

)
εvn(t)+ l

)

=

(
1−

αiv∗

s∗d

(
τb

1− χDSM
+

l
v∗

))
εvn−1(t)

−

(
1+ k1

(
τb

1− χDSM
+

l
v∗

)
− αi

τbd + v∗

s∗d

)
εvn(t)

+

(
k1 −

αiv∗τb
(s∗)2

(
τb

1− χDSM
+

l
v∗

))
· εSn + k1l

−

(
τb

1− χDSM
+

l
v∗

)
· uin(t) (15)

The candidate Lyapunov function is given as fol-
lows [53]–[55]:

6 =
1
2
22. (16)

We obtain

6̇ = 22̇

= 2·



(
1−

αiv∗

s∗d

(
τb

1− χDSM
+

l
v∗

))
εvn−1(t)

−

(
1+ k1

(
τb

1− χDSM
+

l
v∗

)
− αi

τbd + v∗

s∗d

)
εvn(t)+

(
k1 −

αiv∗τb
(s∗)2

(
τb

1− χDSM
+

l
v∗

))
·εsn + k1l −

(
τb

1− χDSM
+

l
v∗

)
· uin(t)


(17)

Then, the sliding mode controller can be designed on the
basis of (18) as follows:

uin(t)

=

 1(
τb

1−χDSM
+

l
v∗

) − αiv∗
s∗d

 εvn−1(t)
−

k1 + 1− αi
τ2d+v∗
s∗d(

τb
1−χDSM

+
l
v∗

)
 εvn(t)

+

 k1(
τb

1−χDSM
+

l
v∗

) − αiv∗τb
(s∗)2

 · εsn
+

k1l(
τb

1−χDSM
+

l
v∗

) + 1(
τb

1−χDSM
+

l
v∗

) (ρ2+ γ sgn(2)) .

(18)

By substituting (19) into (18), we obtain

6̇ = 22̇ = 2(−ρ2− γ sgn(2)) = −ρ22
− γ |2| ≤ 0.

(19)
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FIGURE 5. Relationship between TH and χDSM with v∗ = 20 m/s.

Consequently, according to Lyapunov stability theory,
the proposed sliding mode controller is stable.

Furthermore, 6 is a nonincreasing function because
6̇ ≤ 0, t ∈ [0,+∞). Thus, we obtain 6(t) ≤ 6(0) <
6(+∞). Since 6̈ = 2̇2̇ + 22̈ = −2ρ22̇ − γ 2̇ |2|,
we determine that 20(t) and 2(t) are bounded when t ≥ 0.
Since 2̇0 = εvn−1(t) − εvn(t) −

(
τb

1−χDSM
+

l
v∗

)
· εv̇n(t),

we determine that 2̇0 ∈ L∞. Moreover, we determine that
6̇ is uniformly continuous because 6̈ ∈ L∞.
In addition, when

∫
+∞

0

∣∣6̇∣∣dt = |6(+∞)| − |6(0)| <
+∞, we have that lim

t→∞

∫ t
0

∣∣6̇ (ζ )∣∣dζ is in existence and

bounded. Based on Barbalat’s lemma [56], if 6̇ is uniformly
continuous and lim

t→∞

∫ t
0

∣∣6̇ (τ )∣∣dτ exists and is bounded, then
lim
t→∞

6̇ = 0. Moreover, we know that 6̇ = 2(−ρ2 −

γ sgn(2)) ≤ 0. Then, we have lim
x→∞

(
ρ22
+ γ |2|

)
= 0.

Therefore, we find that2 and20 asymptotically converge to
zero.

Moreover, a feasible χDSM should be given for the control
term. According to Equation (9), there is a corresponding
relation between χDSM and the time headway (TH). The TH
should be higher than 2 s on the basis of several driving
experiments in the US. Likewise, European nations recom-
mended drivers to keep the time headway above 2 s [57].
Specifically, the average TH value for all subjects on road
A35 was approximately 2 s. The relationship between the
TH and χDSM is shown in Figure 5. The result shows that
the average DSM was approximately 0.9 when the TH was
2 s [52]. Additionally, Lu et al. [19] found that the average
of χDSM was approximately 0.9 for general drivers based on
the experimental results of a real vehicle test. To meet the
psychological characteristics of people in the car-following
process, 0.9 was used to set the value of χDSM . Other control
parameters were set as follows in the numerical simulation:
k1 = 0.4, ρ = 0.01, and γ = 0.04.

FIGURE 6. Velocity characteristics of the 1st, 10th and 20th vehicles:
(a) without the stabilization strategy and (b) with our proposed
stabilization strategy.

IV. NUMERICAL EXPERIMENTS AND DISCUSSION
The influence of the proposed stabilization strategy on the
stability and safety of a platoon in the car-following process
is studied through numerical experiments.

All vehicles’ positions and speeds in the platoon vary with
the time step 1t = 0.1 s, as shown in below:

vn(t +1t) = vn(t)+1t · v̇n(t), (20)

xn(t +1t) = xn(t)+1t · ẋn(t)+
1
2
ẍn(t) · (1t)2. (21)

Consider a case where 20 vehicles with a spacing headway
L = 35 m move in a single lane. The following initial
conditions are set for all vehicles:

xn−1(0) = L · (N − n+ 2),

vn−1(0) = 20,

v̇n−1(0) = 0,

n = 2, · · · ,N + 1. (22)

where xn−1(0) is the initial position of the (n − 1)th vehicle
in the system when t = 0, vn−1(0) is the initial velocity
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FIGURE 7. Hysteresis loops are obtained from the 5th, 10th, and 20th
vehicles: (a) without the stabilization strategy and (b) with our proposed
stabilization strategy.

of the same vehicle when t = 0, and v̇n−1(0) is the initial
acceleration of the same vehicle when t = 0.
The traffic scene is established as follows: the first vehicle

of the platoon abruptly decelerates at –1.5 m/s2 during three
short time intervals, namely, 200 to 203 s, 500 to 503 s, and
800 to 803 s, and the first vehicle of the platoon accelerates
at 1.5 m/s2 during three intervals, namely, 205 to 208 s,
505 to 508 s, and 805 to 808 s. These external disturbances
are introduced to investigate the influence of our proposed
stabilization strategy on the traffic safety and string stability.

Figure 6 illustrates the velocity characteristics of the 1st,
10th, and 20th vehicles in the DSM model with and without
our proposed stabilization strategy after 100 s. The devia-
tions in the speeds of the vehicles from the desired velocity
of 20 m/s are reduced to a reasonable range of less than
2 m/s, as shown in Figure 6(b). Compared with Figure 6(a),
the velocity fluctuations are effectively reduced under our
proposed stabilization strategy.

Moreover, based on the DSM model, the hysteresis loops
of the 5th, 10th, and 20th vehicles are obtained, as shown
in Figure 7(a). Figure 7(b) illustrates that the hysteresis loops
of the 5th, 10th, and 20th vehicles are obtained on the basis

FIGURE 8. Spatiotemporal plot of the 1/TTC values of vehicles based on
the DSM model: (a) without the stabilization strategy and (b) with our
proposed stabilization strategy.

of the DSM model with our proposed stabilization strategy.
The fluctuation in the hysteresis loops of the 5th, 10th, and
20th vehicles is smaller in the DSMmodel with our proposed
stabilization strategy than in the DSM model without our
proposed stabilization strategy. In addition, the platoon shows
a larger spacing headway under the proposed ACC model,
which verifies the relevant results of previous studies (i.e.,
steady-state intervehicle spacing of the time headway policy
can be enlarged, and thus, the rear-end collisions would be
reduced). Specifically, the hysteresis loops of the vehicles
demonstrate that the string stability considering the proposed
stabilization strategy is better than that not in theACC system.
Thus, the results show that our proposed stabilization strategy
can effectively enhance the string stability.

In addition, Figure 7 shows that the headways of the
vehicles are higher with the proposed stabilization strategy
than those in the DSM model. This finding implies that our
proposed stabilization strategy can improve car-following
safety. The time-to-collision (TTC) and TH are two typical
rear-end collision risk assessment indexes [22], and TTC is
the remaining time until a collision occurs when two cars
drive on the same route. However, risks are underestimated at
large relative velocities as the influence of the relative veloc-
ity is ignored when calculating the TH. Therefore, the TTC
should be selected as a risk measure index, and can be
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FIGURE 9. Spatiotemporal plot of the SM of vehicles based on the DSM
model: (a) without the stabilization strategy and (b) with our proposed
stabilization strategy.

calculated as follows:

TTCn =
1xn(t)− ln−1
vn(t)− vn−1(t)

, ∀vn(t) > vn−1(t) (23)

A large or an undefined TTC value may occur according to
(23) when vn(t) and vn−1(t) are nearly equal in the platoon.
Therefore, 1/TTC is adopted to represent the TTC.

Furthermore, the safety margin (SM), a new risk indicator,
is adopted to evaluate the rear-end collision risk based on (3),
and can be simplified as follows:

SMn = 1−
1.5g · 0.15 · vn(t)+ [vn(t)]2

1.5g [1xn(t)− ln−1]

+
[vn−1(t)]2

1.5g [1xn(t)− ln−1]
(24)

Figure 8 illustrates that the spatiotemporal plot of 1/TTC,
which is based on the DSM model, is obtained from all
vehicles without and with the proposed stabilization strat-
egy. As shown in Figure 8(a) and Figure 8(b), the 1/TTC
of all vehicles increases from 0 to 0.02 with the external
disturbance, whereas the 1/TTC also tends to zero. The fluc-
tuation in 1/TTC with our proposed stabilization strategy is
decreasing, compared to the 1/TTC without our proposed
stabilization strategy.

Under the SM indicator, Figure 9(a) shows that the SM
of all vehicles fluctuates between 0.6 and 0.9 and that all
vehicles run orderly with SM = 0.7 when the external dis-
turbance disappears. The SMs of all vehicles are in the range
of 0.8 to 1, and the running SM of all vehicles obtains a high
value with SM = 0.95, as shown in Figure 9(b). Therefore,
collision risks with a small SM or TTC are observed. The
results indicate that the proposed stabilization strategy can
improve the traffic safety in the ACC system.

V. CONCLUSION
In this study, the DSM model was used as an ACC con-
trol strategy for a rear-end avoidance system. Thus, vehicles
can adjust to a suitable velocity in the car-following pro-
cess based on the proposed DSM-ACC system. This study
analyses string stability and platoon safety based on the
DSM car-following model considering a stabilization strat-
egy. Specifically, the stability of the proposed sliding mode
controller based on the time headway policy is guaranteed by
using Lyapunov stability theory.

The numerical simulations demonstrate that the proposed
stabilization strategy improves the smoothness of vehicular
traffic flow and avoids a collision risk by using the TTC and
SM indicators. The proposed theoretical analysis and strategy
have provided an effective way to improve the string stability
and safety of automotive platoon driving, which can be valu-
able when designing ACC controllers. Moreover, the DSM
model as anACC control strategy can satisfy the drivers’ indi-
vidual requirements. This research promotes the development
of the DSM model in ACC or automotive driving platoons.

However, we have investigated only the effectiveness of
our proposed stabilization strategy in improving smooth-
ness and stability using numerical simulations. We have not
applied this strategy to a real vehicle in this study, and the uni-
versality of the proposed control strategy on othermodels also
needs to be studied. In view of the limitations, the domains of
attraction, cut-in, merge, and mixed traffic (including normal
vehicles, ACC vehicles, and cooperative ACC vehicles) are
important topics in related studies. However, our study does
not take into account these notable problems. It is hoped that
these active research topics will be further investigated in
future research. Moreover, an anthropomorphic and robust
DSM car-following system will be developed using real vehi-
cle test platform that can address complex traffic situations,
such as congestion, in the future work.
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