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ABSTRACT Platooning is one of the innovations in the automotive industry, which aims to improve the
safety and efficiency of automobiles, while alleviating traffic congestion, reducing pollution, and reducing
passenger pressure. According to the car-following (CF) theory, a platoon control strategy for autonomous
vehicles based on sliding-mode control (SMC) theory is proposed. This strategy can be applied to achieve
the rapid platoon forming of multiple autonomous vehicles and maintain the stable state of the vehicle
platoon. The Multiple Velocity Difference (MVD) model is selected to describe the positional state of vehicle
platoon changing over time. The control target is to converge the error between the actual headway (the
distance between front tips of two neighboring cars) and the expected headway to zero while ensuring the
stable velocity and acceleration of the platoon. In addition, a hypothetical first car strategy is proposed
to improve the control efficiency. Numerical simulation experiments for urban roads and highways are
designed, the space-time states of vehicle platoon under different MVD model parameters (non-control
strategy) and sliding-mode control strategies are compared. The results show: proposed improved vehicle
platoon sliding-mode control strategy can provide a shorter time of forming a platoon and better stability in
the simulated environment, and its control effect is better than that of non-control strategy and conventional
sliding-mode control strategy. Besides the proposed strategy allows vehicle platoon to quickly reach a stable

and controllable state, and it provides an idea for collaborative control of autonomous vehicles.

INDEX TERMS Platoon control, autonomous vehicles, sliding-mode control, Simulink, acceleration.

I. INTRODUCTION

With the development and application of autonomous driving
technology, vehicles are accelerating the transition from man-
ually controlled mechanical products to intelligent products
controlled by intelligent systems. Vehicle platoon has become
a research hotspot in the field of autonomous driving. Under
the premise of intelligent vehicle control and information
exchange, multi-vehicle platoon driving can provide a smaller
safety distance (higher road utilization), lower risk for drivers,
and less wind resistance (lower fuel consumption) [1]. From
a microscopic perspective, the vehicle platoon is more like
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a car-following (CF) behavior that can be automatically
adjusted.

The research on the CF model has been very detailed.
Bando et al. put forward the Optimal Velocity (OV) Model,
which served as the foundation for a series of CF models pro-
posed by scholars [2]. Nagatani et al. discovered the model of
traffic flow based on the headway (the distance between front
tips of two neighboring cars) [3]. Helbing et al. compared the
fluctuating vehicle statistics of urban car-following behavior
and micro stimulation model, based on which the Generalized
Force (GF) Model was proposed [4]. Jiang et al. put forward
the Full Velocity Difference (FVD) Model based on the CF
model, and applied it to describe the phase transition of traffic
flow to estimate the congestion evolution [5]. On the basis of
FVD Model, Wang et al. attempted to establish an expanded
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model with a large number of previous cars’ information, and
proposed the Multiple Velocity Difference (MVD) Model [6].
From the perspective of practical engineering, there are two
important behaviors for vehicle platoon i.e., the formation
and the maintenance of the platoon. This process cannot be
achieved by following only the CF model. The convergence
speed of the CF model cannot meet the efficiency require-
ments of vehicle formation.

Sliding-mode control is a classic convergence control
method. So far, the sliding-mode control theory has been
widely applied on fault diagnosis and fault tolerant con-
trol [7]-[9]. He et al. explored a vehicle stability control
strategy based on sliding-mode variable structure control
theory [10]. Gao et al. presented a distributed sliding mode
control strategy for platoon control of multiple autonomous
vehicles [11]. Lu et al. presented a novel neural network
adaptive sliding-mode control method to design the dynamic
control system for an omnidirectional vehicle [12]. Sun et al.
studied the leader-follower platoon control of under actuated
surface vehicles with model uncertainties and environmental
disturbances [13]. There has been some research on pla-
toon maintenance. Kwon et al. proposed a platoon-control
method for an interconnected vehicular system using a cou-
pled sliding-mode control to guarantee string stability [14].
Yan et al. developed a neural adaptive sliding-mode control
algorithm to investigate the output feedback control of a vehi-
cle platoon [15]. Li et al. described the features of traffic flow
by adopting the FVD Model, and designed a sliding-mode
controller, verifying that the strategy of the sliding-mode
control is better than the reflection control [16].

From the existing research, it seems that there is less
attention to the formation process of vehicle platoon. The
formation of the vehicle platoon is the first process of platoon
driving. Therefore, this study is dedicated to finding a fast
and safe platoon control strategy. This strategy should meet
these conditions: first, the formation and maintenance of the
platoon can be achieved according to the preset speed and
headway; second, the safety of the driver and the compliance
with road traffic regulations are ensured during the formation
of the platoon; third, this strategy must have practical engi-
neering significance.

For the above conditions, first, we combined the classic
MVD model and an improved sliding-mode control method
to realize the process that the vehicles quickly formed a stable
platoon from irregular positions and speeds, and observed
the performance of the platoon in continuous disturbance;
second, we fully considered the drivers’ experience and traf-
fic regulations during the formation of the platoon, limiting
the speed and acceleration of the vehicles during the for-
mation of the platoon; third, we improved the conventional
sliding-mode controller, which greatly weakened the chatter
and made it practical. In order to verify the control effect of
the proposed strategy, a numerical experiment was designed.
Scenes with different velocity requirements were designed to
verify the platoon state under the no-control strategy, the con-
ventional sliding-mode control strategy, and the improved
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sliding-mode control strategy. The results show that the effect
of improved sliding-mode control strategy is better than other
strategies. Which can achieve the formation and stable driv-
ing of vehicle platoon, while maintaining reasonable speed
and acceleration.

The main advantage compared to previous ones is that
the formation of the platoon is fast and stable, and it can
ensure stability under continuous interference. And while
maintaining a small amount of calculation, the chatter is
greatly weakened. Besides, a hypothetical first car strategy is
proposed which greatly improves the stability of the platoon
and control efficiency. With the gradual popularization of
autonomous driving, the proposed platoon control strategy
can provide necessary scientific guidance in improving trans-
portation efficiency and safety.
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FIGURE 1. Schematic diagram of a single lane vehicle platoon scene.

Il. PRELIMINARIES

Shown in Fig.1 is a car-following scene where the vehicle
platoon in a single lane has a total number of N cars. Based on
the FVD Model, Wang et al. proposed the MVD Model [6],
which enhances the stability of the vehicle platoon according
to the information from multiple vehicles. This study selected
the MVD Model to describe the spatial state of car platoon
in a single lane and configure the controlled objective: to
converge the difference between the actual headway and the
expected headway into zero within a short time span. Apart
from considering the velocity difference between the previous
and the current vehicle, the velocity differences between mul-
tiple (n) previous vehicles were also utilized to describe the
traffic flow characteristics of the vehicle platoon. The model
expression is as shown in (1).

£ (0) = alV (A ) = vi O]+ ) KAvieo1 () ()

where 7 represents the moment; a is the sensitivity coefficient;
x; (t), vi (t), and X; (t) respectively represent the position,
velocity, and acceleration of the i car at  moment; j indi-
cates the current number of vehicles considering the velocity
difference,andj=1,2,--- ,n,n < N.

Hence, Ax; (t) = x;j4+1 (t) — x; (¢) represents the headway
between the i + 17 and i” car at t moment, and Av;4j_ (1) =
Viyj (1) —vigj—1 (¢) represents the velocity difference between
the i + ;" and i+ j — 1"* car at + moment, and Aj are the
response coefficients of the difference of velocity. If the
actual conditions are also considered, and A; > A;y1. It can
be apparently seen when 7 is taken as 1, and the model will
become the FVD model.

V (-) is the optimal velocity function [5], a monotonically
increasing function with an upper boundary, and is as shown
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in (2).
V (Ax; (1)) = % [tanh(Ax; (t) — Ax.) + tanh(Ax.)] 2)

V (Ax; (1)) represents the expected velocity; tanh(-) is a
hyperbolic tangent function; vy, is the highest velocity; Ax, is
the safe headway between two neighboring vehicles in the
platoon.

According to the expression of MVD Model, (1) can be
rewritten into the differential form as shown in (3).

d
S = AV (Ax0) )+ Y A0
d Ax;

0 a0 = i)

3

If the first car travels at the expected velocity vg, the
position of the first car at # moment can be described as (4).

xn (1) = vot +xn(0) “

where xy (¢) represents the position of the first car at ¢
moment; xy (0) is the initial position of the said first car.

Hence, in terms of the vehicle states of the whole platoon,
the inverse function of the optimal velocity function can
be used to obtain the expected headway between the cars.
In other words, (5) can be derived from (2).

Axg =V (vp) (5)

where Ax, represents the expected headway between neigh-
boring vehicles if the first car travels at the expected veloc-
ity vo; V™1 (-) equals the inverse function of the optimal
velocity function.

Therefore, the stability state of the vehicles in the platoon
can be expressed as (6) [17]-[19].

[v0. V0] ©)

Equation (7) can be derived from (3) by linearizing the
latter in its stable region.

[vi (1), axio)]" =

dbv; (t)

- a[ASAx;(t) — 8vi(t)] + Z NS AV 1(1)
dsAx;(t)
S = v () — dui)

(7
where §v; (1) = v; (t) — vo, §Ax; (1) = Ax; (1) — V’l(vo),
A represents the slopes of the model when Ax;;) = V1),
and A is as shown in Equation (8).

A= dV (Ax;(t))
dAxi(t) | axy=v =1 ()
1
= ®)

[cosh (V=1 (vg) — )cc)]2

By introducing the control term of the sliding-mode con-
troller into (7), the spatial expression for the required state
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of the vehicle platoon system can be obtained and is shown
as (9).

dg;;(” = a[ASAxi(t) — 8vi(t)] + ui(t)

T A A () ©)
dsax() _ o ©
T = () — du

where u;(t) is the control signal term. u;(¢) as a control item
is to ensure the error and convergence speed of the vehicle
spacing. (9) can be used to solve the vehicle state at different
moments. The car’s following state has been described so far.
The next step is to design a control module.

lIl. METHDODLOGY
A. THE DESCRIPTION OF THE SYSTEM
According to the fundamental principles of the variable
sliding-mode structural control [20]-[22], the design would
be applicable for the sliding-mode controller of the system
mentioned above. Besides, a velocity feedback control mod-
ule is added. The control strategy is as shown in Fig.2.
Firstly, the control objective is determined. For the vehicle
platoon in which the first car is traveling at the expected
velocity, the control objective shall be the headway. (5) can
be used to obtain the error between the actual headway and
the expected headway which is represented as e, as is shown
in (10).

) (10)

Therefore, the control objective within a bounded time
parameter T can be expressed as llm e=0,7 > 0. This

e=06Ax;i(t) = Ax;j(t) =V

expression can also be elaborated as the requirement for the
actual headway and the expected headway to be equal within
a given limited time.

B. THE DESIGN OF SLIDING-MODE CONTROL MODULE

1) CONVENTIONAL SMC METHOD

The uncertainty of the system needs to be considered in the
modeling so that the designed controller can meet the design
requirements under the interference of uncertainty. With the-
oretical and engineering practical significance, the character-
istics of sliding-mode control (SMC) are suitable for traffic
flow platoon stability control [23], [24]. Based on the fun-
damental theory of sliding-mode control, the sliding-mode
surface can be defined as (11).

s=ce+e (11)

where e and ¢ are respectively the error and its rate of change;
¢ must meet the Hurwitz criterion i.e., ¢ > 0.

It can be observed from (11) that when s (¢) = 0, ce (t) +
¢ (t) = 0 and the model will converge to e (1) = e(0)e .
That is to say, when t — 00, the error exponent will converge
to 0 at a rate that is determined by the value of c¢. Thus,
the convergence of the error function s can be inferred as
the convergence of both the position tracking error e and that
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FIGURE 2. Platoon control strategy flow chart.

of the velocity tracking error e, during which s will be the
sliding-mode function.
The definition of the Lyapunov function is shown in (12).
L =0.55" (12)
Thus, the differential form of (12) can be obtained,
as shown in (13).
L =ss (13)
§ can be obtained as shown in (14).
ddvip1 (1) dévi (1)
dt dt

§=ce+é=cdviy (t) — cdv;i (1) +
(14)

Combined with the state space expression (9) of the sys-
tem, § can be further rewritten as (15).

ddvip (1)
dt
n
+ advi(t) — Zj:l AjSAVii1() —ui(t)  (15)

§ = cévip1(t) — cdvi(t) + — aAS§Axi(t)

Bring (15) into (13) and get the expression of L as (16).

ddvit1(t)

o — alA§Axi(t)

L=s |:C5V,'+1(I) — cévi(t) +

+ advi(t) — Z;;l ABAV1(t) — Mi(l)] (16)

To ensure that L. < 0, the conventional sliding-mode
control rate can be designed as shown in (17).

ddviy1(r)

ui(t) = cdvip1(t) — cdvi(t) + 7 — aASAxi(t)
n
+advi(t) — ijl A8 Avitj—1(t) + ks + nsgn(s)
déviyq(t
= c8vig1 (1) — cdvilt) + V;—*;‘() — ahSs Axi()

+advi(t) — A1dvip1 (1) + A18vi(t) — A28viya(t)
+ A28vip1 (1) — -+ — AudVign(t) + AndVigu—1(1)
+ ks + nsgns (17)

where k > 0, n > 0, sgn(-) is a sign function.
At this time, the expression of the sliding-mode control rate
is as shown in the (18).

§ = —ks — nsgn(s) (18)

VOLUME 8, 2020

Further, L under the conventional sliding-mode control
strategy can be obtained, as shown in (19).

Le = s[—ks — nsgn(s)] = —ks* — n|s| (19)

2) IMPROVED SMC METHOD

Equation (17) is a conventional sliding-mode controller
design method. Using conventional SMC strategies, the sys-
tem will generate chattering when the interference is large.
In this study, it is specifically expressed as the discontinu-
ity of acceleration. For the drivers, this chattering will be
extremely serious, which will affect the driving experience
and safety. To eliminate the adverse effects of chatter during
driving, the following improved SMC strategy is proposed.
The switching term nsgn(s) in the original control function is
the main cause of chattering. After several attempts, the term
was eventually replaced by the hyperbolic tangent func-
tion. Rewritten as the continuous switching term ntanh (%),
the control function is shown in (20).

ddviy1 (1)

ui(t) = cévip1(t) — cdvi(t) + — aASAx;(t)

S
+ advi(r) — Z; 28 Aviyj1(t) + ks + n tanh (g)
(20)

At this time, § = —ks — ntanh (%), Further, L under
the improved sliding-mode control strategy can be obtained,
as shown in (21).

L,- =5 [—ks — ntanh (S)] 21

3) THE PROOF OF CONVERGENCE
Lyapunov analysis has been utilized to test the finite-time
stability of the closed-loop sliding-mode dynamics [25]. The
convergence of conventional SMC strategy and improved
SMC strategy is proved as follows.

For traditional SMC strategy. From (17) it can be seen that

§ = —ks is the limit convergence term [26], whose root is
s = s(O)e‘k’ . The rate of limit convergence is as shown
by (22).

. k k
Le=—ks* —nls| < —SL—nlsl=—JL  (22)
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For improved SMC strategy. Separating the term
sntanh (£) from (21), (23) can be obtained.

sntanh (i) =snez —¢ j = 2S77 s(ezg -1 (23)
& es +e ¢ e + 1
2% — > > s
Because ¢ s 120,520 , which is s(ezE —1)>0.

e —1<0,5s<0
Using this condition, we can prove that the term is not less
than 0, as shown in (24).

sntanh (f) = S5 ~1)20 (24)
& e“s +1
So we can also get the upper limit of L; as shown in (25).
. 2 s k s k
L; = —ks® — sntanh (—) < —=L — sntanh (—) < —=L
€ 2 & 2
(25)

Considering Lemma 1 for Y : [0, 0c0) € R, the root(s) for
the inequality ¥ < —aY + f,Vt > f9 > 0 is as represented
in (26) [27].

t
Y (1) < e U0y (1) + / e UTIf(nydr - (26)
fo
where o is an arbitrary constant. The proof process of
Lemma 1 is as fo}lows [28]. )

Assume w (1) Y+ x Y —f,thenw (f) <0,and Y = — x

Y + f + w. Solving this formula gives (27).
1

Y(1) = e Um0y (1) + / e I (T)d T

4]

t
+ f e Dy(mydr  (27)
fo

Due to w (t) < 0,Vt > ty > 0, (27) can be converted
to (28).
t

Y(t) = e 20y (1) + / eI (ydr (28)

to
) Therefore, referring to Lemma 1, for the inequality
L < —%L, there are o = %,f = 0. The roots are as shown

in (29).
k
L(t) < e 270L (1) (29)

It can be seen that if the exponent of L (f) converges
to zero i.e., s is exponentially convergent, the exponential
convergence and rate of convergence e and ¢ will depend on k.
This implies that the exponential term ks can guarantee that,
when s approaches a very large value, the system state can
converge to the sliding-mode state at a relatively high rate.

C. THE DESIGN OF VELOCITY LIMIT MODULE

In these control strategies, the goal of the SMC module is
to ensure fast convergence. However, in the actual environ-
ment, vehicle performance and traffic management regula-
tions must be considered. The output constraints widely exist
in the physical systems [29]. In this study, the speed and
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acceleration limits can be converted into a controller output
limit. The acceleration and velocity of the vehicle need to be
controlled in a range of changes. To this end, a velocity limit
module is designed.

As for the acceleration of the vehicle. Since these control
strategies are aimed at autonomous vehicles, the acceleration
control of the vehicle is more accurate. So the acceleration
output value of the vehicle is limited. To ensure safety and
comfort, the acceleration range is set to [—3.00, 3.00]m/s2.

As for the velocity of the vehicle, if the output value of
the vehicle velocity is directly restricted, it will cause the
two sides of the differential equation to be unequal, and the
convergence time will tend to be infinite. Therefore, the vehi-
cle acceleration is feedback-controlled by setting a velocity
threshold, and the control method is shown in the (30).

a;(t) = —yisgn[vi(®)]  (vi(t) € Viimir)

v, (30)
% vi(t) € Viimit)

where a; (t) represents the acceleration output value of vehi-
cle i at t moment. Vj;,;; represents the velocity limit range.
y; is an adjustment coefficient set according to the velocity
limit range.

ai(t) =

IV. THE HYPOTHETICAL FIRST CAR STRATEGY

For convenience, the car at the front of the platoon is marked
as ‘“carl,” and so on to ‘““‘car20”. In the process of forming
the platoon, the application of control strategy can be simply
understood as a recursive problem. Therefore, the parameter
setting of ““carl” is critical and can be regarded as an example
in the platoon adjustment process. In order to achieve the
desired headway between the rear vehicles, their velocity will
converge towards the velocity of “carl”. However, as the ini-
tial setting in this study, “carl’’ which is the first information
receiver cannot be subjected to an ideal state of disturbance
and acceleration, but it should be larger than other vehicles.
To solve this problem, a hypothetical first car strategy is
proposed.

As shown in Fig.3, in front of ““carl,” the hypothetical first
car “car(” is generated. And it is driven by the ideal headway
and ideal velocity. At this point, “‘car0” is the first car for
the entire platoon. The advantages of this method are not
only to enhance the stability of the platoon, but also to adjust
the “ideal state” of the hypothetical vehicle to adjust the
final running state of the whole platoon. In combination with
the fast convergence characteristics of the proposed control
strategy, the fast and stable control of the platoon can be
realized.

V. NUMERICAL EXPERIMENT

The simulation experiment is designed to verify the effective-
ness of the proposed strategies, in which a vehicle platoon
consisting of 20 vehicles is traveling in different scenes.
MATLAB Simulink is employed in the numerical simulation
to establish an iterative subsystem for the 20 vehicles to
obtain the real-time state of each one. A 4-stage Runge-Kutta
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FIGURE 3. Schematic diagram of the hypothetical first car strategy.

algorithm is adopted to solve the differential equations, and
the time step size is set as 0.01 s.

A. SCENES DESIGN AND CHIOCE OF PARAMETERS

Two scenes of urban road and highway are simulated by
numerical simulation. Random noise with a maximum value
of £1072 m/s? is added to the acceleration of each vehi-
cle to express the difference between different vehicles.
A sine wave is added to the acceleration of the first car as
an environmental disturbance (this is done to maintain the
continuity of the disturbance, and irregular waves can also
be added).

1) SCENE A:URBAN ROAD SCENE

Velocity setting takes China’s velocity requirements as an
example, and can be adjusted according to the requirements
of different regions. v, and Ax, are set as v,, = 20.00 m/s,
Ax., = 20.00 m, with its initial states set as v; (0) =
[8.80, 10.00] m/s, Ax; (0) = [14.00, 24.00] m, The velocity
of “car0” is set to 9.40 m/s, through which the expected
headway becomes y-! (vo) = 19.9399 m. The noise distur-
bance of “carl” is set as a sine wave.

2) SCENE B:HIGHWAY SCENE

According to highway velocity requirements, v,, and Ax, are
set as v, = 33.00 m/s, Ax, = 50.00 m, with its initial states
setas vjp = [21.00, 25.00] m/s, Ax; (0) = [40.00, 60.00] m,
The velocity of “car0” is set to 23.00 m/s, through which
the expected headway becomes V! (vg) = 40.4156 m. The
peak of the sine waves as a disturbance of ““carl” is magnified
2.5 times.

3) CHIOCE OF PARAMETERS
The parametric configuration of the MVD Model is as shown
in TABLE 1.

TABLE 1. The parametric configuration of the MVD model.

N a A A 15

20 0.10 0.50 0.45 0.40

The setting of the controller parameters affects the veloc-
ity and stability of the forming of the platoon. In combi-
nation with the actual engineering environment, it is set to
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. Expecied headway |
TABLE 2. The value of 7;.
SCENE Carl Car2 to Car20
SCENE A 1.001 0.011
SCENE B 2.501 0.011

ki = 0.20, ¢ = 0.05. The value of 7; is selected according to
the disturbance of each vehicle. According to the disturbance
settings in this study, the value of 7; is selected as TABLE 2.
The values of y; in scene A and scene B are selected as
0.30 m/s and 1.00 m/s, respectively.

B. PLATOON EVOLUTION PROCESS UNDER DIFFERENT
CONTROL STRATEGIES IN SCENE A

1) COMPARISON OF HEADWAY VARIATION UNDER

EACH CONTROL STRATEGY

Figure 4 shows the space-time distribution of the headway in
the urban road scene. In this case, no control strategies were
introduced, and the parameter selection for the MVD Model
is taken as n = 1/2/3, corresponds to Fig.4 (a), Fig.4 (b),
and Fig.4 (c). Thus, by applying the settings of previous
parameters, the differential equation system of every individ-
ual vehicle is built. By separately extracting the states of the
20 vehicles (including vehicle position, velocity, and accel-
eration), all the headway distributions ranging ¢ € [0, 150] s
can be obtained.

The hypothetical vehicle (“‘car0’”) moves in a straight line
at a uniform velocity, so when the headways between all
vehicles reach the desired value, it can be concluded that
the platoon is already in the desired ideal state. As shown
in Fig.4, when all the headways maintain a small fluctuation
near 19.94 m, it means that the vehicle platoon has been
formed. Without adding a control strategy and the model
parameter n = 1/2/3, the time required for the headways
of vehicle platoon to reach a stable state is greater than 50 s.
In the first 50 s, the fluctuations occur when the headways
are between 13.00 m — 28.00 m. Observing the curve of the
headways, it can be found that when n = 1 and n = 2,
the time required for the platoon to reach a stable state is
basically the same. The platoon forming time when n = 3
is longer than when n = 1 or 2. And after the forming of the
platoon, there are small sinusoidal disturbances in all three
cases i.e., the disturbance of “‘carl” has not been completely
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FIGURE 4. Non-controlled strategy, the space-time distribution of the
headway when n = 1/2/3 in the urban road scene.

eliminated. By observing their mean absolute error curve,
it can be concluded that when no control strategy is adopted,
the efficiency of the model parameter n = 1 or 2 is better than
n = 3, and the mean absolute error decreases faster when
n 1. Therefore, the model parameter n = 1 is selected
to compare with the control effect after adding the control
strategies.

Figure 5 is a comparison of headway variation before and
after the control strategy is adopted in the urban road scene.
Fig.5 (a) corresponds to the no-control strategy (n = 1),
and Fig.5 (b) corresponds to the conventional SMC strategy,
and Fig.5 (c) corresponds to improved SMC strategy.

The time required to form and stabilize the platoon is about
20 s under conventional SMC strategy and improved SMC
strategy, the mean absolute headway error curve changes
smoothly, and the sinusoidal disturbance of the headway is
eliminated. The control effects of the two control strategies
on the headway are the same, and both are significantly better
than the state without a control strategy.
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FIGURE 5. Comparison of headway variation before and after the control
strategy is adopted in the urban road scene.

2) COMPARISON OF CONTROLLER OUTPUT VALUE
UNDER EACH CONTROL STRATEGY
Figure 6 shows the comparison of controller output using
conventional SMC strategy and improved SMC strategy in
urban road scenes, corresponding to Fig.6 (a) and Fig.6 (b).
Take the first 100 s controller output of ‘“carl” and
“car20” for comparison. The controller output of conven-
tional SMC strategy is discontinuous, and there is obvious
chattering. This will stimulate the high frequency in the sys-
tem as a modeling dynamic in actual engineering, which will
cause the control system to collapse, which will appear as
a discontinuity in acceleration in this study. The controller
output of improved SMC strategy is continuous and relatively
stable, and the chattering is eliminated.

3) COMPARISON OF VELOCITY VARIATION UNDER

EACH CONTROL STRATEGY

In Fig.7, Fig.8, and Fig.9, the velocity variation of vehicles
in the platoon under no control strategy, conventional SMC

VOLUME 8, 2020



B. Peng et al.: Platoon Control Strategy for Autonomous Vehicles Based on SMC Theory

IEEE Access

Controller output value, conventional SMC strategy

5.01 —i
—U20 |

)

>
o
S

Controller output value(m/s2

0 10 20 30 40 50 60 70 80 90 100
Time(s)
(a)

Controller output value, improved SMC strategy
. : T T T

© 4000 .

5.00 1 . | . . | .
0 10 20 30 40 50 60 70 80 90 100
Time(s)

(b)

FIGURE 6. Comparison of controller output value under each control
strategy in the urban road scene.
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FIGURE 7. Velocity variation of vehicles in the platoon under no control
strategy in the urban road scene.
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FIGURE 8. Velocity variation of vehicles in the platoon under
conventional SMC strategy in the urban road scene.

strategy, and improved SMC strategy in the urban road scene
are shown, respectively.

According to the ideal velocity setting of *““car0,” the veloc-
ity of all vehicles in the platoon should finally stabilize near

VOLUME 8, 2020

9
g
.‘E’
<
<
@
-
-]
=
=
2 L1
4 > =
= ——— 1
L — — 50 00
12 7 = 60
8> p
The car label 18 20 20 Time(s)

FIGURE 9. Velocity variation of vehicles in the platoon under improved
SMC strategy in the urban road scene.

9.40 m/s. Without the control strategy, the stabilization time
of the entire platoon velocity is about 70 s. The vehicles at the
front of the platoon are disturbed by a sine wave. By observ-
ing the wave trend of the velocity curve, it can be found
that the disturbance propagates from front to back. Under
conventional SMC and improved SMC strategies, the stabi-
lization time of the entire platoon is about 20 s, and velocity
of all vehicles have not reached the velocity limit value.
The velocity curve is stable and the sine wave disturbance
is eliminated. It is worth noting that waves with amplitude
less than £0.10 m/s can be observed on the velocity change
curve under improved SMC strategy. This is because the
acceleration change under improved SMC strategy is more
continuous than that under conventional SMC strategy, which
will be seen in the next section. And this continuous slight
velocity fluctuation is actually difficult to detect in actual
driving.

4) COMPARISON OF ACCELERATION VARIATION

UNDER EACH CONTROL STRATEGY

Figure 10, Fig.11, and Fig.12 show the acceleration variation
under no control strategy, conventional SMC strategy, and
improved SMC strategy in the urban road scene, respectively.

10.00 -
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0.00 -

-5.00 -

The acceleration(m/sz)
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The car label Time(s)

16 g7 19

20 o

FIGURE 10. Acceleration variation of vehicles in the platoon under no
control strategy in the urban road scene.

The acceleration of all vehicles tends to be stable at 30 s
without a control strategy being adopted. They all fluctuate
around 0 m/s2. Similar to the velocity curve, the vehicle at
the front of the platoon is disturbed by a sine wave. For
the conventional SMC strategy, a chattering phenomenon
appears after the stabilizing of the acceleration as predicted
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FIGURE 11. Acceleration variation of vehicles in the platoon under
conventional SMC strategy in the urban road scene.
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FIGURE 12. Acceleration variation of vehicles in the platoon under
improved SMC strategy in the urban road scene.

by the results output of the controller. The acceleration is
discontinuous and fluctuating. Under the improved SMC
strategy, the acceleration tends to be stable within 10 s. The
acceleration of all vehicles in the platoon converges to zero
and remains stable. Under the action of the velocity limiting,
the absolute values of the accelerations of the two control
strategies are kept within 3 /s,

C. PLATOON EVOLUTION PROCESS UNDER DIFFERENT
CONTROL STRATEGIES IN SCENE B

1) COMPARISON OF HEADWAY VARIATION UNDER

EACH CONTROL STRATEGY

In this case, when no controllers are introduced, and the
parameter selection for the MVD model is taken as n = 1
i.e., the velocity differences of previous vehicle and the cur-
rent vehicle are considered. For ¢ € [0, 500] s, the headway
distribution of all the vehicles under each strategy are as
shown in Fig.13.

From Fig.13, without the control strategy, the vehicles
can not be successfully formed into a platoon in 150 s, and
the disturbances suffered by some vehicles are not elim-
inated. The mean absolute error of the headways remain
at about 20.00 m. Under conventional SMC and improved
SMC strategies, the time required to form and stabilize the
platoon is about 35 s, the curve of mean absolute error
changes smoothly, and the sinusoidal disturbances of the
headways are eliminated. The control effects of the two con-
trol strategies on the headways are basically the same, and
both are significantly better than the state without a control
strategy.
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FIGURE 13. Comparison of headway variation before and after the
control strategy is adopted in the highway scene.

2) COMPARISON OF CONTROLLER OUTPUT VALUE

UNDER EACH CONTROL STRATEGY

Figure 14 shows the comparison of controller output using

conventional SMC strategy and improved SMC strategy in

highway scenes, corresponding to Fig.14 (a) and Fig.14 (b).
Take the first 100 s controller output of ‘“‘carl” and

“car20” for comparison. In the highway scene, the control

output of conventional SMC strategy is also discontinuous,

and there is obvious chatter. Improved SMC strategy also

eliminates chatter at high velocity.

3) COMPARISON OF VELOCITY VARIATION UNDER

EACH CONTROL STRATEGY

In Fig.15, Fig.16, and Fig.17, the velocity variation of vehi-
cles in the platoon under no control strategy, conventional
SMC strategy, and improved SMC strategy in highway scene
is shown, respectively.
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FIGURE 14. Comparison of controller output value under each control
strategy in the highway scene.
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FIGURE 15. Velocity variation of vehicles in the platoon under no control
strategy in the highway scene.
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FIGURE 16. Velocity variation of vehicles in the platoon under
conventional SMC strategy in the highway scene.

The ideal velocity is set to 23.00 m/s. When no control
strategy is adopted, the velocity of all vehicles fluctuates
steadily from about 20 s. And the vehicles at the front of
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FIGURE 17. Velocity variation of vehicles in the platoon under improved
SMC strategy in the highway scene.

the platoon are disturbed by a sine wave. By combining
the vehicle distance curve, it can be seen that the vehicle
platoon is not formed at this time. Under the conventional
SMC strategy and the improved SMC strategy, the time for
the velocity of the entire platoon to stabilize is about 40 s.
During the velocity adjustment of the platoon, the maximum
velocity is reached, the overall velocity curve is stable, and
the sine wave disturbance is eliminated.

4) COMPARISON OF ACCELERATION VARIATION

UNDER EACH CONTROL STRATEGY

Figure 18, Fig.19, and Fig.20 show the acceleration variation
under no control strategy, conventional SMC strategy, and
improved SMC strategy in the highway scene, respectively.
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FIGURE 18. Acceleration variation of vehicles in the platoon under no
control strategy in the highway scene.
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FIGURE 19. Acceleration variation of vehicles in the platoon under
conventional SMC strategy in the highway scene.

With no control strategy being adopted, the acceleration
of all vehicles stabilizes at 30 s and fluctuates around 0 m/s>.
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FIGURE 20. Acceleration variation of vehicles in the platoon under
improved SMC strategy in the highway scene.

The vehicles at the front of the platoon are disturbed by a sine
wave. Under the conventional SMC strategy, it is the same as
that shown in the low-velocity state, after the acceleration of
the entire platoon stabilizes, a chattering phenomenon similar
to the output of the controller appears. The acceleration under
conventional SMC strategy is discontinuous and fluctuant.
Under the improved SMC strategy, the acceleration of all
vehicles in the platoon converges to 0 m/s* and remains
stable within 30 s. During the forming process of the platoon,
the acceleration of the vehicles changes continuously and the
acceleration process is stable. Under the action of the velocity
limit module, the absolute values of the acceleration of the
two control strategies are kept within 3.00 m/s>.

V1. EFFECT ANALYSIS OF CONTROL STRATEGIES

In all cases, the hypothetical vehicle (‘““‘car0”’) moves in a
straight line at a uniform velocity, so when the headways
between all vehicles reach the desired value, it can be con-
cluded that the platoon is already in the desired ideal state.
What can be judged in the previous sections is that both
the conventional SMC strategy and improved SMC strategy
can ensure that the platoon reaches the ideal state in a short
time. To visually observe the platoon control efficiency of
improved SMC strategy, the ideal platoon trajectory coor-
dinates and the actual platoon trajectory coordinates under
improved SMC strategy in scene B are plotted.

3000.00

2750.00 -
2500.00

2250.00 ~
2000.00 =

1750.00

Vehicle track coordinates(m)

1500.00 2

1250.00 %

1000.00 L L L L L
0

Time(s)

FIGURE 21. The ideal platoon trajectory coordinates and the actual
platoon trajectory coordinates under improved SMC strategy.

As shown in Fig.21, the solid blue line is the ideal vehicle
trajectory (all vehicles have formed a platoon at the initial
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moment, and they are driving at the ideal velocity and ideal
headway), the red dotted line is the actual vehicle trajectory
under improved SMC strategy. It can be seen that the forming
process of the proposed strategy is smooth and rapid. When
the initial vehicle headways are not equal, these trajecto-
ries gradually become parallel and equidistant straight lines
within 30s, which coincides with the ideal trajectory.

To illustrate the superiority of improved SMC strategy
more intuitively, vehicles marked as “‘carl,” “‘carl0,” and
“car20” in scene B were selected, their trajectory errors and
coefficient of variation of their acceleration under different
strategies were compared.

TABLE 3. The average error between the actual trajectory and the ideal
trajectory of the vehicle(m).

Strategy Carl Carl0 Car20

No control strategy -1.8250 77.5094 185.1636
Conventional SMC 5.5347*10* 1.0357 4.3954
Improved SMC 4.3757*10* 1.0390 4.4010

As shown in Table 3, when the control strategy is not
adopted, the error value is far greater than that when the
strategy is adopted. The trajectory error values of the two
control strategies are the same, and both are very small. It can
be seen that the trajectory error from the front to the back of
the platoon shows an increasing trend. This is because the
initial headway is greater than the ideal value, which can also
be observed from Fig.21.

TABLE 4. Standard deviation of vehicle acceleration(m/s2).

Strategy Carl Carl0 Car20

No control strategy 1.5153 0.0648 0.0612
Conventional SMC 1.2433 1.2526 1.2532
Improved SMC 0.1202 0.2772 0.3467

In the scene designed in this study, we limited the upper and
lower limits of acceleration. However, under the influence
of the chattering, the acceleration may still jump from the
threshold boundary to another threshold boundary, and this
situation may occur continuously. For example, the accelera-
tion under the conventional SMC strategy is in this transition
state. To confirm whether the improved SMC strategy guaran-
tees the continuity of acceleration, we extracted the accelera-
tion data during the 500 s of these vehicles, and calculated the
standard deviation of these accelerations under each strategy,
as shown in Table 4. Standard deviation can reflect the degree
of dispersion of a data set. These standard deviations can
reflect two meanings. On the one hand, a large standard
deviation value may indicate that the sine wave disturbance
has not been eliminated. On the other hand, a larger standard
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deviation value means that the data is more discrete and the
acceleration changes too frequently and discontinuously.

As shown in Table 4, when no control strategy is
adopted, because the sine wave disturbance is not eliminated,
the acceleration standard deviation of “carl” is large. Com-
bined with the acceleration image in scene B, the sine wave
disturbance of “car10 and “car20” is weakened due to the
queue transfer. And because they did not line up successfully,
the acceleration adjustment was very small. So their acceler-
ation standard deviation was very small.

When the conventional SMC strategy is adopted, the accel-
eration standard deviation values of “carl,” ‘“carl0,” and
“car20” are similar. And there is no decreasing trend, indi-
cating that the sine wave disturbance has been eliminated.
Because the acceleration of all vehicles is in a high-frequency
change state, the standard deviation of acceleration is large.
Combining images can also confirm these conclusions.

When the improved SMC strategy is adopted, the accel-
eration standard deviation values of “carl,” ‘“‘carl0,” and
“car20” are similar and small, and there is no downward
trend. This shows that the sine wave disturbance has been
eliminated and the continuity of the acceleration is good. It is
proved that the proposed improved SMC strategy eliminates
the high frequency switching of acceleration in the conven-
tional SMC strategy under the premise of achieving efficient
control.

VII. CONCLUSIONS

A vehicle platoon control strategy in the simulated environ-
ment is proposed. This study designed numerical experiments
to verify the superiority of the proposed strategy. The results
show that the effect of the improved sliding-mode control
strategy is better than other strategies. Applying this strategy
can achieve the formation and stable driving of vehicle pla-
toon, while maintaining reasonable velocity and acceleration.
This strategy can improve the efficiency of transportation,
and ensure the safety and comfort of the drivers.

Due to the lack of a real autonomous vehicle experimen-
tal site, the verification method is only limited to numeri-
cal simulation. In future research, we hope to make more
improvements through the verification of real scene or driving
simulators to verify the practicality. Besides, the driving envi-
ronment of the vehicle platoon is complex and changeable
in the actual traffic scene, so the application of the method
proposed in this study in the multi-lane scene or intersections
should be discussed further, and the application of other
sliding-mode control methods in vehicle platoon should also
be considered.
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