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Abstract— Recent research has demonstrated that longitudi-
nal control strategies are useful in highway systems to regulate
the spacing and velocity of vehicles. In this paper, a robust
longitudinal control system for platoons of vehicles is designed.
The proposed control scheme is composed of two different
loops: the outer loop has to determine the traction force
necessary to maintain the safety distance between the controlled
vehicle and the preceding vehicle, while the inner loop is
aimed at producing the desired traction force, calculated by the
outer loop, by controlling the slip ratio. The unknown time–
varying road conditions are taken into account by using an
adaptive algorithm. The proposed controller enforces second
order sliding modes, and, in contrast to conventional sliding
mode controllers generates continuous control actions, thus
resulting particularly suitable to be applied to automotive
systems, where vibrations limitation is a crucial requirement.

I. INTRODUCTION

Recent research has shown that longitudinal control of

platoons of vehicles is effective to improve the traffic

capacity of road networks, while maintaining safety dis-

tances between vehicles [15]. The platoon control problem

has been extensively discussed and numerous longitudinal

control systems have been proposed in the literature (see,

for instance [3], [5], [6], [11] and the references therein).

However, not all the work on platoon control sufficiently

emphasize the influence of the tire/road interaction on the

vehicle longitudinal motion.

In practical applications, the tire/road interaction needs to

be explicitly taken into account in order to increase vehicle

stability, allowing anti–skid braking and anti–spin accelera-

tion, so that vehicle performances can be greatly improved.

Since the tire/road surface interaction is unknown and time–

varying, an adaptive control algorithm can be adopted to

on–line determine the tire/road adhesion coefficient. A valid

proposal, based on a recursive least–squares approach, is

described in [13].

On the other hand, due to system uncertainties and the

wide range of operating conditions, which are typical of the

automotive context, a robust control technique is required to

address the considered problem. Many proposals are based

on sliding mode control (see, for instance, [5], [9], [12],

[13], [18]). Yet, conventional sliding mode control laws

produce discontinuous control inputs. By directly acting

on the throttle and the brakes through a discontinuous

control law, high frequency chattering is produced, which

can generate excessive mechanical wear and passengers’

discomfort, due to the propagation of vibrations throughout
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the different subsystems of the controlled vehicle. A possible

counteraction to eliminate or, at least, reduce the vibrations

induced by the controller consists in the approximation

of the discontinuous control signals with continuous ones.

This is for instance the solution adopted in [13]. However,

because of the approximation, the sliding modes cannot be

actually enforced, so that the controlled system state evolve

in a boundary layer of the ideal sliding subspace, featuring

a dynamical behaviour possibly quite different from that

attainable if ideal sliding modes could be generated.

The idea investigated in this work is to exploit the posi-

tive features of second order sliding mode (SOSM) control

[2] to solve the platooning problem. The proposed SOSM

controller generates a continuous control action, but the

enforced sliding mode is ideal, in contrast to what happens

for solutions which relies on continuous approximations of

the discontinuous control laws. This allows us to circumvent

the inconvenient of the vibrations induced by conventional

sliding mode controllers. Moreover, one of the objective of

the present work is to keep into account the time–varying

tire/road interaction while performing the control task.

The proposed control scheme is designed for each ve-

hicle of the platoon, apart from the leader vehicle which

is autonomous. It is composed of two control loops as

depicted in Fig. 1. The control objective of the outer loop

is to generate a desired traction force in order to maintain

the correct spacing between the controlled vehicle and the

preceding vehicle. The tire traction force depends on the

wheel slip λ , and on the road surface conditions. It is

assumed that reliable measurements of the vehicle speed and

of the wheel angular velocity, which allow for an accurate

determination of the wheel slip, are available [16], [9]. Thus,

the desired traction force in the longitudinal direction can

be generated by controlling the wheel slip. The desired slip

ratio is calculated on the basis of the desired traction force

generated by the outer control loop, and on the current tire–

road adhesion coefficient. This value is determined on–line

using a recursive least–square technique, according to the

approach described in [13]. The inner loop is composed of

a slip controller that tracks the desired slip ratio by acting

on the torques at the front and rear wheels.

The paper is organised as follows. Section II is devoted

to introduce the model of the vehicle, to specify the as-

sumptions, and to state the control objectives. Section III

briefly revises the basic concepts of second order sliding

mode control. The design of the second order sliding mode

controller is discussed in Sections IV and V. Some comments

about the proposed control scheme are given in Section VI.

Simulation results relevant to a platoon composed of two
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Fig. 1. The proposed control scheme of each vehicle.

Fig. 2. The vehicle model.

vehicles is reported in Section VII. Some conclusions are

gathered in the last section.

II. THE VEHICLE MODEL

The platoon considered in this paper is composed of n+1

vehicles. The 0–th vehicle is the so–called leader vehicle

which is autonomously driven by its driver. The vehicle

model used for the design of the controller is a nonlinear

single–track model [8], that is, the longitudinal dynamics of

the i–th vehicle within the platoon is given by the following

equations

miv̇xi
= 2[Fx f i

(λ fi)+Fxri
(λri

)]−Flossi
(vxi

) (1)

J fiω̇ fi = Tfi − r fi Fx f i
(λ fi) (2)

Jri
ω̇ri

= Tri
− rri

Fxri
(λ fi) (3)

Flossi
(vxi

) = Fairi
(vxi

)+Frolli (4)

= cxi
v2

xi
· sign(vxi

)+ frolli mig

Fz fi =
lri

mig− lhi
miv̇xi

2(l fi + lri
)

(5)

Fzri
=

l fimig+ lhi
miv̇xi

2(l fi + lri
)

(6)

where vxi
is the longitudinal velocity, ωi is the wheel angular

velocity, Ti is the input torque on a wheel, Fxi
is the

traction force on a wheel, Fzi
is the normal force on a

wheel, approximated in this work as a static value, Fairi
is

the air drag, and Frolli is the rolling resistance (see Fig.

2). Subscripts f and r denote ‘front tire’ and ‘rear tire’,

respectively. As for the vehicle parameters: mi is the vehicle

mass, cxi
is the longitudinal wind drag coefficient, frolli is

the rolling resistance coefficient, Ji is the wheel moment of

inertia, ri is the wheel radius, l fi is the distance from the front

axle to the center of gravity (c.g.), lri
is the distance from the

c.g. to the rear axle, and lhi
is the vertical distance to the c.g.

Note that, in model (1)–(6) a number of dynamical aspects,

such as roll and yaw moments, lateral and vertical motions,

brake, throttle, steering actuators and manifold dynamics, are

neglected.

The wheel slip ratio of the i–th vehicle is defined as

λ fi =
ω fi r fi − vxi

max(ω fi r fi ,vxi
)

(7)

The slip ratio dynamics for the front and rear wheel can be

obtained by differentiating λi with respect to time as

λ̇ fi = f fi(vxi
,ω fi ,λ fi ,Fx fi)+h fi(vxi

,ω fi ,λ fi)Tfi (8)

λ̇ri
= fri

(vxi
,ωri

,λri
,Fxri

)+hri
(vxi

,ωri
,λri

)Tri
(9)

where

f fi = −
1

ω fi r fi

[−
Flossi

mi

+
2

mi

(Fx fi +Fxri
)

+
vxi

r fi

J fi ω fi

Fx fi ] (10)

h fi =
vxi

r fi

J fi(ω fir fi)
2

(11)

Equations (10) and (11) are valid for the front wheel of the

i–th vehicle in the acceleration case, but f fi and h fi can be

similarly obtained in the deceleration case. The same holds

for fri
and hri

in both the motion conditions.

As for the tire model, the well-known Bakker–Pacejka

model [8] is considered in this paper (omitting the subscript

f and r, since the treatment is identical for both the vehicle

wheels), i.e.,

Fxi
= µpi

fti(λi,Fzi
) (12)

where µpi
∈ [0,1] is the tire–road adhesion coefficient, which

depends on the road conditions. Typical value for µp are, for

instance, 0.85, 0.6, and 0.3 which are associated with the

case of dry asphalt, wet asphalt and snowy road, respectively

[8]. Fig. 3 shows λ–Fx curves for different values of µp when

Fz is fixed. In order to identify the λ–Fx curve corresponding

to the current driving condition, it is necessary to determine

the tire/road adhesion coefficient µpi
on the basis of the data

acquired by the sensors. Following the approach proposed

in [13], this parameter is estimated on–line using a recursive

least–square scheme with forgetting factor.

III. THE SOSM CONTROL DESIGN

A SOSM is a mode of a dynamic system confined to

a subspace, the so–called sliding manifold, which can be
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Fig. 3. λ–Fx curve for fixed Fz.

mathematically described in Filippovs’ sense [7]. The SOSM

is defined by

s(x) = ṡ(x) = 0 (13)

where s(x), the so–called sliding variable, is a smooth

function of the state x of the considered dynamical system,

and s(x) = 0 identifies the sliding manifold. SOSM control

extends the basic sliding mode control idea, acting on the

second order time derivative of the sliding variable, instead

that on the first derivative, as it happens in first order

sliding mode control design [4]. The main advantage of

SOSM control, with respect to the first order case is that

it generates a continuous control action, while keeping the

same robustness with respect to matched uncertainties [2].

IV. THE PLATOONING PROBLEM

The outer loop of the proposed control scheme (see Fig 1)

is designed to solve the platooning problem. The 0–th vehicle

is the leader of the platoon, and its speed and acceleration

are arbitrary, since it has no preceding vehicle to follow. The

control objective of the i-th vehicle, with i = 1,2, . . . ,n, is to

maintain the safety distance from the preceding vehicle. In

this paper, the safety distance is calculated in accordance

to the Constant Time-Headway (CTH) policy, which is

commonly suggested as a safe practice for human drivers and

is frequently used in ACC designs [3]. The safety distance

given by such policy is

Sdi
(vxi

(t)) = Sd0
+hvxi

(t) (14)

where Sd0
is a lower bound of the safety distance, and h

is the so–called headway time. Thus, considering the i–th

vehicle, with i = 1,2, . . . ,n, the spacing error is given by

ei(t) = Sd0
+hvxi

(t)− xi−1(t)+ xi(t) (15)

where xi(t) is the longitudinal position of the i–th vehicle and

xi−1(t) is the longitudinal position of the (i−1)–th vehicle.

The chosen sliding variable is just the spacing error, i.e.,

Si(t) = ei(t) = xi(t)− xi−1(t)+Sd0
+hvxi

(t) (16)

and its first and second time derivatives are






Ṡi(t) = ėi(t) = vxi
(t)− vxi−1

(t)+hv̇xi
(t)

S̈i(t) = ëi(t) = v̇xi
(t)− v̇xi−1

(t)+hv̈xi
(t)

= εi(t)+wi(t)
(17)

where εi(t) = v̇xi
(t) − v̇xi−1

(t), and signal wi(t) = hv̈xi
(t)

can be regarded as an auxiliary control input. The term εi

in (17) represents the difference between the longitudinal

acceleration of two adjacent vehicles, which is bounded by

mechanical and physical limits [8], i.e.,

|εi| ≤ Γi i = 1, . . . ,n (18)

Then, to solve the platooning problem, the auxiliary control

input is designed as

wi(t) = −WMi
sign

[

Si(t)−
1

2
SiMax

(t)
]

(19)

with the constraint

WMi
> 2Γi (20)

where SiMax
(t) is a piece–wise constant function representing

the value of the last singular point of Si(t) (i.e., the most

recent value Si(t) such that Ṡi(t) = 0). The control law

can be analysed in analogy with that presented in [1]. In

particular, it can be proved that the control law (19) causes

the generation of a trajectory in the SiOṠi plane with a

sequence of states with coordinates (SiMax j
;0) featuring the

following contraction property:

|SiMax j+1
| ≤ α|SiMax j

| j = 1,2, . . . ; α ∈ [0;1). (21)

where SiMax j
is the j–th extremal value of the signal SiMax

.

Moreover, the convergence of the system trajectory to the

origin of the plane SiOṠi takes place in finite time. From

(16), this implies that the spacing error between the i–th and

the (i−1)–th vehicle, and its first time derivative are steered

to zero in finite time, i.e., ei = ėi = 0. Relying on (19) and

(1), it is possible to determine the desired traction force for

the i–th vehicle, i.e.,

Fx fdesi
(t)+Fxrdesi

(t) =
1

2
[miv̇xdesi

(t)+Flossi
(vxi

(t))] (22)

where v̇xdesi
(t) is calculated as

v̇xdesi
(t) =

1

h

∫ t

t0

wi(τ) dτ (23)

The next step consists in calculating of the desired slip ratios

λ fdesi
and λrdesi

from the desired traction force Fx fdesi
+Fxrdesi

.

From (12), in the acceleration case, the following relationship

should be maintained

Fx fi ≤ µpi
Fz fi (24)

Fxri
≤ µpi

Fzri
(25)

By substituting (5) and (6) in (24) and (25), it yields

Fx fi ≤ µpi

lri
mig−2lhi

Fxri
+ lhi

Flossi

2(l fi + lri
+ µpi

lhi
)

(26)

Fxri
≤ µpi

lri
mig+2lhi

Fx fi − lhi
Flossi

2(l fi + lri
−µpi

lhi
)

(27)
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The optimal tire force distribution to achieve the best accel-

eration response is calculated as

Fx fi

Fxri

=
lri

+ lhi

Flossi
mig

+ µpi
lhi

l fi − lhi

Flossi
mig

−µpi
lhi

(28)

which corresponds to the intersection point of the two bound-

ary lines of (26) and (27). The optimal tire force distribution

for the deceleration case can be similarly obtained. From

(28) and (12), λ fdesi
and λrdesi

are calculated as the slip ratios

necessary to produce the desired traction force.

V. THE SLIP CONTROLLER

The slip controller has the objective of attaining the de-

sired slip ratios λ fdesi
, and λrdesi

produced by the outer control

loop as discussed in the previous section. In the sequel, for

the sake of simplicity, a single vehicle is considered and

the subscript i is omitted. The sliding variables are the slip

tracking error at the front and rear wheel, respectively, i.e.,

λ je(t) = λ j(t)−λ jdes
(t) j ∈ { f ,r} (29)

since now the control objective is to steer these errors to

zero. Then, the sliding manifolds are given by

s j(t) = λ je(t) = 0 j ∈ { f ,r} (30)

From (8) and (9), the first and second time derivatives of the

sliding variables are






ṡ j(t) = f j(t)+h j(t)Tj(t)− λ̇ jdes
(t)

s̈ j(t) = ḟ j(t)+ ḣ j(t)Tj(t)+h j(t)Ṫj(t)− λ̈ jdes
(t)

= ϕ j(t)+ γ j(t)Ṫj(t) j ∈ { f ,r}
(31)

where ϕ j(t) = ḟ j(t)+ ḣ j(t)Tj(t)− λ̈ jdes
(t), and γ j(t) = h j(t).

On the basis of straightforward physical considerations, it

turns out that the quantities ϕ f (t), and ϕr(t) are bounded.

Moreover, it can be assumed that suitable bounds of ϕ j(t),
j ∈ { f ,r}, i.e.,

Φ j ≥ |ϕ j(t)| j ∈ { f ,r} (32)

are known. These bounds can be determined on the basis

of (10), (11), the analogous relationships written for the

rear wheel, and the limit characteristic curves of the input

torques which the engine can transfer to the wheels. Similar

considerations can be made for γ f (t), and γr(t), which can be

regarded as unknown bounded functions with the following

known bounds

0 < Γ j1 ≤ γ j(t) ≤ Γ j2 j ∈ { f ,r} (33)

Taking into account system (31) for which (32), and (33)

hold, in order to generate second order sliding modes on

the manifolds (30), the control variable Tj(t), j ∈ { f ,r}, are

designed as

Ṫj(t) = −α j(t)VjM sign
[

s j(t)−
1

2
s jM(t)

]

j ∈ { f ,r} (34)

α j(t) =

{

α∗
j i f [s j(t)−

1
2
s jM(t)][s jM(t)− s j(t)] > 0

1 i f [s j(t)−
1
2
s jM(t)][s jM(t)− s j(t)] ≤ 0

j ∈ { f ,r}

with the constraints

α∗
j ∈ (0,1]∩ (0,

3Γ j1

Γ j2
) j ∈ { f ,r}

VjM > max{
Φ j

α∗
j Γ j1

,
4Φ j

3Γ j1−α∗
j Γ j2

} j ∈ { f ,r}
(35)

where s jM(t) is a piece–wise constant function representing

the value of the last singular point of s j(t) (i.e., the most

recent value s j(t) such that ṡ j(t) = 0). In accordance with

[1], it can be proved that the trajectories on the s jOṡ j (srOṡr)

plane are confined within limit parabolic arcs which include

the origin. Moreover, the origin of the plane, i.e. s f = ṡ f = 0

(sr = ṡr = 0), is reached in a finite time, so that the control

objective of tracking the desired slip is attained. Note that

the stability of the overall control system in Fig 1 could be

also studied by considering together the two coupled systems

(17) and (31). Yet, the coupling terms is dominated by the

discontinuous control action Ṫj(t). This is the reason why he

stability of the control scheme in Fig. 1 has been discussed

by considering the dynamics of the two errors separately.

VI. COMMENTS ON THE CONTROLLERS

The proposed controllers generate continuous control sig-

nals, thus avoiding the necessity of approximating the dis-

continuous signals so as to reduce the actuators stress and the

induced vibrations, as required in conventional discontinuous

sliding mode controllers. As one can note, the control law

only requires the knowledge of the extremal value of the

sliding variables, i.e., SiMax
, s f iMax

, and sriMax
, which implies

the capability to identify the time instants when the first

time derivatives of the sliding variables are crossing zero.

For instance, a possibility to evaluate the extremal value of

the sliding variable Si is to determine the quantity

∆(t) = [Si(t −δ )−Si(t)]Si(t) (36)

where δ is an arbitrarily small time delay [1]. This means

that, even if Ṡi is not available for measurements, its sign

can be indirectly determined by observing the sign of both

Si(t) and ∆(t). The extremal values of s f iMax
, and sriMax

can

be detected similarly. If the extremal values of the sliding

variables are evaluated with (36), the control laws proposed

in this paper, with minor modifications, cause the finite–time

convergence of the system to a δ -vicinity of the origin of

the error plane, in analogy with [1]. Note that, relying on

the control variables Tf i and Tri, the total available braking

torque Tbrakei
, and the engine torque exerted on the driving

shaft Tsha f ti can be calculated. In a more complete view of

the vehicle control system, Tbrakei
, and Tsha f ti need to be

regarded as reference signals for the throttle angle controller

and for the brake controller, respectively [14].

VII. SIMULATION RESULTS

The platoon considered in this simulation is composed of

two front–wheel–driven cars (FWD). Since there is only one

follower vehicle, in the sequel the subscript i will be omitted.

In the case of a FWD vehicle, the possible distribution of

Tf i and Tri is [14]

Tf = 0.5Tsha f t −0.3Tbrake (37)

Tr = −0.2Tbrake (38)
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TABLE I

SIMULATION PARAMETERS

g 9.81 m/s2

m 1202 kg

J f 1.07 kgm2

Jr 1.07 kgm2

cx 0.4
froll 0.013
r f 0.32 m

rr 0.32 m

l f 1.15 m

lr 1.45 m

lh 0.65 m

vx(0) 30 m/s

λ f (0) 0.01
λr(0) 0.01

0 5 10 15 20
−3

−2

−1

0

1

2

3

time [s]

a
c
c
e

le
ra

ti
o

n
 [

m
/s

2
]

Leader acceleration

Fig. 4. The acceleration profile of the leader vehicle.

For the sake of simplicity, the vehicles are supposed to be

identical and the parameters of the model used in simulation

are indicated in Tab. I. Both the leader and the follower

vehicle have an initial velocity of 30m/s. The acceleration

of the leader vehicle is shown in Fig 4. The initial distance

between the two vehicles is 7m and the safety distance is

calculated in accordance to (14) with Sd0
= 2m and h = 0.3s.

In the simulated scenario, the road condition is assumed

to change at t = 11s from wet asphalt (µp(wet) = 0.5) to

dry asphalt (µp(dry) = 0.85). The parameter µp is correctly

estimated by the recursive least–square algorithm with for-

getting factor, as shown in Fig. 5. The evolution in time

of the distance between the leader and the follower vehicle

is shown in Fig 6. One can note that the safety distance

between vehicles is reached in finite time, as expected. Figs.

7 and 8 show the evolution in time of the sliding variable

s f and sr, respectively. As expected, the sliding manifolds

defined by s f = 0, and sr = 0 are reached in finite time. When

the road condition changes, the desired slip ratio change

consequently, and is tracked correctly again after a finite

time. The evolution of the variables Tsha f t and Tbrake are

shown in Fig. 9 and (10), respectively.
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Fig. 5. The actual µp value versus its estimated value µ̂p.
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safety distance

Fig. 6. Time evolution of the distances between the two vehicles.

VIII. CONCLUSIONS

In this paper a robust longitudinal control scheme for

platoons of vehicles has been proposed. The control objective

is to make the controlled vehicle travel maintaining the

desired safety distance with respect to the preceding vehicle.

Since the traction force depends on the wheel slip ratio, the

desired traction force can be achieved by controlling the slip

ratio. An adaptive algorithm is adopted to take into account

the unknown and time–varying tire/road adhesion coefficient.

The controller of each controlled vehicle of the platoon,

is designed so as to generate second order sliding modes

on suitable manifolds. The choice of the SOSM control

methodology is motivated by its robustness against distur-

bances, model inaccuracies, and parameter variations which

are rather typical in the automotive context. The proposed

SOSM controllers generate continuous control actions, thus

limiting actuator stress and the vibrations they can induce

and propagate throughout the vehicle subsystems. Simulation

results have demonstrated the possible effectiveness of the

proposal. Yet, future works need to be devoted to verify the

performances of the designed vehicle controller applied to a

more accurate model of the vehicle than that considered in

this paper. In particular, it seems important to analyze the

coupling of the proposed longitudinal control scheme with

ThD1.1

765



0 5 10 15 20

−0.06

−0.04

−0.02

0

0.02

0.04

0.06

Time [s]

s
f

Fig. 7. Time evolution of s f .
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Fig. 8. Time evolution of sr .

throttle angle and brake controllers, taking into account the

actuators dynamics which is neglected in the present paper.
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Fig. 10. The time evolution of the applied braking torque Tbrake.
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