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ABSTRACT This paper presents a string stable controller for the autonomous operation of a platoon
of Heavy Commercial Road Vehicles (HCRVs) in a connected environment. This study considers factors
such as brake/powertrain actuator dynamics, resistive forces, tyre model and wheel dynamics, which are
crucial during on-road operation of HCRVs. A nonlinear vehicle dynamic model encompassing all these
factors has been considered. The dependency between aerodynamic drag and inter-vehicular distance in the
platoon has also been taken into account. The aforementioned factors motivated the use of Sliding Mode
Control (SMC), which is a nonlinear and robust control technique. A lower level Proportional Integral
Derivative (PID) controller has been successfully integrated with SMC to compensate for pneumatic
brake and powertrain system delay. The designed controller was evaluated for string stable platoon
operation by considering various road conditions, load conditions and operating speeds. It was observed
that the string stable controller performance is highly dependent on the operating conditions. To ensure
string stable operation for different operating scenarios, an adaptive time-headway based enhancement
has also been integrated in the controller design. The efficacy of the proposed adaptive time-headway
policy over the existing constant time-headway policy has been methodically analysed and a performance
comparison between them has also been presented. The aspect of communication delay during connected
vehicular operation has also been studied and the maximum tolerable communication delay magnitude
for maintaining string stable operation has also been presented.

INDEX TERMS Actuation Dynamics, Heavy Commercial Road Vehicle, Platoon, String Stability, Sliding
Mode Control, Vehicle Dynamics, Communication Delay

I. INTRODUCTION

A Heavy Commercial Road Vehicle (HCRV)1 platoon is
considered as an effective logistic solution due to attributes
such as lower fuel consumption, reduced greenhouse gas
emission and efficient utilization of available road infras-
tructure [1], [2]. Moreover, due to the increasing penetration
of electrified vehicle technology, there has been renewed
interest in platooning [3], [4], leading to the formulation
and solution of numerous problems for safe, reliable and
efficient platoon operations. The notion of string stability,
defined in terms of inter-vehicular spacing, is of paramount

1Heavy commercial road vehicles (such as trucks and buses) are also
commonly referred to as heavy-duty commercial vehicles.

interest for the practical realization of vehicle platoons
[5]–[7]. Assuming the initial disturbances/perturbations to
be bounded, if the spacing errors of all the vehicles are
bounded uniformly in time, then the platoon is considered to
be “string stable” [5], [6]. This is usually achieved by keep-
ing the inter-vehicular spacing at a constant value, leading
to a constant spacing policy [8], [9] or by allowing it to vary,
but in a bounded manner, known as constant time-headway
(CTH) policy [5], [10], [11]. For the autonomous operation
of a vehicle platoon, a controller that could establish string
stability is extremely important.

Most studies in this domain dealt with the realization of
string stable controllers for passenger car platoons [12]–
[18]. Moreover, they mostly relied on kinematic vehicle
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models for the design of controllers. However, while deal-
ing with the practical realization of a high-speed vehi-
cle platoon, it is imperative to include relevant crucial
factors such as vehicle dynamics including aerodynamic
drag and rolling resistance, tyre model, wheel dynamics,
and brake/powertrain actuator dynamics during the platoon
modelling and control design stages. Particularly in HCRV
platoons, these factors are highly significant because of
aspects such as pneumatic actuation delay, mass variation
during laden and unladen operating conditions, and dynamic
load transfer during braking. In a previous study [11], the
importance of incorporating actuation dynamics and delays
for the string stable controller design was analysed. It was
observed that the pneumatic actuation delay in HCRVs is
enough to deteriorate the performance of the string stable
controller. But, the effects of wheel dynamics, tyre model
and a complete dynamic vehicle model, that could further
influence the controller performance, were not considered
in that study. In this context, this paper demonstrates the
importance of these factors for on-road HCRV string stable
platoon operation and presents a more realistic controller
design for the same. To ensure string stability in different
road conditions, an adaptive time-headway policy for con-
troller design is also presented.

An important aspect in platoon formation is the de-
pendency of intervehicular spacing and the aerodynamic
resistive forces, which determines the energy saving in
platoon operation [19]–[21]. Since this dependency usually
introduces nonlinearities into the platoon model [19], [22],
it is usually neglected during string stable controller design.
However, accurate modelling of drag interaction between
vehicles is important to make the controller more effective
and optimal. Behavior of aerodynamic drag coefficient dur-
ing control action for longitudinal vehicle stability for car
platoons has been analysed in [23]. This element has also
been addressed in this work, by incorporating an adequate
aerodynamic drag model.

All the aforementioned factors make an HCRV platoon
model nonlinear. Also, a controller designed to establish
the string stability should be robust enough to accommo-
date various disturbances arising from on-road operating
conditions. Being a nonlinear and inherently robust control
technique, Sliding Mode Controller (SMC) can be utilized
in this regard. The research community has widely explored
the suitability of SMC for the design of robust string stable
controllers [8], [10], [14], [24]. However, while using SMC
for practical control applications, chattering (high frequency
control signal switching) has to be properly mitigated so
as to prevent actuator damage [25]–[27]. Considering this
aspect, most SMC based string stable controller designs
available in the literature used boundary layer methods.
However, boundary layer methods ensure chattering miti-
gation at the cost of finite time reachability and robustness
[28], [29]. In this regard, this paper addresses this issue by
using a recently proposed Power Rate Exponential Reaching
Law (PRERL) for SMC design [30]. In addition to the

property of chattering mitigation, PRERL is known for
its advantages such as sufficient robustness, fast closed
loop response and limited control action, which makes it
an appropriate control strategy for string stable controller
design [30].

As discussed, actuation delays in HCRVs can lead to
string instability. To tackle string instability issues due to
actuation delays, this work uses the Padé approximation
based Proportional Integral Derivative (PID) based lower
level controller, which enhances the performance of the
actuation system by compensating actuation delay. Padé
approximation method has been used to deal with actuator
delays in vehicular platoons [31]–[34]. In this paper, the
PID controller has been designed using Kharitonov approach
to enhance its robustness. The lower level controller is
designed to achieve the demanded wheel drive/brake torque
to ensure string stability. The loss of string stability in the
absence of a lower level controller has also been demon-
strated in this paper.

The control action for string stable operation of a vehicle
in the platoon depends on position and speed of neigh-
bouring vehicles in the platoon. In a connected traffic envi-
ronment these information are transmitted through wireless
means that generally introduce transmission delays [35],
[36]. Delays in reception/processing of information could
adversely affect the platoon performance and might result in
string instability. The effects of communication delay during
data transmission in vehicular platoon environment have
been discussed in the literature [37]–[39]. In this context,
this paper also determines the maximum tolerable bound
of communication delay in order to have a stable platoon
operation for different on-road conditions. These values are
then quantitatively compared for policies both with and
without time-headway adaptation for different loading and
road conditions.

A few relevant studies including experimental evaluation
of heavy vehicle platooning are available in the literature
[40]–[42]. In [40], a distributed approach using a network
of controllers has been presented so as to maximize the
amount of fuel saved by coordinating platoon formation.
A detailed description on heavy vehicle platooning and the
potential use of heavy vehicle platooning as a solution for
sustainable freight transportation have been presented in
[41]. This paper proposed vehicle layer control using cruise
controller (CC) or adaptive cruise controller (ACC) and
cooperative adaptive cruise controller (CACC) techniques.
A cooperative look-ahead control (CLAC) framework for
fuel-efficient and safe heavy-duty vehicle platoon opera-
tion has been presented in [42]. This design followed a
dynamics-based approach and the efficacy of the controller
was evaluated using simulation studies. Even though these
papers demonstrated vehicle platooning via experimental
evaluation and simulation studies, a methodical description
of string stability controller design and lower level controller
design by the inclusion of complete vehicle dynamics with
wheel dynamics, tyre model and actuator dynamics was
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FIGURE 1: Overall Design Framework

not presented in them. Also, the effect of different road
conditions on platoon stability has not been analysed.

Based on the above discussions, the major objective of the
paper is to design a dynamics-based string stable controller
for HCRV platoons. In this regard, specific tasks undertaken
in this study include:

• The design of a string stable controller for HCRV pla-
toon considering longitudinal vehicle dynamics, resis-
tive forces, wheel dynamics, tyre model and actuation
dynamics.

• The design of a lower level controller to enhance
the actuation performance in HCRVs to ensure string
stability.

• Ensure string stability in different road conditions
through adaptive time-headway policy.

• Determine the maximum tolerable communication de-
lay that guarantees string stability under different op-
erating conditions.

II. PLATOON MODEL

The overall design framework of the HCRV platoon is
presented in Fig. 1. The platoon consists of N +1 vehicles,
with one leader and N followers. The assumptions made in
this study are:

• The vehicles travel on a straight and flat road.
• Only longitudinal dynamics of the vehicle is consid-

ered.
• The tyre model parameters and vehicle parameters are

assumed to be known.

• There is equal distribution of load on the left and right
wheels of a specific axle of the vehicle.

The details of each component of the design framework
(Fig. 1) are discussed below.

A. VEHICLE MODEL

The longitudinal motion of the leader vehicle is charac-
terised by

ẋ0(t) = v0(t), (1)

where, x0(t) and v0(t) are the position and longitudinal
speed of the leader vehicle. The leader can be driven by
a human or can be autonomous, and it can take action
independent of the rest of the vehicles in the platoon.
The longitudinal speed, v0(t) is the input from the leader
vehicle that has to be followed by the follower vehicles. The
free body diagrams showing the directions of forces on an
individual follower vehicle during braking and drive mode
are shown in Fig. 2 and 3. Now, the longitudinal motion of
the follower vehicles is described by

ẋi(t) = vi(t), (2)

v̇i(t) =
1

mi

(Fxfi(t) + Fxri(t)− FRi(t)), (3)

where, i = 1...N .

The position and longitudinal speed of the follower vehi-
cles are represented by xi(t) and vi(t) respectively. Fxfi(t)
and Fxri(t) are the brake/traction force at the front and rear
tyre-road interfaces, and mi is the mass of the ith vehicle
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FIGURE 2: Individual follower vehicle free body diagram
during braking.

FIGURE 3: Individual follower vehicle free body diagram
in drive mode.

in the platoon. FRi(t) represents the resistive force on the
ith vehicle, which is given by

FRi(t) = Fai(t) +Rxfi(t) +Rxri(t), (4)

where, Fai(t) represents force due to aerodynamic drag, and
Rxfi and Rxri are the forces due to rolling resistance at the
front and rear wheels, respectively. The position and the
longitudinal speed of the vehicle are measured with respect
to its centre of gravity (C. G.) location.

1) Dependency Between Aerodynamic Drag and

Intervehicular Distance

An advantage of platooning is the increase in fuel efficiency.
While operating in a platoon formation, the aerodynamic
drag associated with individual vehicles becomes less, re-
sulting in a reduction in resistive forces, and hence increased
fuel efficiency. Aerodynamic drag force for each vehicle is
given by,

Fai(t) = ρ afi CDi(t)
vi(t)

2

2
, (5)

where, ρ is the density of air, CDi(t) is the aerodynamic
drag coefficient and afi is the frontal area of the vehicle.
For a homogeneous HCRV platoon, the frontal area is
assumed to be same for each vehicle (afi = af ). The drag
coefficient of each vehicle in the platoon depends on the
intervehicular distance di(t), and in [19], the authors have
presented a nonlinear relationship for the same, developed

through empirical methods. This relationship is used in this
work and is given as,

CDi(t) = CD0(γ1di(t)
γ2 + γ3). (6)

The drag coefficient of any individual vehicle (not operating
in a platoon formation) is given as CD0, and the parameters
γ1,γ2, and γ3 are obtained empirically [19].

2) Wheel Dynamics

The rotational dynamics of the wheels are given by

Ifiω̇fi(t) = τfi(t)− riFxfi(t),

Iriω̇ri(t) = τri(t)− riFxri(t),
(7)

where, i = 1...N , and Ifi and Iri are the moment of inertia
of front and rear wheels, ri is the tyre radius, τfi(t) and
τri(t) are the transmitted torques to the front and rear wheels
respectively. On substituting for Fxfi(t) and Fxri(t) from
(7) in (3), one can obtain the follower vehicle dynamics as,

v̇i(t) =
1

mi

[

1

ri
(τfi(t)− Ifiω̇fi(t)) +

1

ri
(τri(t)− Iriω̇ri(t))

− FRi(t)

]

.

(8)

3) Tyre Model

The longitudinal forces at the tyre-road interface depend on
the longitudinal slip ratios (λf , λr), the normal load on the
tyre (Fzf , Fzr) and the friction coefficient (µ) between the
tyres and the ground [43].

The longitudinal slip ratio per wheel during braking is
defined as,

λ(t) =
v(t)− r ω(t)

v(t)
, (9)

and during acceleration,

λ(t) =
r ω(t)− v(t)

r ω(t)
, (10)

where, r represents the tyre radius and ω(t) represents
angular speed of the wheel.

The normal load on the tyre is determined by the total
weight of the vehicle, C.G. location, longitudinal accel-
eration of the vehicle, aerodynamic drag forces and road
inclination. Considering these factors and neglecting the
road inclination angle, the normal forces on both front and
rear tyres of the ith vehicle in the platoon are given by,

Fzfi(t) =
mglr − Fai(t) ha −mai(t)hcg

lf + lr
, (11)

Fzri(t) =
mglf + Fai(t) ha +mai(t)hcg

lf + lr
, (12)

where, ai(t) is the longitudinal acceleration, hcg is the
height of the C.G. of the vehicle, ha is the height of the
location at which the equivalent aerodynamic force acts and
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lf and lr are the longitudinal distance of the front axle and
rear axle from the C.G. of the vehicle.

For a wide range of operating conditions, the Magic
Formula (MF) tyre model [44] gives a good representation
of forces acting on the tyre-road interface and is used in
this work. Using the MF model, for a single wheel, the
longitudinal force can be represented as,

Fx(λ(t)) =D sin(C tan−1(Bλx − E(Bλx(t)

− tan−1 Bλx(t)))) + SV ,
(13)

where, λx(t) = λ(t) + SH .
In this work, the MF model parameters, B,C,D,E, SH , SV

were obtained from the vehicle dynamic simulation soft-
ware, IPG TruckMaker®. The parameter B represents the
stiffness factor, which determines the slope at the origin of
the force curve as presented by (13). The shape factor C
controls the shape of the curve and the parameter E is used
to control the shape and horizontal position of the peak.
The parameter D represents the peak factor. The parameters
SH and SV represent the horizontal and vertical shifts in
the force curve respectively, predominantly due to ply-steer
and conicity effects. The parameters B,C,E, and SH are
dimensionless parameters, and the parameters D and SV

have the dimension of force [44].
From the block diagram shown in Fig. 1, it can be

understood that the force component Fx(t) calculated by
the tyre model is provided to the wheel dynamics block that
calculates the angular speed ω(t). Using this angular speed
ω(t), the force component Fx(t) (calculated by the tyre
model) and the resistive forces, the vehicle model computes
the position and longitudinal speed. This information is used
by the string stability controller (sliding mode controller) to
synthesise the desired torque input for string stable platoon
operation.

B. ACTUATION MODEL

The air brake system is commonly used in HCRVs and
it uses compressed air as the operating medium for ac-
tuation. The dynamic response of the air brake depends
upon factors such as compressibility of air, pipe lengths and
valve response time. All these factors result in a significant
time delay in the brake system response. Further, there is
a significant time taken for air pressure build up in the
brake actuator. These physical phenomena motivated the use
of the time delay (Td) and the time constant (τd) while
modelling the brake response. By conducting Hardware in
Loop experiments for a wide range of operating conditions
and through frequency domain and time domain analysis,
Sridhar et al. characterised the air brake system using a first
order process with time delay [45], whose transfer function
is given by,

P (s) =
τ(s)

τdes(s)
=

1

1 + τds
e−Tds, (14)

where, τdes and τ represent the demanded brake torque and
actual brake torque developed. This model has been used

in this study to characterise actuation system dynamics.
In [45], the specific values for time constant (τd) and
time delay (Td) have also been experimentally obtained as
τd = 260 ms and Td = 45 ms. These values have been
utilized in this work. From literature, it can be seen that the
acceleration/drive phase dynamics can also be approximated
as first order models with time constants and delays [46].
Hence, for the analysis of the effect of powertrain dynamics
during acceleration/drive phases, a similar model was used.
From literature, it was also found that, τd = 260 ms and
Td = 45 ms are feasible values of time constant and
time delay for actuation dynamics during braking as well
as acceleration/drive phases [46]. These values were hence
used for incorporating actuation dynamics in the platoon
framework.

C. VEHICULAR SPACING MODEL

The spacing between a pair of vehicles in the platoon is
given by

di(t) = xi−1(t)− xi(t). (15)

The desired inter-vehicular distance is defined as

sd(t) = so + hivi(t), (16)

where, so and hi represent standstill spacing and the time-
headway respectively.
Spacing error between two consecutive vehicles is given by

ei(t) = di(t)− sd(t). (17)

To avoid collision between two consecutive vehicles, the
objective is to drive the spacing error between the vehicles to
zero, such that the desired intervehicular distance is always
maintained. Hence, the control objective is to make:

di(t) = so + hivi(t), (18)

vi(t) = v0(t). (19)

During the perturbation maneuver, the controller makes
the follower vehicles to follow the longitudinal speed of
the leader vehicle (vo(t)) and always tries to maintain
the desired spacing of Sd(t) between the vehicles so that
collision is avoided. Once the leader vehicle comes back to
the normal steady state speed (nominal platoon speed), the
controller makes the follower vehicle to reach and follow
the same.

III. STRING STABLE CONTROLLER

For the design of string stable controller, it is assumed that
the same type of brake actuator is present in the front and
rear wheels. During drive mode, τf (t) = 0, τr(t) = τ(t)
(rear wheel drive), and during braking mode, it is assumed
that τf (t) = τr(t) = τ(t). Hence, (8) (which was obtained
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by substituting for Fxfi(t) and Fxri(t) from (7) in (3))
becomes,

v̇i(t) =



















































1

miri
τi(t)−

1

miri

[

Ifiω̇fi(t) + Iriω̇ri(t)
]

−

FRi(t)

mi

, during drive mode,

2

miri
τi(t)−

1

miri

[

Ifiω̇fi(t) + Iriω̇ri(t)
]

−

FRi(t)

mi

, during brake mode.

(20)
For simplicity, the above expressions are written in the
following form:

v̇i(t) = Γ + Λui(t), (21)

where, Γ = − 1
miri

(Ifiω̇fi(t) + Iriω̇ri(t)) −
FRi(t)
mi

, Λ =
1

miri
(drive mode), Λ = 2

miri
(brake mode) and ui(t) =

τi(t).
For the design of PRERL based SMC, the following

sliding function was chosen [10]:

si(t) = ei(t) +

t
∫

0

κei(τ)dτ, (22)

where, e(t) represents the intervehicular spacing error given
by (17). The term, κ is a positive constant that represents the
slope of the sliding function. The integral term in the sliding
function subdues the need for derivative of acceleration
(jerk) data from preceding vehicles (if the standard sliding
function, si(t) = ėi(t) + κei(t) were chosen, jerk terms
would appear while obtaining the control equation by taking
the first derivative of the sliding function and this additional
data requirement makes the controller design complex and
subsequently makes controller implementation difficult).

This sliding function has been chosen for driving the in-
tervehicular spacing error between two consecutive vehicles
to zero. In order to guarantee string stability, the sliding
function was further redefined such that the propagation of
spacing error is reduced along the platoon [10]. The new
sliding function is given by

Si(t) =

{

qsi(t)− si+1(t), i = 1, ..., N − 1
qsi(t), i = N

, (23)

where, q>0.

Now, consider the PRERL structure given by

Ṡi(t) = −
G

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

β
sign(Si(t)),

(24)
where G > 0 is the controller gain, δ0 < 1, α > 0, 0 <
β < 0.5 and p > 0 are controller parameters that affect
the reaching time and chattering mitigation properties. Now,

evaluating the first derivatives of (23) and (22) and using
(21) and (24),

Ṡi(t) = q(vi−1(t)− vi(t)) + qκei(t)− ėi+1(t)− κei+1(t)

− qhiΓ− qhiΛui(t)

= −
G

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

β
sign(Si(t)),

i = 1, ..., N − 1,
(25)

ṠN (t) = q(vi−1(t)− vi(t)) + qκeN (t)− qhNΓ

− qhN

[ 1

miri
ff

(

1 +
β

1− β

)

]

ui(t)

= −
G

δ0 + (1− δ0)e−α|SN (t)|p
|SN (t)|

β
sign(SN (t)),

(26)
from which the torque control input, ui(t) = τi(t) can be
obtained as

τi(t) =
−1

qhiΛ

[

−G

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

β
sign(Si(t))

− q(vi−1(t)− vi(t))− qκei(t) + ėi+1(t) + κei+1(t)

+ qhiΓ

]

, i = 1, ..., N − 1,

(27)
and for the last vehicle in the platoon,

τN (t) =
−1

qhNΛ

[

−G

δ0 + (1− δ0)e−α|SN (t)|p
|SN (t)|

β
sign(SN (t))

− q(vN−1(t)− vN (t))− qκei(t) + qhNΓ

]

.

(28)
For ensuring the notion of string stability in a platoon, the
controller should act such that the spacing error between a
pair of vehicles should be attenuated in the event of any
bounded perturbations and shall not aggravate along the
platoon.

Proposition 1. If the disturbance magnitude, |D(t)| acting

on an individual vehicle is within the bound, |D(t)| <
G|Si(t)|

β

(δ0 + (1− δ0)e−α|Si(t)|
p

)qhi

, spacing error between two

consecutive vehicles asymptotically tends to zero in finite

time.

Proof. In order to ensure the stability with respect to (23),
consider a Lyapunov function as

Vi(t) =
1

2
Si(t)

2. (29)

Differentiating (29) gives,

V̇i(t) = Si(t)Ṡi(t). (30)
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Considering a bounded disturbance D(t) in (21), from (23)
the first derivative of the sliding function Si(t) can be
obtained as

Ṡi(t) =q(vi−1(t)− vi(t)) + qκei(t)− ėi+1(t)− κei+1(t)

− qhi(Γ + Λui(t) +D(t)).
(31)

Substituting (31) in (30),

V̇i(t) =Si(t)
(

q(vi−1(t)− vi(t)) + qκei(t)− ėi+1(t)

− κei+1(t)− qhi(Γ + Λui(t) +D(t))
)

.
(32)

Substituting the PRERL based control equation (27) in the
above equation,

V̇i(t) =
−Si(t)G

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

β
sign(Si(t))

− Si(t)qhiD(t).

(33)

According to Lyapunov stability condition, for asymptotic
stability of the equilibrium state, V̇i(t) < 0, ∀ Si(t) 6= 0.

When, Si(t) > 0, the condition for establishing asymp-
totic stability can be obtained from (33) as,

V̇i(t) =
−Si(t)G

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

β
−Si(t)qhiD(t) < 0,

(34)
which gives,

D(t) >
−G|Si(t)|

β

(δ0 + (1− δ0)e−α|Si(t)|
p

)qhi

. (35)

When, Si(t) < 0, the condition for establishing asymptotic
stability can be obtained from (33) as,

V̇i(t) =
−Si(t)G

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

β
+Si(t)qhiD(t) < 0,

(36)
which gives,

D(t) <
G|Si(t)|

β

(δ0 + (1− δ0)e−α|Si(t)|
p

)qhi

. (37)

Hence for ensuring asymptotic stability, the bound on the
perturbation is (using (42) and (44)),

|D(t)| <
G|Si(t)|

β

(δ0 + (1− δ0)e−α|Si(t)|
p

)qhi

. (38)

Proposition 1 provides an idea of how much bounded
disturbance the system can handle, if the platoon were
perturbed away from the string stable condition. If one
were to use this approach in practice to select a specific set
of design parameters (controller parameters, time-headway,
and intervehicular spacing), then using proposition 1, one
can be informed about the acceleration/deceleration distur-
bance limit that the system can handle. The variable Si(t) in
Proposition 1 essentially carries the information regarding
the intervehicular spacing errors, ei(t) = di(t) − sd(t),
where, di(t) is the spacing between a pair of vehicles, and

sd(t) is the desired inter-vehicular distance. It is logical
to assume that the magnitude of ei(t) (and hence the
magnitude of Si(t)) impacts the maximum allowable ac-
celeration/deceleration disturbance, |D(t)|. So, during real-
time implementation, if one is able to obtain the magnitude
of ei(t), then one can have a better idea about the limits of
|D(t)| on the platoon stability.

A. COMPARISON WITH CONVENTIONAL SMC

STRUCTURE

The term |Si(t)| is present in the above condition owing
to the structure of the PRERL based controller. If one
were to opt for constant rate reaching law based SMC
design (Gsign(Si(t))), which is a conventional SMC design
approach [47], then, the expression would become |D(t)| <
G/qhi. Then, one could observe that the requirement on
|D(t)| is not dependent on Si(t). But this is at the expense
of high frequency control signal switching, an inherent
disadvantage of constant rate reaching law based SMC
design, which restricts its practical utility.

To clarify this point, the stability analysis using constant
rate reaching law based SMC design is presented below.

Constant rate reaching law is given by [47]:

Ṡi(t) = −Gsign(Si(t)), (39)

where, G > 0. On using control equation based on above
constant rate reaching law structure (similar to (27)), equa-
tion (33) can be written as,

V̇i(t) = −Si(t)Gsign(Si(t))− Si(t)qhiD(t). (40)

According to Lyapunov stability condition, for asymptotic
stability of the equilibrium state, V̇i(t) < 0, ∀ Si(t) 6= 0.

When, Si(t) > 0, the condition for establishing asymp-
totic stability can be obtained from equation (40) as,

V̇i(t) = −Si(t)G− Si(t)qhiD(t) < 0, (41)

which gives,

D(t) >
−G

qhi

. (42)

When, Si(t) < 0, the condition for establishing asymptotic
stability can be obtained from equation (40) as,

V̇i(t) = −Si(t)G+ Si(t)qhiD(t) < 0, (43)

which gives,

D(t) <
G

qhi

. (44)

Hence, for ensuring asymptotic stability, the bound on the
perturbation is (using conditions (42) and (44)),

|D(t)| <
G

qhi

. (45)

Thus, the stability condition using conventional constant rate
reaching law based SMC does not have dependence between
disturbance magnitude |D(t)| and sliding function Si(t).
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However, this constant rate reaching law has the disadvan-
tage of control signal chattering [47]. While using SMC
for practical control applications, chattering (high frequency
control signal switching) has to be properly mitigated so as
to prevent actuator damage.

B. STRING STABILITY CONDITION

To analyse the notion of string stability using the presented
SMC design, consider the error propagation transfer func-
tion [10],

Gi(s) =
Ei+1(s)

Ei(s)
, (46)

where, Ei(s) and Ei+1(s) denote the Laplace transform
of spacing error propagation between consecutive pair of
vehicles in the platoon. For string stability [10],

∣

∣

∣

∣Gi(s)
∣

∣

∣

∣ < 1 ∀ i = 1, ..., N. (47)

The asymptotic stability of spacing error between pair of
vehicles using PRERL has already been established, which
ensures,

Si(t) = 0, (48)

in finite time. Hence, based on (23),

qsi = si+1. (49)

Now, using (22),

q
(

ei(t) +

t
∫

0

κei(τ)dτ
)

= ei+1(t) +

t
∫

0

κei+1(τ)dτ. (50)

On taking Laplace transform on both sides,

q
[

Ei(s) +
κ

s
Ei(s)

]

= Ei+1(s) +
κ

s
Ei+1(s), (51)

which gives the spacing error propagation transfer function
as,

Gi(s) =
Ei+1(s)

Ei(s)
= q. (52)

Since, for string stability,
∣

∣

∣

∣Gi(s)
∣

∣

∣

∣ < 1, by selecting the
parameter range, 0 < q < 1, the presented controller design
framework would ensure string stable platoon operation.

Remark 1. In an ideal scenario, the string stability condi-
tion given by (47) should hold for all frequencies [10]. The
prevalence of using a kinematic model to realize platoon
operations in the literature also suggested the same [10].
But, the consideration of actuator dynamics puts a restriction
on the achievable acceleration/deceleration values. For ex-
ample, in practice, once the brake is applied, there would be
a minimum time for the brake pressure to increase and gen-
erate the braking force. This effect has been characterised
by a first order plus time delay model given as by (14).
Even in an otherwise ideal scenario of having the braking
action as soon as the pressure develops, i.e., zero time delay
(Td = 0), the achievable acceleration/deceleration is still

limited by the actuator system dynamics (characterised by
the time constant). Considering such a scenario,

P (s) =
1

1 + τds
, (53)

which, on replacing s by jω gives,

P (jω) =
1

1 + jτdω
. (54)

This can be written as,

P (jω) =
1

1 + jω/ωcd

, (55)

where, ωcd is the cut-off frequency and for τd = 260 ms,

ωcd = 1/τd = 1/0.26 = 3.85 Hz. (56)

From the actuator dynamics, the value of cut-off frequency
is found to be ωcd = 3.85 Hz. For frequencies above
this value, the actuator cannot respond properly since the
command signal would exceed its bandwidth. Hence, for
perturbations having frequencies above this bandwidth, ow-
ing to the actuator dynamics, a string stable operation could
not be achieved for the class of vehicles considered in this
study.

C. LOWER LEVEL CONTROLLER

Actuation system delay in HCRVs platoon can lead to
string instability during platoon operation [11]. Hence,
the response characteristics of HCRV’s actuation system
(described by (14)) is improved by using a lower level
controller. The presence of the time delay term in the
system transfer function (14) makes it an improper transfer
function. Hence, Padé approximation has been used [48]
to obtain a proper transfer function. Using first order Padé
approximation, the actuation model (14) can be rewritten as

P (s) ≈
(2− Tds)

(1 + sτd)(2 + Tds)
. (57)

On augmenting the actuation system with a lower level
controller, the closed-loop transfer function becomes

τ(s)

τdes(s)
=

C(s)P (s)

1 + C(s)P (s)
, (58)

where, C(s) represents the transfer function of the con-
troller. A PID controller is used here, whose transfer func-
tion is given by

C(s) = Kp +
Ki

s
+Kds. (59)

Here, Kp, Ki and Kd are the proportional, integral and
derivative gains respectively.

In practice, the parameters of the actuator such as, time
constant (τd) and time delay (Td) are subjected to vari-
ations due to varying operating conditions and aging of
the actuator. Hence, the controller should possess sufficient
robustness towards parametric variations. In this regard, the
PID controller tuning has been done based on Kharitonov’s
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theorem, such that the controller is robust with respect to
deterministic bounded parametric uncertainties [49]. Based
on (57), (58) and (59), the closed loop transfer function of
the actuation system can be obtained as

τ(s)

τdes(s)
=

(Kps+Ki +Kds
2)(2− Tds)

As3 +Bs2 + Cs+D
, (60)

where, A = Tdτd −KdTd, B = Td + 2τd + 2Kd −KpTd,
C = 2 + 2Kp −KiTd and D = 2Ki.
For robust PID controller design, the Kharitonov’s polyno-
mials can be realized as follows [49]:

K1(s) = δ0 + δ1s+ δ2s
2 + δ3s

3

K2(s) = δ0 + δ1s+ δ2s
2 + δ3s

3

K3(s) = δ0 + δ1s+ δ2s
2 + δ3s

3

K4(s) = δ0 + δ1s+ δ2s
2 + δ3s

3,

(61)

where the Kharitonov’s coefficients are,
δ0 ∈ [δ0, δ0] = [2Ki, 2Ki],
δ1 ∈ [δ1, δ1] = [2 + 2Kp −KiTdmin

, 2 + 2Kp −KiTdmax
],

δ2 ∈ [δ2, δ2]=[Tdmin
+ 2τmin + 2Kd − KpTdmin

, Tdmax
+

2τmax + 2Kd −KpTdmax
],

δ3 ∈ [δ3, δ3]=[Tdmin
τdmin

− KdTdmin
, Tdmax

τdmax
−

KdTdmax
].

The subscripts min and max indicate the bounds on un-
certainties in the parameters, Td and τd, assuming the
uncertainties to be deterministic. According to Kharitonov’s
theorem, for robust stability, all the above four Kharitonov’s
polynomials should be Hurwitz [49]. On applying the nec-
essary and sufficient conditions for Hurwitz stability to the
four polynomials, the following inequalities were obtained:
δ0 > 0, δ0 > 0, δ1 > 0, δ1 > 0, δ2 > 0, δ2 > 0, δ3 >
0, δ3 > 0,
δ2δ1 > δ3δ0, δ1δ2 > δ3δ0, δ1δ2 > δ3δ0, δ2δ1 > δ3δ0.
For the robust operation of HCRV actuation system, the
gains, Kp,Ki and Kd should be selected such that the above
inequalities are satisfied.

IV. PERFORMANCE EVALUATION OF THE STRING

STABLE CONTROLLER

The designed string stable controller has been evaluated for
the following vehicle conditions and on-road scenarios.

• Each vehicle was considered to have a full laden mass
of 16200 kg and an unladen mass of 4700 kg.

• The platoon has been evaluated for road surfaces with
different tyre-road friction coefficients (µ). Operation
on roads with high µ (µ = 0.8), middle µ (µ = 0.5)
and low µ (µ = 0.3) were evaluated.

• The controller was evaluated for a high operating speed
(15 m/s) and a low operating speed (5 m/s).

A pictorial representation of the test conditions is presented
in Fig. 4.

For the evaluation, a platoon of four follower vehicles
and a leader vehicle was considered. The design considered
a standstill spacing, s0 = 5 m and a time-headway, h = 1
s.

FIGURE 4: Different simulation scenarios.

Other vehicle parameters used in the study are listed in
Table 1.

TABLE 1: Vehicle parameters.

Parameter Value
Wheel radius, r 0.53 m
C.G. height, hcg 1.3 m

Front axle distance from the C.G, lf 3.4 m
Rear axle distance from the C.G, lr 2 m

Moment of inertia of front wheels, If 10 kgm2

Moment of inertia of rear wheels, Ir 20 kgm2

A. IMPORTANCE OF VARIOUS FACTORS CONSIDERED

IN THE CONTROLLER DESIGN FRAMEWORK

This subsection discusses the importance of various factors
such as vehicle dynamics, actuation dynamics, aerodynamic
drag force and lower level controller on the performance of
string stable controller design.

1) Importance of Vehicle Dynamics and Actuation Dynamics

To emphasize the importance of considering vehicle dynam-
ics, actuation dynamics and tyre model for designing string
stable controllers, results from simulations using kinematic
vehicle models are presented in Fig. 5. The string stable
controller was designed with the kinematic vehicle model
using PRERL based SMC strategy. The position of each
vehicle in the platoon on a low-µ (µ=0.3), with a high
longitudinal speed (15 m/s) and laden condition, is shown
in Fig. 5. It can be observed that in the absence of vehicle
dynamics, tyre model, and actuation dynamics, the results
show a string stable platoon operation.

Figure 6 represents the scenario of the aforementioned
case considering the vehicle dynamics, tyre model and
actuator dynamics, in which the platoon ended up in a
collision. Here, the string stable controller was designed
using PRERL based SMC strategy using the same controller
parameters used for kinematic based design. Comparing

VOLUME 4, 2016 9
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FIGURE 5: Position profile for µ=0.3, high longitudinal
speed (15 m/s), laden case without considering vehicle
dynamics and actuation dynamics.
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FIGURE 6: Position profile for µ =0.3, high longitudinal
speed (15 m/s), laden case, considering vehicle dynamics
and actuation dynamics.

Fig. 5 and Fig. 6, one could observe that there lies a dis-
crepancy between the results obtained using kinematic and
dynamic models. Since, a dynamic model is better suited
to characterise reality in the range of operating conditions
considered for platooning, it has been used further.

2) Relevance of Aerodynamic Drag Model

The variation in drag coefficient with respect to intervehic-
ular distance during steady state platoon operation for the
case: µ = 0.8, longitudinal speed =15 m/s, laden vehicle, is
presented in Fig. 7. For the lead vehicle, the drag coefficient
was assumed to be CD0 = 0.8. A nonlinear drag variation as
presented by (6) was used to model the succeeding vehicle
drag profiles. For an intermediate vehicle in the platoon,
parameter values, γ1 = 0.2250, γ2 = 0.2159, γ3 = 0.1722,
were selected [19]. Figure 8 shows the CD magnitudes for a
vehicle in and not in the platoon formation. From the plot, a

clear reduction (≈40%) in the CD magnitude for the vehicle
in platoon formation can be observed. This would in turn
reduce the resistive aerodynamic drag force and decrease the
torque demand. There was a considerable 35-40% reduction
in steady-state demanded torque (per vehicle) compared to
the scenario without considering the drag model.
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FIGURE 7: Plots of drag coefficient for a laden vehicle
with µ = 0.8, and longitudinal speed =15 m/s. µ = 0.8,
longitudinal speed =15 m/s, laden vehicle.
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FIGURE 8: Plots of demanded torque for a laden vehicle
with µ = 0.8, and longitudinal speed =15 m/s. µ = 0.8,
longitudinal speed =15 m/s, laden vehicle.

3) Importance of Lower Level Controller

In order to illustrate the need for a lower level controller in
the design framework, string stable controller performance
without the incorporation of the designed lower level PID
controller has been evaluated. An actuation model with τd =
260 ms and Td = 45 ms (based on the experimentally
corroborated actuation model given in [45] was included for
each vehicle in the platoon. It was observed that actuation
delay leads to string instability in all the test conditions.
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FIGURE 9: Performance without lower level controller (µ =
0.8, longitudinal speed =15 m/s, laden vehicle).

Figure 9 shows a sample case (µ = 0.8, longitudinal speed
=15 m/s, laden vehicle) without lower level controller.
Without any delay compensation, the platoon is unable to
have a collision-free string-stable operation as presented in
Fig. 9. The same scenario was simulated by incorporating
the lower level controller and the results are presented
in Fig. 10, which shows string stable platoon operation.
This shows the significance of lower level controller in the
proposed string stable controller design framework.

B. PERFORMANCE EVALUATION IN DIFFERENT

OPERATING CONDITIONS

Table 2 shows the various cases used for the evaluation
of the proposed string stable controller. The controller
parameters for PRERL based SMC were adequately tuned
for all the considered test conditions and the best possible
controller parameter set, which gave the maximum number
of string stable cases, was fixed. The set is given by:
G = 1, δo = 0.1, α = 50, p = 1, β = 0.5, κ = 0.1, q = 0.9.
The results obtained using the fixed controller parameter set
are presented in Table 2.

Results are tabulated for both laden and unladen condi-
tions. A sample result (corresponding to the case, µ=0.8
longitudinal speed=15 m/s, laden case) is shown in Fig. 10.
Figure 11 shows the spacing error between consecutive
vehicles under the action of the designed string stable
controller, for the case: µ = 0.8, longitudinal speed of 15
m/s, and a fully laden vehicle. It can be observed that the
spacing error attenuates along the platoon, which shows the
efficacy of the string stable controller. From Table 2, it can
be observed that the high µ cases resulted in string stable
platoon operation, when the general controller parameter set
was used. For medium µ cases, using the chosen controller
parameter set, all the operating conditions were string stable,
except the scenario when the vehicles are laden at high
longitudinal speed. Meanwhile, low µ cases resulted in
string instability for all the operating conditions when the

TABLE 2: Performance evaluation under different operating
scenarios.

Road
Condition

(µ)

Longitudinal
Speed
(m/s)

Load
Condition

String
Stability

(without h
adaptation)

String
Stability
(with h

adaptation)
0.8 5 Laden YES YES
0.8 5 Unladen YES YES
0.8 15 Laden YES YES
0.8 15 Unladen YES YES
0.5 5 Laden YES YES
0.5 5 Unladen YES YES
0.5 15 Laden NO YES
0.5 15 Unladen YES YES
0.3 5 Laden NO YES
0.3 5 Unladen NO YES
0.3 15 Laden NO YES
0.3 15 Unladen NO YES

same controller parameter set was used.
This shows that the type of road surface has a significant

effect on platoon stability and hence controller design in-
corporating vehicle dynamics and tyre model is extremely
important for string stable platooning. This also emphasizes
the need for an adaptive string stability controller, that
can tune the controller parameters with respect to the road
surfaces. However, realization of such a controller requires
online information on road surface, which is practically not
tractable. To tackle this issue, a method to adaptively vary
the time-headway in the controller design framework such
that string stability is guaranteed at varying speed and road
conditions is presented next.

C. ADAPTIVE TIME-HEADWAY BASED STRING STABLE

CONTROLLER

The string stable controller has been designed such that the
desired inter-vehicular distance (sd) between two vehicles
in the platoon is governed by the expression given in (16).
In this expression the time-headway, hi was considered as
constant. From the studies presented above (Table 2), it
was found that in certain road conditions, the vehicle was
not be able to realize the brake/traction force demanded by
the string stable controller and the spacing error propagates
along the platoon, leading to string instability. To address
this issue, the time-headway is modified by the following
adaptive equation that drives spacing error to zero at each
instant:

hi(t) =
xi−1(t)− xi(t)− so

vi(t)
. (62)

This adaptive equation is derived such that the spacing
error defined by (17) is driven to zero at each instant.
However, this can not be true always. Factors such as
actuator dynamics and communication delays have not been
considered for calculating ei(t) in the formulation. However,
in practice, this error would be influenced by these factors.
Hence, there would be discrepancies between the actual
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(c) Front wheel torque input vs. Time.
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(d) Rear wheel torque input vs. Time.

FIGURE 10: µ =0.8, longitudinal speed = 15 m/s, laden case: for torque input plots, positive value indicates drive torque
and negative value indicates braking torque.

spacing error (from the vehicle model incorporating actuator
dynamics and communication delays) and the ideal spacing
error (defined by (17)). As a result, the actual error always
takes a non-zero value, even if one tries to make it to zero
through time-headway adaptation. Hence, it is important
to consider this actual spacing error throughout the pertur-
bation maneuver and to attenuate it through instantaneous
time-headway adaptation.

The designed sliding mode control based string stable
controller uses the instantaneous values of hi(t) (according
to (62)) and tries to bring the actual intervehicular dis-
tance di(t) to the desired distance sd(t) at each instant
of time. In the desired inter-vehicular distance expression
sd(t) = so+hi(t)vi(t), so is a constant and indicates stand-
still spacing (that is, the spacing between two consecutive
vehicles when all the vehicles in the platoon are at rest).
So, one could essentially consider so as the minimum value
of sd(t), and hence di(t). The controller always tries to
maintain this minimum intervehicular distance between the
vehicles, equal to the stand-still spacing value, even in the
worst case scenarios to maintain a string stable operation.
This is valid even when vi(t) = 0, when the platoon stops
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FIGURE 11: Plots showing the spacing error attenuation
(µ = 0.8, longitudinal speed =15 m/s, laden vehicle -
constant time-headway policy).
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(c) Front wheel torque input vs. Time.
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(d) Rear wheel torque input vs. Time.

FIGURE 12: Adaptive time-headway policy-µ=0.3, longitudinal speed = 15 m/s, laden case: for torque input plots, (positive
value indicates drive torque and negative value indicates braking torque).

(since so can be ideally interpreted as the distance between 2
consecutive vehicles when the vehicles come to rest). This
means that the value of di(t) would never decrease to 0,
since so 6= 0.

It is to be noted that for the synthesis of adaptive
time-headway at each instant, the current positions of the
preceding vehicle and the host vehicle, and the longitudinal
speed of the host vehicle are required. These information are
already been assumed to be available for the constant time-
headway policy. Hence, the practical implementation of the
adaptive time-headway strategy does not add additional data
requirement.

1) Performance Evaluation of Adaptive Time-Headway

Based Design

All the operating scenarios considered in Table 2 were
evaluated for string stability using the proposed adaptive
time-headway based PRERL controller. These results are
also tabulated in Table 2. It can be observed that string
stability has been achieved in all the operating scenarios
irrespective of the road conditions, when the general con-
troller parameter set was used along with time-headway
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FIGURE 13: Plots showing the spacing error attenuation
(µ = 0.3, longitudinal speed =15 m/s, laden vehicle -
adaptive time-headway policy).

adaptation. A sample result, corresponding to the case,
µ =0.3, longitudinal speed=15 m/s, laden case (one of the
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cases, which resulted in string instability using the constant
time-headway approach), is shown in Fig. 12. Figure 13
shows the efficacy of the proposed adaptive time-headway-
based string stable controller in attenuating the spacing error
between the vehicles along the platoon.
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FIGURE 14: Longitudinal speed profile tracking for a
varying speed perturbation signal

Also, the efficacy of the proposed time-headway adap-
tation policy has been tested for other speed perturbation
signals of different magnitudes, frequencies and profiles,
and found that string stability was always ensured with h
adaptation for these signals. The longitudinal speed tracking
profile for another speed perturbation signal (represented
by v0) is shown in Fig. 14. The sample result shown in
Fig. 14 corresponds to the case with µ = 0.8 and fully
laden condition. It was observed that string stability was
ensured with h adaptation for all test conditions presented
in Table 2, even with this speed perturbation signal.

In this paper, the first order Padé approximation has been
used to obtain a finite order transfer function to represent the
actuator model, which incorporates the effects of actuation
(brake) system time delay. Time delay compensation via the
first order Padé approximation would make the system non-
minimum phase, due to the introduction of a zero in the
right half complex plane. The impact of the non-minimum
phase zero introduced due to the Padé approximation can be
observed (initially the response is in the opposite direction
of the intended tracking profile) from the circled portions
in the longitudinal speed curves in Fig. 14.

2) Adaptive Time-Headway Policy - Dynamic Analysis

During a longitudinal speed perturbation maneuver, let the
actual spacing error be given by,

eip(t) = dip(t)− sdp
(t), (63)

where, dip(t) represents the actual spacing between two
vehicles and sdp

(t) represents the desired inter-vehicular
distance in presence of a longitudinal speed perturbation.

Now, considering the discrepancy between the actual spac-
ing error and the ideal spacing error, the equation character-
ising the variation of time-headway (h) under the influence
of a longitudinal speed perturbation can be written as

hip(t) =
dip(t)− so

vip(t)
. (64)

In (64), vip(t) represents the longitudinal speed perturbation
and hip(t) represents the time-headway variations.

Now, during the perturbation maneuver, dip(t) =
xi−1p(t) − xip(t), where xi−1p(t) and xip(t) represent
the positions of two consecutive vehicles during the speed
perturbation. Hence, equation (64) can be written as,

hip(t) =
xi−1p(t)− xip(t)− so

vip(t)
. (65)

This expression represents the adaptive time-headway varia-
tion in terms of the actual error values during any perturba-
tion maneuver. Now, taking the time derivative of the above
equation,

ḣip(t) =
vip(t)(vi−1p(t)− vip(t))− (xi−1p(t)− xip(t)− so)

v2ip(t)
.

(66)
For constant time-headway policy, time-headway, hip(t) =
h is constant and its time derivative is zero. Then,

vip(t)(vi−1p(t)− vip(t))− (xi−1p(t)− xip(t)− so)

v2ip(t)
= 0.

(67)
From equation (67), one can solve for vip(t) and on

substituting the condition for collision-free operation, i. e.,
dip(t) = so + hvip(t),

vip(t) =
vi−1p(t)±

√

v2i−1p
(t)− 4haip(t)

2
, (68)

from which, the restriction on the achievable accelera-
tion/deceleration aip(t) during the perturbation maneuver
can be presented as, be presented as,

aip(t) =
vi−1p(t)− vip(t)

h
. (69)

For constant time-headway policy, the maximum value of
acceleration/deceleration is limited by the value of h, which
is considered to be constant throughout the operation. This
limits the capability of the policy in achieving acceler-
ation/deceleration magnitudes that could be required for
having a string stable operation for certain road conditions
as presented in Table 2.

In this paper, an attempt is made to solve this problem
by proposing the so-called adaptive time-headway policy,
where hip(t) is modelled as a time varying quantity. Hence,
the derivative of hip(t) exists and from (66), and on using
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the condition for collision-free operation, i. e., dip(t) = so+
hvip(t), aip(t) can be obtained as,

aip(t) =
vi−1p(t)− vip(t)(1 + ḣip(t))

hip(t)
. (70)

In this policy, a(t) is allowed to vary as a function of
h(t) as presented by equation (62). Both h(t) and its
derivative dynamics affect the maximum achievable accel-
eration/deceleration limit. The higher levels of accelera-
tion/deceleration demand while using the constant time-
headway policy for unstable scenarios was reduced within
reasonable limits using the adaptive time-headway policy.
This resulted in string stable operation in the previously
unstable scenarios as presented in Table 2.
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FIGURE 15: Temporal variation of h: µ=0.8, longitudinal
speed=15 m/s, laden case.

3) Effect of Time-headway Adaptation on Aerodynamic Drag

Force

Now, an argument can be made with respect to the selection
of intervehicular distance for a platoon operating at different
scenarios. If one chooses to design a platoon with suffi-
ciently large intervehicular distance, string stability would
be achieved even for low µ operating conditions. However,
this would be at the cost of increased aerodynamic drag
(since aerodynamic drag is a function of intervehicular dis-
tance) and consequently reduced fuel economy, thus under-
mining the crucial advantage of platoon operation. Hence,
it is imperative to choose the intervehicular distance value
as small as possible in order to have an efficient platoon
operation. This concern is also addressed during the adaptive
time-headway operation. Figure 15 presents the adaptive
variation of time-headway for a platoon operating at 15 m/s
on a high-µ (0.8) road. In the constant time-headway counter
part, the time-headway magnitude was kept constant (h = 1
s) throughout the entire operation. Corresponding to the h
variations as presented in Fig. 15, intervehicular distances
also vary according to di(t) = so + hi(t)vi(t). In the
constant time-headway approach this variation was governed
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FIGURE 16: Plots of difference in intervehicular distance
and drag coefficient with and without h adaptation for a
laden vehicle with µ = 0.8, and longitudinal speed =15
m/s.

by (16). A plot showing the variation in intervehicular dis-
tance with time-headway adaptation and without adaptation
is presented in Fig. 16(a). As observed, the difference in
intervehicular distance between each vehicle in platoon is
small, but enough for a stable platoon operation. Similarly,
the difference in drag coefficient (CD) magnitude is also
presented in Fig. 16(b). The deviation in CD is in the
order of 10−4. When compared to the magnitude of CD0

(0.8), this deviation in CD is insignificant, thus indicating a
string stable platoon operation without significant increase
in torque demand (similar observations were made for all
the considered operating conditions given in Table 2).

D. EFFECT OF COMMUNICATION DELAY ON STRING

STABILITY

In the presented design framework, information from the
preceding vehicle is required to synthesise control action for
platoon string stability and this information can be obtained
through RADAR. However, the platoon may encounter sce-
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narios where the RADAR may not function well. RADAR
sensor measurements are affected by signal attenuation by
the medium, beam dispersion, noises, interference, multi-
object echo, and jamming [50]. A platoon cannot tolerate
such a scenario, since the malfunctioning of the RADAR
system in one vehicle can lead to string instability of the
entire platoon. In such scenarios, V2V communication-
based data transfer facility in vehicles becomes important.
If V2V communication option is provided as a back-up
method for data transfer, one can rely on it for obtaining ve-
locity and position information in scenarios when RADAR
information is not readily available. Moreover, telematics
systems that exchange information between vehicles during
fleet operation are made mandatory in heavy vehicles in
countries like India [51]. This would help to switch to V2V
communication-based data transmission in future. Motivated
by these aspects, the notion of platoon string stability from
a connected vehicle technology perspective has also been
investigated. Since, this paper mainly deals with various
extreme operating scenarios during HCRV platooning, the
communication delay involved in V2V communication has
also been analysed.

The string stable controller performance has been anal-
ysed by considering constant time-headway as well as
adaptive time-headway design approaches. It was assumed
that a fixed communication delay is present during data
transmission from the preceding vehicle and simulations
were run to obtain the maximum delay magnitude, which
could guarantee string stability. The control equations for
string stability (given by (27) and (28)) were influenced by
this assumption. Hence, the control equations were modified
as follows:

τi(t) =
−1

qhiΛ

[

−G

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

β
sign(Si(t))

− q(vi−1(t− τc)− vi(t))− qκei(t) + ėi+1(t)

+ κei+1(t) + qhiΓ

]

, i = 1, ..., N − 1,

(71)

τN (t) =
−1

qhNΛ

[

−G

δ0 + (1− δ0)e−α|SN (t)|p
|SN (t)|

β
sign(SN (t))

− q(vN−1(t− τc)− vN (t))− qκei(t) + qhNΓ

]

.

(72)
Here, τc represents the fixed communication latency magni-
tude. Table 3 shows the observations on the delay limits for
different operating conditions. As given in Table 2, some
cases are string unstable even without the incorporation
of communication delay, while constant time-headway ap-
proach was used. Delay tolerance corresponding to these
cases are indicated by ‘-’ in Table 3.

From Table 3, it can be observed that compared to con-
stant time-headway approach, the adaptive time-headway
based controller design is more tolerant to communication
delay. However, the string stability which was established

TABLE 3: Communication delay limits.

Road
Condition

µ

Longitudinal
Speed
(m/s)

Load
Condition

Maximum Communication
Delay Magnitude (ms)

Constant h
With h

adaptation
0.8 5 Laden 560 920
0.8 5 Unladen 580 960
0.8 15 Laden 200 520
0.8 15 Unladen 220 630
0.5 5 Laden 320 780
0.5 5 Unladen 340 830
0.5 15 Laden - 270
0.5 15 Unladen 60 300
0.3 5 Laden - 40
0.3 5 Unladen - 140
0.3 15 Laden - 0
0.3 15 Unladen - 0

using adaptive time-headway policy has been lost with
the incorporation of communication delay on low µ road
surfaces, when the longitudinal speed of the vehicle is high.
This could be attributed to the brake/drive dynamics of
the HCRV under low µ road conditions. From a practical
point of view, a vehicle plying on a low µ road needs
more time to safely accelerate/decelerate to a new speed
owing to the reduced traction at tyre-road interface (for
instance, the stopping distance on a low µ surface would
be much higher compared to high and medium µ roads).
Presence of further delays during the operation, in form
of communication delay, aggravates this condition. The
communication latency further delays the computation of
control signals to be applied to throttle and brake actuators.
On a low µ surface, this delay could be more than what
the controller can handle to effectively have an autonomous
string stable platoon operation. However, at low operating
speed (5 m/s), the adaptive time-headway policy manages
to tolerate communication delay of reasonable magnitudes
(40 ms for laden scenario and 140 ms for unladen scenario).

V. CONCLUSION

This paper attempts an approach for the design and analysis
of heavy vehicle platoons and their stability to ensure
collision-free operation under various operating conditions.
The majority of literature on string stable platoon design
have considered kinematics alone, or opting for only some
of the considered dynamic factors. But to emulate the real
life conditions like a sudden change in road conditions, it
is imperative to consider the corresponding scenarios in the
analysis. Further, there is a significant difference in the laden
and unladen mass of HCRVs (the laden mass is 16200 kg
and the unladen mass is 4700 kg for the class of vehicles
considered in this study) that would impact the vehicle
dynamic response, and this has been considered in this
study. In this regard, a platoon model incorporating detailed
vehicle dynamics, with wheel dynamics, resistive forces,
tyre model, actuation dynamics and communication delays
has been presented in this paper. The major contributions of
the paper are:
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1) A Sliding Mode Control (SMC) based string stable
controller has been designed and evaluated through
simulating platoon operation for different on-road
conditions. In order to have an actuator friendly
controller design, SMC approach based on Power
Rate Exponential Reaching Law (PRERL) has been
used, which was seen to ensure feasible traction/brake
inputs for string stable platoon operation. A lower
level PID controller that could increase the fidelity
of the string stable controller has also been been
designed.

2) To ensure string stable operation on various on-road
conditions, an adaptive time-headway based method
has been introduced in the string stable controller
design framework. It was observed that, as long as the
adaptive policy is used, the platoon is more tolerant
to V2V communication delay.

The adaptive string stable controller design strategy pre-
sented in this paper can be suitably utilized for realizing
string stable heavy vehicle platoon during long haul oper-
ations, where the road conditions would vary considerably
due to various environmental factors. However, on low µ
road surfaces, the proposed controller design could not
handle significant communication delays. Addressing this
issue could be pursued as part of future work.

The string stable controller has been currently designed
based on the assumption that the heavy vehicle platoon
travels on a straight and flat road. Also, the tyre model
parameters and vehicle parameters were assumed to be
known. These assumptions would be relaxed with appro-
priate road gradient estimation, µ estimation and vehicle
mass estimation schemes while pursuing further extension
and real-time implementation of the presented work.

APPENDIX. STATE SPACE REPRESENTATION OF THE

COMPLETE SYSTEM DYNAMICS MODEL

The state space representation of the position and speed
dynamics can be represented as:

ẋi(t) = vi(t)

v̇i(t) = Ω(vi(t), τi(t)),
(73)

where, Ω(vi(t), τi(t)) is a nonlinear function in vi(t) and
τi(t) that can be expressed as

Ω(vi(t), τi(t)) =
1

mi

(Fxfi(λfi(t))+Fxri(λri(t))−FRi(t)),

(74)
where, Fxfi(λfi(t)) and Fxri(λri(t)) represent the lon-
gitudinal forces at the front and rear tyre-road interface
respectively, and λfi(t) and λri(t) represent the longitudinal
slip ratios of front and rear wheels respectively. They are
calculated as,

λfi(t) =
vi(t)− ri ωfi(t)

vi(t)
,

λri(t) =
vi(t)− ri ωri(t)

vi(t)
,

(75)

where, ri is the tyre radius. From the wheel dynamics, ωfi

and ωri can be calculated as,

ω̇fi(t) =
1

Ifi
(τfi(t)− riFxfi(t)),

ω̇ri(t) =
1

Iri
(τri(t)− riFxri(t)),

(76)

where, Ifi and Iri are the moment of inertia of front and
rear wheels respectively, τfi(t) and τri(t) are the transmitted
torques to the front and rear wheels respectively.

Now, FRi(t) in (74) can be expressed as,

FRi(t) = Fai(t) +Rxfi(t) +Rxri(t)

= ρ afi CDi(t)
vi(t)

2

2
+ f(Fzfi(t) + Fzri(t)),

(77)
where, Fai(t) represents the force due to aerodynamic
drag, and Rxfi and Rxri are the forces due to rolling
resistance at the front and rear wheels respectively. The
aerodynamic drag force is characterised by the air density,
ρ, the aerodynamic drag coefficient, CDi(t), and the vehicle
frontal area, afi. The rolling resistance is characterised by
the rolling resistance coefficient, f , and the normal forces on
both front and rear tyres, represented respectively by Fzfi(t)
and Fzri(t). The normal forces at the tyre-road interface are
given by,

Fzfi(t) =
mglr − Fai(t) ha −mai(t)hcg

lf + lr
,

Fzri(t) =
mglf + Fai(t) ha +mai(t)hcg

lf + lr
,

(78)

where, ai(t) is the longitudinal acceleration, hcg is the
height of the C.G. of the vehicle, ha is the height of the
location at which the equivalent aerodynamic force acts, and
lf and lr are the longitudinal distance of the front axle and
rear axle from the C.G. of the vehicle.

The transfer function of the actuator dynamics is given
by

P (s) =
τi(s)

τdes(s)
=

1

1 + τds
e−Tds, (79)

where, τd is the time constant, and Td is the time delay, and
τdes and τi represent the demanded brake torque and actual
brake torque developed, respectively.

Using first order Padé approximation, the actuation model
(79) can be rewritten as

P (s) ≈
(2− Tds)

(1 + sτd)(2 + Tds)
. (80)

Considering the brake torque dynamics in the front
wheels of the ith vehicle, the state space equation of (80)
can be written as
[

τ̇1fi(t)
τ̇2fi(t)

]

=

[

0 1
−2
τdTd

−( 1
τd

+ 2
Td

)

] [

τ1fi(t)
τ2fi(t)

]

+

[

0
1

]

τdesfi(t),

(81)

VOLUME 4, 2016 17



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

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2020.3039797, IEEE Access

Devika et al.: A Dynamics-Based Adaptive String Stable Controller for Connected Heavy Road Vehicle Platoon Safety

τfi(t) =





2
Tdτd

−1
τd



 .

[

τ1fi(t)
τ2fi(t)

]

, (82)

and the brake torque dynamics in the rear wheels of the ith

vehicle can be written as
[

τ̇1ri(t)
τ̇2ri(t)

]

=

[

0 1
−2
τdTd

−( 1
τd

+ 2
Td

)

] [

τ1ri(t)
τ2ri(t)

]

+

[

0
1

]

τdesri(t),

(83)

τri(t) =





2
Tdτd

−1
τd



 .

[

τ1ri(t)
τ2ri(t)

]

. (84)

Now, on substituting τ1fi(t), τ2fi(t) from (82) and (84) in
(76), the wheel dynamics can be expressed as

ω̇fi(t) =
1

Ifi

( 2

Tdτd
τ1fi(t)−

1

τd
τ2fi(t)− riFxfi(t)

)

,

ω̇ri(t) =
1

Iri

( 2

Tdτd
τ1ri(t)−

1

τd
τ2ri(t)− riFxri(t)

)

.

(85)
Considering the above discussed complete vehicle model

including actuator dynamics, the entire state space represen-
tation for a single vehicle in the platoon can be represented
in the following state vector form:

φ̇i(t) = f(φi(t),ui(t)), (86)

where, the state vector φi(t) =
[

xi(t) vi(t) ωfi(t) ωri(t) τ1fi(t)

τ2fi(t) τ1ri(t) τ2ri(t)
]T

, and the input vector ui(t) =
[

τdesfi(t) τdesri(t)
]T

.
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