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ABSTRACT Heavy commercial road vehicle (HCRV) platoons are viable logistic solutions to freight
movement. During long haul platoon operation, it is common to encounter roads of different gradients. This
paper investigates the effect of brake fade phenomenon, which happens due to the continuous application
of brake during downgrade operation on the string stability of HCRV platoons. A brake actuator model
incorporating temperature effects during braking and characterizing brake fade has been used. A Sliding
Mode Control (SMC) based string stable controller, which compensates for brake fade, has been designed.
Since the brake fade factor and hence platoon stability directly depend upon the road gradient and vehicle
mass, which are not directly measurable quantities, an algorithm that adaptively estimates the same has been
integrated with the controller design. The algorithm could estimate the mass and gradient values with less
than 2% mean absolute percentage error. The stability of the proposed fade compensated controller has been
analyzed and its efficacy has been tested for various road conditions and for homogeneous and heterogeneous
(overloaded cases) platoon operations. The proposed approach was seen to ensure string stability for all the
considered test scenarios.

INDEX TERMS Brake fade, heavy commercial road vehicle, platoon, road gradient, sliding mode control,
string stability.

I. INTRODUCTION
Heavy commercial road vehicle (HCRV) platoons have
gained significant research interest owing to their ability to
ensure efficient freight transportation [1], [2]. Autonomous
HCRV platooning results in improved fuel economy, efficient
utilization of available road infrastructure, less manpower
requirement, and reduced greenhouse gas emissions [3],
[4]. In addition to the aforementioned factors, autonomous
platooning provides improved safety and better throughput
from an operator’s perspective. Diverse operating conditions
such as road types, loading, road gradients, operating speed,
and acceleration/deceleration rates would affect the stabil-
ity and efficacy of long-haul platoon operations. All these
factors have prompted the research community to look into
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multiple aspects concerning automated vehicle platooning
[5], [6], [7], [8], [9].

During long-haul platoon operations, frequent application
of brakes may be necessary to meet desired intervehicular
distance and operating speed.Most HCRVs are equippedwith
friction brakes, and their continuous application would cause
excessive temperature build-up in the brake system due to the
friction braking process. Increasing this temperature beyond a
particular critical value could result in deteriorated brake sys-
tem performance, commonly known as brake fade effect [23].
Brake fade, even in one HCRV, could, in turn, degrade the
platoon performance as a whole. Moreover, this effect would
be more prominent for a platoon operating downhill since one
must apply brakes continuously to maintain speed and avoid
collisions. To the best of the authors’ knowledge, state-of-the-
art studies in this area are yet to incorporate the brake actuator
model’s temperature dynamics and study its effect on platoon
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TABLE 1. Summary of recent research in road vehicle platooning.

stability. In this context, this paper investigates the effects
of excessive temperature build-up and the associated brake
fade effect on the platoon operation. This paper also presents
a controller design that would accommodate the brake fade
effect for ensuring collision-free stable autonomous HCRV
platooning.

During long-haul operations, if multiple HCRVs follow the
same route to the same/different destinations, vehicles with
different loads tend to form platoon formations en-route and
disperse at unique destinations, for utilizing the advantages of
plying in a platoon formation [12], [24]. In such platoon for-
mations, there are instances where the individualmass of each
HCRV would be different from one another depending upon
loading conditions. Sometimes, the HCRVs are overloaded
(although this may not be legal), considering short-term cost
benefits. For the same speed of operation (same initial and
final speed), overloading the vehicle would further increase
the brake fade effect since the vehicle mass directly impacts
brake system performance [23]. This aspect has also been
quantitatively evaluated in this paper. The extent of brake fade
also depends on the magnitude of road gradient and the time
for which the brakes are continuously applied [23].

Considering the above aspects, the online availability of
individual vehicle mass and road gradient information is cru-
cial for establishing stable autonomous vehicular platoons.
However, the online measurement of road gradient and vehi-
cle mass is not straightforward using available sensors [25].
In this context, this paper uses an adaptive estimation scheme
that provides online estimates of road gradient and mass [26],
and it has suitably been integrated with the controller design.
Further, the analysis presented in the paper found that the
HCRV mass and road gradient variations could significantly
affect the brake performance, and hence the platoon stability,
which demonstrates the significance of an adaptive mass and
gradient estimator in the controller design process.

While dealing with the practical realization of vehicle pla-
toons and designing controllers, it is crucial to include vehi-
cle dynamics, including resistive forces, tyre model, wheel
dynamics, and brake/powertrain actuator dynamics [22].
Aspects such as pneumatic brake actuation delay and dynam-
ics, mass variation during laden and unladen operating con-
ditions, and dynamic load transfer during braking are critical
while considering HCRV platoons. The controller design
presented in this paper considers all these factors, making
it a practically suitable design. Incorporating all these fac-
tors makes the HCRV platoon model nonlinear, requiring a
nonlinear control strategy. Moreover, the controller should
be robust enough to have a satisfactory performance under
different operating conditions. In this context, a nonlinear and
robust sliding mode control (SMC) technique has been used
in this paper.

A qualitative summary of recent studies in this research
domain and the placement of the present study are shown in
Table 1. From this summary, one could observe that the state-
of-the-art literature on vehicle platooning has not explicitly
analyzed the effect of temperature build-up on brake system
performance and the consequent effect on platoon stability.
Moreover, the dependency of vehicle mass and road gradi-
ent on brake fade and platoon stability has not been given
adequate attention. Also, the state-of-the-art controllers for
platoon stability have not incorporated brake fade compensa-
tion to ensure stable long-haul platoon operations. Motivated
by these gaps, this paper presents a heavy vehicle platoon
model encompassing crucial factors such as vehicle dynam-
ics, including resistive forces, tyre model, wheel dynam-
ics, and brake actuator model with thermal effects, and has
used this detailed model for controller design towards stable
platooning.

In summary, the control objective is to design a con-
troller for HCRV platoons using a complete vehicle dynamics
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FIGURE 1. Overall block diagram (road slope θ is considered negative for downhill operation and positive for uphill operation).

model, with wheel dynamics, resistive forces, tyre model,
and actuation dynamics with temperature effects to estab-
lish string stability. The controller is designed to ensure
string stable platoon operation under different road and load
conditions.

Based on the above discussions, the specific contributions
of this paper are the following:
• A model for HCRV platoon is designed encompass-
ing crucial factors such as vehicle dynamics including
resistive forces, tyre model, wheel dynamics, and brake
actuator model with thermal effects.

• A detailed investigation has been carried out on tem-
perature build up and brake fade effect in friction brake
systems during downgrade operation of HCRVs.

• Synthesis of online estimates of vehicle mass and road
gradient information for string stable controller design.

• Design of a string stable controller based on SMC tech-
nique for HCRV platoons that could compensate for the
brake fade effect. The controller could ensure chatter-
ing reduction, robustness and reduced reaching phase
duration.

• The importance of using a dynamic model for controller
design has been illustrated by comparing the controller

performance with one that is based on a kinematic
model.

• The significance of a modified string stable controller
design incorporating brake fade effect has been pre-
sented through simulations.

II. VEHICLE MODEL
The platoon consists of (N + 1) HCRVs, with one leader and
N followers. The road gradient is represented by θ . In this
work, only longitudinal dynamics was considered. The tyre
model and vehicle parameters were assumed to be known.
Equal distribution of load was assumed on the left wheel and
the right wheel of the same axle. The temperature distribution
was assumed uniform throughout the brake drum. The same
brake parameters were used for all the HCRVs in the platoon.
The driving/braking force, and longitudinal speed data were
assumed to be available to estimate the road gradient and
HCRVmass. The overall framework is presented in Figure 1.

A. VEHICLE MODEL
The leader HCRV can be human-driven or autonomous. It is
also assumed that it can take actions independent of the
rest of the HCRVs in the platoon. The following equation
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characterizes the longitudinal motion of the leader vehicle:

ẋ0(t) = v0(t). (1)

Here, x0(t) and v0(t) represent the position and longitudinal
speed of the leader HCRV. The longitudinal speed, v0(t) is
the nominal platoon speed that has to be followed by all the
HCRVs for a string stable operation. The longitudinal motion
of the follower HCRV is described by

ẋi(t) = vi(t), (2)

v̇i(t) =
1
mi

(Fxfi(t)+ Fxri(t)− FRi(t)), (3)

where, i = 1 . . .N .
Here, xi(t) and vi(t) represent the position and longitudinal

speed of the ith follower vehicles. Fxfi(t) and Fxri(t) are the
brake force at the corresponding front and rear tyre-road
interfaces, and mi is the mass of the ith vehicle in the platoon.
The resistive force on the ith vehicle is represented by FRi(t),
which is given by

FRi(t) = Fai(t)+ Rxfi(t)+ Rxri(t)+ FGi(t). (4)

Here, Fai(t) = 1
2ρv

2
i (t)AfiCdi is the force due to aerodynamic

drag with ρ being the air density, Afi representing the vehicle
frontal area, andCdi representing the drag coefficient of the ith

vehicle. The gravitational force component is represented by
FGi(t) = mig sin(θ (t)) with θ(t) representing the road slope,
and Rxfi and Rxri are the forces due to rolling resistance at the
front and rear wheels, respectively.

The wheel rotational dynamics are given by

Ijiω̇ji(t) = τji(t)− riFxji(t), (5)

where, j = f , r , represents the front and rear wheels, respec-
tively. Iji represents the wheel moments of inertia of the ith

vehicle, ri is the tyre radius, τji(t) represents the transmitted
torques to the wheels.

In this study, the widely accepted Magic Formula (MF)
tyre model [27] has been used. The longitudinal force as
calculated using the MF tyre model is given by,

Fxi(λi(t)) = D sin(C arctan(Bλix(t)− E(Bλix(t)

− arctanBλix(t))))+ SV , (6)

where, λix(t) = λi(t)+ SH .
The MF model parameters, B,C,D,E, SH , SV were

obtained from the vehicle dynamic simulation software, IPG
TruckMaker R© [28]. The variable λi(t) =

vi(t)−ri ωi(t)
vi(t)

repre-
sents the longitudinal slip ratio and during braking, with ωi(t)
representing angular speed of the wheel.

In a nutshell, the system model includes equations for
characterizing the longitudinal dynamic response, wheel
dynamics, tyre model and actuator (brake/drive) dynamics.
Equation (3) represent the longitudinal dynamics of the fol-
lower vehicles, indicating the time evolution in position and
speed, respectively. Equations (4), (5), and (6) represent dif-
ferent components in longitudinal dynamics presented in (3).
Equation (4) is used to substitute for FRi(t) in (3), which

indicates the total resistive force acting on the ith vehicle.
Longitudinal forces Fxfi(t) and Fxri(t) are computed using
the MF tyre model presented in (6). Equation (5) represents
the wheel rotation dynamics that when solved, provides the
wheel angular speed, which is then used to compute the lon-
gitudinal wheel slip ratio λi(t). To compute the longitudinal
forces at each tyre-road interface, it is imperative to have the
knowledge of longitudinal slip ratio (λ(t)) for each wheel,
the normal forces on the tyre and the friction coefficient
(µ) between the tyres and the road [29]. The normal forces
depend on factors such as total weight of the vehicle, longi-
tudinal acceleration of the vehicle, center of gravity (C.G.)
location, aerodynamic drag force and its location of action,
and road inclination.

B. FRICTION BRAKE MODEL INCORPORATING BRAKE
FADE EFFECT
Conventional HCRVs use pneumatic friction brake systems
in which the kinetic energy is converted to thermal energy at
the brake contact area [23]. The pneumatic brake actuation
system in HCRVs is typically sluggish in nature, which can
adversely affect the overall braking performance. In order to
address the dynamics of the brake actuation system, the first
order model developed by Sridhar et al. [30], has been utilized
in this work. This model was calibrated using Hardware in
Loop experiments and hence serves as a good approximation.
The model transfer function is given by,

P(s) =
τact (s)
τdes(s)

=
1

1+ τd s
e−Td s, (7)

where, τdes and τact represent the demanded brake torque and
actual brake torque developed. In thismodel, τd represents the
brake system time constant and Td represents the time delay.
These two parameters characterizes the sluggish behaviour
of pneumatic brake system. In [30], the values for τd and
Td have also been experimentally obtained as τd = 260 ms
and Td = 45 ms, which have been utilized in this work.
To mitigate the adverse effects of the pneumatic brake system
delay on the closed loop stability, a lower level PID controller
is integrated in to the framework [22], [31]. The details of
the design procedure and analysis of the same have been
presented in [22] and [31].

1) BRAKE TEMPERATURE DISTRIBUTION AND FADE FACTOR
Since friction brake systems convert the vehicle kinetic
energy to heat energy, the brake temperature would increase
significantly during frequent braking on downgrades result-
ing in brake fade. It was found that, for the fully laden
(m= 16200 kg) HCRV plying at a constant speed of 50 km/h,
if one tries to maintain the same speed during a 1 km downhill
road by braking, the braking power at the end of the downhill
would come down to 31% of that of the original value.

During continued downhill braking at a constant speed,
braking power per brake for an individual vehicle in the
platoon is given by [23],

Pbi(t) = Wivi(t)(sin(θ )− fi)fbi, (8)
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where,Wi is the vehicle weight (N), fi is the rolling resistance
coefficient, and fbi is the per brake contribution [23]. The
temperature developed in the brake system during braking
depends on various factors like initial temperature, ambient
temperature, braking power, and brake material properties.
The temperature distribution per brake for an individual vehi-
cle in a platoon (which is assumed to be uniform throughout
the brake surface) during continued braking is given by [23],

Ti(tb) =
(
Tin − Ta −

Pbi(t)
hrAr

)
exp

(
−hrAr
ρrvrcr

tb

)
+ Ta

+
Pbi(t)
hrAr

, (9)

where, Ti(tb) represents the temperature developed during
braking, tb is the duration of brake application, Tin is the
initial temperature, Ta represents the ambient temperature,
Ar represents the drum surface area, ρr is the drum density,
vr is the drum volume, cr is the drum specific heat, and hr is
the heat transfer coefficient of the drum material. The tem-
perature developed during continuous braking varies expo-
nentially with the braking duration and depends primarily on
the braking power Pbi(t).
This increase in brake temperature (beyond a certain value)

reduces the brake effectiveness. This reduction in brake effec-
tiveness is usually represented by using the fade factor (ff (t))
and is given by [23],

ff (t) =

{
1, Ti(tb) ≤ Tcrit ,
1− CtTi(tb), T (tb) > Tcrit ,

(10)

where, Tcrit is the critical value of temperature above which
brake fade is significant, and Ct is the temperature scaling
coefficient. Subsequently, the brake torque during a downhill
maneuver in the presence of brake fade, τ ∗b (t) can be pre-
sented as,

τ ∗b (t) = τbff (t), (11)

where, τb is the brake force without considering brake fade
effects. Up to T (tb) = Tcrit , there is no considerable reduction
in the brake effectiveness, as suggested by (10). Beyond this
temperature, the fade factor directly indicates the loss in
efficiency of the brake system.

Figure 2(a) presents the temperature developed during con-
tinuous downhill braking at different vehicle speeds for a fully
laden HCRV (a fully laden mass of 16200 kg is considered)
on a 10% downhill road. Brakes are applied to maintain a
constant speed vi(t) = V0 in each of the considered cases.
Brakes were assumed to be applied from tb = 0 and the brake
temperature plots are generated according to (9). The brake
material properties were adopted from the literature [32],
[33], and the brake design parameter values were taken
from [34]. As speed increases, the vehicle’s kinetic energy
increases, and correspondingly the frictional heat developed
also increases, as indicated by Figure 2(a). A zoomed-in
version showing rapid temperature build-up for initial 5 min-
utes of continuous brake application is also presented in

FIGURE 2. Plots of temperature vs. time during continuous downhill
braking on a 10% downhill road; (a). exponential variation as per Eq. (9),
(b). zoomed out profile during initial 5 mins.

Figure 2(b). This increase in speed has an adverse effect
on the braking performance, as suggested by (11). Since
the fade factor is directly dependent on Tb(t), the speed at
which the HCRV operates has a direct impact on the loss in
brake efficiency. For instance, for an HCRV descending the
road at 30 km/h, if the brakes were applied continuously for
2 minutes, the fade factor value is around 0.33, and hence the
actual brake torque would be only 1/3rd of the brake torque
needed to keep the vehicle at 30 km/h.

Another critical factor that may affect the brake perfor-
mance, and hence platoon stability, is the knowledge of the
operating conditions in which the control schedules (brake
torque) are generated. From (8), two important factors that
affect brake performance are the HCRV mass and the road
gradient. Overloading could have adverse effects on brake
performance and could cause accidents. For instance, if one
were to assume same speed (initial and final) during a braking
procedure for a fully laden and overloaded HCRV, then the
braking time for the overloaded vehicle would be higher com-
pared to the fully laden vehicle. This would cause increased
temperature build up and could adversely affect the braking
process, and hence string stability.

A similar trend was visible for different gradient condi-
tions also, where, the temperature developed would be higher
for roads with higher slopes. Proper knowledge of these
parameters is essential for devising a control strategy for
achieving string stable platoon operation in different oper-
ating conditions. One major hurdle in realizing this aspect
is the inaccessibility of the direct measurement values for
both mass and road gradient. If one assumes N HCRVs to
form a platoon formation en-route, different HCRVs would
be of different mass, making the controller design difficult.
Also, online measurement of varying road slope information
is not readily available during long haul platoon operation.
This motivates the estimation of both mass and road gradient,
which could subsequently be used for the controller design.

C. ADAPTIVE ESTIMATION OF ROAD GRADIENT AND
HCRV MASS
An adaptive estimation strategy as proposed by
Yang et al. [26] has been used in this study to estimate
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both HCRV mass and road gradient. In [26], the estimation
scheme has been evaluated for small cars, but in this work,
it has been evaluated for heavy trucks to estimate the mass
of laden and unladen heavy trucks with mass values ranging
from 4700 kg (unladen mass) to 22600 kg (overloaded mass).
The mass estimation process is important for heavy trucks
due to their significant mass variation during operation,
which would impact their dynamic response and thus affect
the platoon stability and performance. This method has the
flexibility of estimating other vehicle parameters such as
drag coefficient and rolling resistance coefficient also, in case
such a need arises. To accurately estimate HCRV mass and
road gradient, this scheme requires only longitudinal speed
and braking force information, which can be obtained from
Canbus data [25], [35], [36], and acceleration data is assumed
to be obtained using accelerometer measurements. The value
of Fx(t) can be calculated from brake pressure measurements
and that of longitudinal speed can be obtained from the wheel
speed data. This method of obtaining Fx(t) and v(t) would not
be accurate when the slip ratio becomes larger such as during
panic braking and braking on low friction road surfaces.
Further, the sensitivity of the estimation scheme to external
noise disturbances has also been evaluated.

The longitudinal force balance equation can be rewritten
as,

v̇(t) = 8(v(t),Fx(t)) ·1, (12)

where, 8(v(t),Fx(t)) =
[
Fx(t) − g − 1 − v2(t)

]T
repre-

sents the regressor vector and 1 =
[
1
m sin θ gfi cos θ

Da
m

]T
represents the parameter vector to be estimated. The variable
Fx(t) = Fxf (t)+Fxr (t) represents the total longitudinal force,
fi represents the rolling friction coefficient, Da = 1

2ρAf Cd ,
and g sin(θ ) denotes the gravitational force component. The
estimation steps are presented under the assumption that both
v(t) and Fx(t) are measurable/inferrable and bounded. The
main steps in the estimator design can be summarised as [26],

1) Define filtered variables vf (t) and 8f (t) such that,

v̇f (t) =
1
Kf

(v(t)− vf (t)),

8̇f (t) =
1
Kf

(8(t)−8f (t)), (13)

where, Kf > 0 is a constant, and vf (0) = 8f (0) = 0.
2) Define filtered matrixM(t) and vector n(t) such that,

Ṁ(t) = −LM(t)+8f (t)8T
f (t),

Ṅ (t) = −Ln(t)+8f (t)[(v(t)− vf (t))/Kf ], (14)

where, M(t) ∈ <4×4 and n(t) ∈ <4, L > 0 is a
constant,M(0) = 0, and n(0) = 0.

3) Define auxiliary vector w(t) ∈ <4 such that,

w(t) =M(t)1̂(t)− n(t), (15)

where, 1̂(t) is the estimated value of 1(t).

FIGURE 3. Estimation plots for mass and slope; (a). Estimated mass vs
time for different loading conditions, (b). Estimated slope vs time for
different road gradients.

TABLE 2. Performance evaluation of the estimation scheme.

4) Define estimated vector 1̂(t) as,

1̂(t) = −0 w(t), (16)

where, 0 = diag(γ1, γ2, γ3, γ4), with γ1 to γ4 taking
positive values.

5) Calculate m̂(t), θ̂ (t) from 1̂(t).
In order to test the efficacy of the estimation scheme, a pla-

toon of 4 HCRVs with different mass,M1 = 16200 kg (fully
laden), M2 = 19440 kg (20% overloaded), M3 = 8100 kg
(partially laden), and M4 = 22600 kg (40% overloaded),
were considered. An initial value of 4700 kg, corresponding
to the unladen HCRV mass, was considered. The measure-
ments were assumed to be affected by random noise with a
signal to noise ratio (SNR) value of 10 dB [37]. Figure 3(a)
presents the estimated mass curves for the aforementioned
HCRV platoon with different masses, with dotted lines indi-
cating the true values. The scheme adopted could accurately
estimate different mass values that could be used for the
controller design. To check the accuracy of the estimation
scheme, the mean absolute percentage error (MAPE) of the
steady state estimates were calculated. The percentageMAPE
values ofM1,M2,M3, andM4 have been obtained as, 1.54%,
0.31%, 0.48%, and 0.86%, respectively. Similarly, slope esti-
mation curves for two different downhill gradient magnitudes
are presented in Figure 3(b). Two different slope values of
-10% and -5% were estimated. Percentage MAPE values of
0.37% and 1.83% have been obtained for the two considered
cases.
Table 2 presents the performance evaluation of the estima-

tion scheme under different operating scenarios. The max-
imum slip ratio values, indicated by λmax is presented for
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different scenarios. The estimation scheme is tested for its
efficacy in different road conditions and braking scenarios.
The estimation algorithm performance was found to be dete-
riorated (denoted by higher MAPE magnitudes) for higher
deceleration values.

III. STRING STABLE CONTROLLER WITH BRAKE FADE
COMPENSATION
In a vehicle platoon, for string stable operation, all the vehi-
cles should follow the nominal speed (typically the speed of
the leader vehicle) and should also maintain a desired inter
vehicular distance. Any perturbation acting on the platoon
may affect these requirements and may cause spacing error
propagation along the platoon, leading to string instability,
which ultimately results in collision between the vehicles.
In this regard, for an autonomous string stable vehicle pla-
tooning, a controller which is capable of attenuating spacing
errors along the platoon is an essential requirement.

For the platoon of HCRVs under study, the spacing
between a pair of vehicles is given by

di(t) = xi−1(t)− xi(t), (17)

and the desired inter-vehicular distance is defined as

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

where, so and hi are the standstill spacing and the Constant
Time-Headway (CTH), respectively.

Now, the spacing error between two consecutive vehicles
can be written as

ei(t) = di(t)− sd (t). (19)

Here, the control objective is to drive the spacing error to zero,
such that,

di(t)→ so + hivi(t). (20)

On substituting Fxfi(t) and Fxri(t) from (5) in (3), the follower
vehicle dynamics is obtained as,

v̇i(t) =
1
mi

[
1
ri
(τfi(t)− Ifiω̇fi(t))+

1
ri
(τri(t)− Iriω̇ri(t))

−FRi(t)
]
. (21)

A. BRAKE MODE
During the brake mode, a linear brake torque proportion (β)
between the front and rear wheels is assumed [38], such that,

τfi(t)
τri(t)

=
β

1− β
. (22)

On using this linear proportion in (21),

v̇i(t) =
1
mi

[
1
ri

( β

1− β
τri(t)− Ifiω̇fi(t)

)
+
1
ri
(τri(t)− Iriω̇ri(t))− FRi(t)

]
. (23)

Now, if one were to consider the brake fade effect, the actual
torque output from the brake actuator would be considerably
less than the torque required for actual safe/collision-free
operation. Let τ ∗fi (t) and τ

∗
ri(t) be the actual torque output

from brake actuator incorporating brake fade effects such
that, τ ∗fi (t) = ff (t)τfi(t) and τ ∗ri(t) = ff (t)τri(t). Incorporating
this torque reduction, (21) becomes,

v̇i(t) =
1
mi

[
1
ri
(τ ∗fi (t)− Ifiω̇fi(t))+

1
ri
(τ ∗ri(t)− Iriω̇ri(t))

−FRi(t)
]
. (24)

Now on applying (22) and incorporating fade factor term
ff (t), (24) can be written as,

v̇i(t) =
1
mi

[
1
ri

( β

1− β
ff (t)τri(t)− Ifiω̇fi(t)

)
+
1
ri
(ff (t)τri(t)− Iriω̇ri(t))− FRi(t)

]
. (25)

On rearranging the above equation,

v̇i(t) = τri(t)
[ 1
miri

ff (t)
(
1+

β

1− β

)]
−

1
miri

(
Ifiω̇fi(t)+ Iriω̇ri(t)

)
−
FRi(t)
mi

. (26)

Here, τri is the control input which needs to be synthesised
using SMC. For the design of SMC based control equation,
the sliding function is defined as

si(t) = ei(t)+

t∫
0

κei(τ )dτ. (27)

Here, ei(t) is the intervehicular spacing error given by (19).
The term, κ is the slope of the sliding function, which is
a positive constant. The sliding function with an integral
term is selected here in order to avoid the use of derivatives
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. This addi-
tional data requirement makes the controller design complex
and subsequently makes controller implementation difficult.
Moreover, selecting the sliding surface with an integral term
omits the need to consider the time derivative values of fade
factor (ff (t)) terms in the control synthesis. Computation of ḟf
would be challenging and would create unwanted complexi-
ties in the controller design process. The selection of a sliding
surface of the form presented in (27) would avoid the need
for computing v̈i(t), and thus reducing the overall controller
design complexity.

The sliding function given by (27) has been defined for
driving the intervehicular spacing error between two consec-
utive vehicles to zero. However, for string stability, the sliding
function should be redefined for attenuating the spacing error
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propagation [19]. For this, the sliding function is redefined as

Si(t) =

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

(28)

where, q > 0.
For designing SMC control equation, Power Rate Expo-

nential Reaching Law (PRERL) structure has been used in
this work [39]. PRERL structure is given by

Ṡi(t) = −
ψ

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

χ sign(Si(t)). (29)

Here, ψ > 0 is the controller gain, δ0 < 1, α > 0, 0 < χ <

0.5 and p > 0 are controller parameters that affect the reach-
ing time and chattering mitigation properties. On evaluating
the first derivatives of (28) and (27), and using the vehicle
dynamics equation given by (26) and the PRERL structure
given by (29), one can write,

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

−qhi
[
−1
miri

(
Ifiω̇fi(t)+ Iriω̇ri(t)

)
−
FRi(t)
mi

]
−qhi

[ 1
miri

ff (t)
(
1+

β

1− β

)]
ui(t)

= −
ψ

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

χ sign(Si(t))

i = 1, . . . ,N − 1,

ṠN (t) = q(vi−1(t)− vi(t))+ qκeN (t)

−qhN
[
−1
miri

(
Ifiω̇fi(t)+ Iriω̇ri(t)

)
−
FRi(t)
mi

]
−qhN

[ 1
miri

ff (t)
(
1+

β

1− β

)]
ui(t)

= −
ψ

δ0+(1− δ0)e−α|SN (t)|
p |SN (t)|

χ sign(SN (t)). (30)

One can obtain torque control input, ui(t) = τri(t) as

τri(t) = Kτ i

[
−ψ

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

χ sign(Si(t))

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

+qhi
[
−1
miri

(
Ifiω̇fi(t)+ Iriω̇ri(t)

)
−
FRi(t)
mi

]]
,

i = 1, . . . ,N − 1, (31)

where Kτ i = −1

qhi

[
1

miri
ff (t)
(
1+ β

1−β

)] , and for the last vehicle in

the platoon,

τrN (t) = KτN

[
−ψ

δ0 + (1− δ0)e−α|SN (t)|
p |SN (t)|

χ sign(SN (t))

−q(vN−1(t)− vN (t))− qκei(t)

+qhN
[
−1
miri

(
Ifiω̇fi(t)+ Iriω̇ri(t)

)
−
FRi(t)
mi

]]
, (32)

where KτN = −1

qhN

[
1

miri
ff (t)
(
1+ β

1−β

)] .

Now, using (22) the torque inputs for the front wheels can
be obtained as

τfi(t) =
β

1− β
τri(t), i = 1, . . . ,N − 1, (33)

and for the last vehicle in the platoon,

τfN (t) =
β

1− β
τrN (t). (34)

B. DRIVE MODE
In a rear wheel driven vehicle, during drive mode, τfi(t) = 0,
and the drive torque is applied to the rear wheel. Now, in equa-
tion (21), substituting τfi(t) = 0 and following the same
controller design steps as presented above, the drive torque
inputs can be obtained as,

τri(t) =
−miri
qhi

[
−ψ

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

χ sign(Si(t))

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

+qhi
[
−1
miri

(
Ifiω̇fi(t)+ Iriω̇ri(t)

)
−
FRi(t)
mi

]]
i = 1, . . . ,N − 1, (35)

and for the last vehicle in the platoon,

τrN (t) =
−mN rN
qhN

×

[
−ψ

δ0 + (1− δ0)e−α|SN (t)|
p |SN (t)|

χ sign(SN (t))

−q(vN−1(t)− vN (t))− qκeN (t)+ qhN
[
−1
mN ri

×
(
IfN ω̇fN (t)+ IrN ω̇rN (t)

)
−
FRN (t)
mN

]]
. (36)

Proposition 1: The spacing error between two consec-
utive vehicles will asymptotically tends to zero in finite
time, if the disturbance magnitude, |D(t)| acting on an
individual vehicle is within the bound given by |D(t)| <

ψ |Si(t)|χ

(δ0 + (1− δ0)e−α|Si(t)|
p )qhi

.

Proof: Consider a bounded acceleration disturbance
D(t) in (26) such that,

v̇i(t) = τri(t)
[ 1
miri

ff (t)
(
1+

β

1− β

)]
−

1
miri

(
Ifiω̇fi(t)+ Iriω̇ri(t)

)
−
FRi(t)
mi
+ D(t). (37)

For stability analysis, consider a Lyapunov function of the
form,

Vi(t) =
1
2
Si(t)2. (38)

Differentiating (38) and substituting control equation (31)
gives,

V̇i(t) =
−ψ Si(t)

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

χ sign(Si(t))

−qhiD(t)Si(t). (39)
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Now, for the bound
−ψ |Si(t)|χ

(δ0 + (1− δ0)e−α|Si(t)|
p )qhi

< D(t) <

ψ |Si(t)|χ

(δ0 + (1− δ0)e−α|Si(t)|
p )qhi

,

V̇i(t) =
−ψ Si(t)

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

χ sign(Si(t))

∓Si(t)
ψ |Si(t)|χ

(δ0 + (1− δ0)e−α|Si(t)|
p )
. (40)

For asymptotic stability, V̇i(t) < 0,∀ Si(t) 6= 0. Now, for
Si(t) > 0 and Si(t) < 0, (40) becomes,

V̇i(t) =
−2ψ |Si(t)|χ

δ0 + (1− δ0)e−α|Si(t)|
p Si(t). (41)

For the selected controller parameter set ψ > 0, 0 < δ0 <

1, α > 0, 0 < χ < 0.5 and p > 0, V̇i(t) in (41) is always
less than zero ∀Si(t) 6= 0 if the disturbance D(t) is with in the
aforementioned bounds.

String stability in a platoon is ensured if the spacing error
between a pair of vehicles gets attenuated along with the pla-
toon in the event of any bounded perturbations/disturbances.
Ideally, the sting stability controller should take care of this
problem and ensure stability. However, in the event of brake
fade phenomenon, the magnitude of the tolerable disturbance
would be affected by the temperature developed/brake appli-
cation duration. Hence, one has to design the string stable
controller with brake fade compensation so that it should
perform in a way not to cause any further reduction in the
maximum tolerable disturbance magnitude |D(t)|, and the
platoon should be able to operate with stability. �
Proposition 2: For a controller design without account-

ing for the brake fade effect, for the same set of controller
parameters, the disturbance bound would become propor-
tional to ff (t), thus limiting the robustness of the string stable
controller.

Proof: A controller design without accounting for the
brake fade effect could be presented by not incorporating a
compensation in (24). The control equations can be derived
using the same procedure presented in III as,

τri(t) = Kτ i

[
−ψ

δ0 + (1− δ0)e−α|Si(t)|
p |Si(t)|

χ sign(Si(t))

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

+qhi
[
−1
miri

(
Ifiω̇fi(t)+ Iriω̇ri(t)

)
−
FRi(t)
mi

]]
,

i = 1, . . . ,N − 1, (42)

where Kτ i = −1

qhi

[
1

miri

(
1+ β

1−β

)] , and for the last vehicle in the

platoon,
Now, selecting the same Lyapunov function in (38), differ-

entiating it, and substituting (42), the disturbance found can
be obtained as,

|D(t)| <
ff (t)ψ |Si(t)|χ

δ0 + (1− δ0)e−α|Si(t)|
pqhi

. (43)

From the analysis, based on the sufficiency condition
for Lyapunov stability, it is clear that for the considered
Lyapunov function, the magnitude of disturbance does not
depend on the fade factor directly, but on the controller
parameters and the magnitude of the sliding function. For a
fixed set of controller parameters, the value of |D(t)| would
remain independent of the brake fade effects, owing to the
inclusion of fade factor ff (t) in the controller design to com-
pensate for the brake fade effects. But this would not be
the case if the fade factor term was not incorporated while
designing the controller. From (43), one could observe the
direct impact of brake fade on the disturbance magnitude.
Since 0 < ff (t) ≤ 1, and for T > Tcrit , the value of
ff (t) would be less than one indicating brake fade. Hence,
the magnitude of the disturbance for which the platoon has
a string stable operation becomes lesser as ff (t)→ 0. �
Proposition 3: The presented controller design framework

with sliding function (28) would ensure string stable opera-
tion for 0 < q < 1.

Proof: Since the asymptotic stability using PRERL,
which ensures Si(t) = 0 in finite time has already been
established, based on (28),

qsi = si+1. (44)

Now, using (27),

q
(
ei(t)+

t∫
0

κei(τ )dτ
)
= ei+1(t)+

t∫
0

κei+1(τ )dτ. (45)

On taking Laplace transform on both sides,

q
[
Ei(s)+

κ

s
Ei(s)

]
= Ei+1(s)+

κ

s
Ei+1(s), (46)

which gives the spacing error propagation transfer func-
tion [19] as,

Gi(s) =
Ei+1(s)
Ei(s)

= q. (47)

For string stability [19],∣∣∣∣Gi(s)∣∣∣∣ < 1 ∀ i = 1, . . . ,N . (48)

Hence, for string stable operation, the value of q should
be selected to satisfy (48). Thus for the presented controller
design framework, the string stability can be ensured by
selecting the parameter range 0 < q < 1. �

IV. RESULTS AND DISCUSSIONS
The efficacy of the presented string stable controller has
been evaluated through numerical simulations. A longitudinal
platoonmodel consisting of four HCRVswas simulated using
MATLAB SIMULINK R©. To have a close resemblance with
real-time operating conditions, a complete vehicle dynamic
model consisting of wheel dynamics, resistive forces, nonlin-
earMF tyremodel, and actuation dynamics including temper-
ature effects were simulated. Two different road conditions,
dry (co-efficient of friction, µ = 0.8) and wet (co-efficient
of friction, µ = 0.5) were also considered. The platoon
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TABLE 3. Detailed test matrix.

was assumed to be operating downhill with a -10% slope
at a constant speed of 50 km/h, according to the standards
given by [40]. Operating conditions with both homogeneous
and heterogeneous loading conditions are presented. The esti-
mated vehicle mass and road gradient information were used
for controller design. For simplicity, equal brake force/torque
distribution on the front and rear wheels were considered
(β = 0.5). A constant slope of -10% for a distance of 1 km
was considered. A detailed simulation study with different
combinations of operating conditions was considered, and
the complete test matrix and corresponding string stability
conditions are presented in Table 3. Without the incorpora-
tion of the fade compensated controller design, the platoon
stability was compromised and collisions occurred. Even
without the inclusion of an adaptive mass estimation scheme,
the controller could ensure a string stable operation for a
homogeneous, fully laden platoon. But there was an explicit
requirement for a mass estimation scheme during heteroge-
neous loading conditions, and a string stable operation was
achieved only after incorporating the same. The lower level
PID controller has been incorporated in the design frame-
work to track the desired torque scaled by the fade factor
to compensate for pneumatic brake system dynamics. Since
the fade compensated controller performed well enough and
assured a string stable operation for both road conditions
and the simulations results were similar for both dry and
wet road scenarios, only results pertaining to µ = 0.8 are
presented. Other vehicle parameters used in the study are
taken from [28].

A. COMPARISON WITH KINEMATIC MODEL-BASED
STRING STABLE CONTROLLER
A string stable controller using PRERL based SMC strategy
has been designed using the kinematic-model of the vehicle
and this controller has been tested for string stability. The
position of each vehicle in the platoon for the test case -
fully laden HCRVs travelling downhill on a surface with
µ = 0.8 at a speed of 50 km/h, using the kinematic-based
controller [19] is shown in Figure 4. When controller was
designed using the kinematic vehicle model, it resulted in
a collision, whereas the dynamics based controller avoids
collision and maintains string stability. It is to be noted that
both the string stable controllers were designed using the

FIGURE 4. Position profile using the kinematic model-based string stable
controller.

same controller parameters. Even re-tuning of the kinematic
model-based controller [19] failed to achieve string stabil-
ity. This comparison shows the advantage of the proposed
dynamics-based string stable controller for HCRV platoons.

B. CHOICE OF PRERL AS THE STRING STABLE
CONTROLLER
Since the primary objective is to have a collision-free string
stable platoon operation, it is imperative to use a robust
control method for the control of automated vehicle platoons.
Even though robust, sliding mode-based controller design
methodologies suffer from chattering problem, which limits
the practical utility. A PEREL-based SMC design is used
in this paper owing to its attributes of robustness, chatter-
ing alleviation, and finite time reachability [39]. Another
common approach is to use boundary layer approaches,
using sigmoid-like functions as Si(t)/(Si(t) + σ ) instead of
signum function, for chattering alleviation [41], [42]. Such
approaches have been already used for the string stable con-
troller applications [19]. In such an approach, the value of
the positive constant, σ determines the trade-off between
chattering magnitude and tracking accuracy [19]. But using
such an approach mitigates chattering at the cost of the SMC
robustness property.

Figures 5 and 6 compare the performance of the boundary
layer approach with the PRERL approach. The value of σ
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FIGURE 5. Error attenuation plots - Boundary layer method.

FIGURE 6. Error attenuation plots - PRERL based approach.

was chosen to be 0.1 to have finite time convergence and
reduced chattering magnitude. With an initial perturbation,
it was possible to attenuate the error magnitudes back to zero
using both methods, but with varying transient and steady
state performances. For similar control design parameters, the
PRERL approach offered 40% less overshoot (for vehicle 1)
and could bring the error values to zero much faster compared
to that of the boundary layer approach. Also, PRERL offered
a chattering free operation compared to the other method.
The major drawback suffered by the boundary layer approach
in terms of robustness was evident once the control struc-
tures were compared with varying slopes. In the presence of
non-zero road slopes the boundary layer method was found
to be inefficient in ensuring string stable platoon operations,
and hence, PRERL based control design method has been
adopted.

C. IMPORTANCE OF INCORPORATING BRAKE FADE
EFFECT IN STRING STABLE CONTROLLER DESIGN
To understand the brake temperature effects on the platoon
dynamics, initially, a controller design without incorporating
the brake fade effects was considered and investigated, and

FIGURE 7. Platoon position profiles indicating collision for controller
design without incorporating brake fade effect.

FIGURE 8. Error attenuation plots.

the corresponding result is shown in Figure 7. For this anal-
ysis, a homogeneous fully laden (16200 kg) HCRV platoon
was considered. When brake fade occurs, the brakes become
less effective, and the brake actuator would provide less
than the required torque during operation. Since the goal
was to maintain a constant platoon speed (50 km/h) during
the downhill operation, any reduction in brake torque/force
would result in increased speeds and subsequent collisions.
This could also be seen from Figure 7, where the leader (vehi-
cle 0), travelling at a constant speed of 50 km/h (the leader
HCRV modelled without considering any dynamics, as a
kinematic model) collided with vehicle 1. Vehicle 1/HCRV 1
was modelled considering the aforementioned dynamics, and
the brake fade effect in the brake actuator caused a reduction
in brake torque output, and consequently, its speed increased.
This resulted in a rear-end collision with the lead vehicle, and
platoon instability.

Figures 8 and 9 present the spacing error attenuation pro-
files and speed profiles for a homogeneous HCRV platoon
plying downhill with a constant speed of 50 km/h. A dry
road condition with a coefficient of friction value µ = 0.8 is
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FIGURE 9. Platoon speed profiles.

considered. In order to check the robustness of the fade
compensated controller to varying road conditions, a step
change in µ was introduced to emulate a patch of wet road
(for 200m). The fade compensated controller was found to be
robust enough to ensure stable operation without the need for
controller re-tuning. The incorporation of brake fade effects
in form of fade factor (ff (t)) ensured a collision-free platoon
operation. It was assumed that the downhill operation started
at t = 5 s and ended at t = 77 s, for a length of 1 km.
The plot showing spacing error attenuation along the length

of the platoon is presented in Figure 8. The initial deviation
from zero value is due to the deviation in the longitudinal
speed profile due to the actuator dynamics and the estimation
process. The spikes in the error attenuation plot at around
t = 77 s presented in Figure 8 is attributed to the change
in road condition during downhill operation. This was also
visible in the longitudinal speed profile (Figure 9) presented
in the manuscript. But as one can notice, the spacing error
magnitudes are getting attenuated from vehicle 1 to vehicle 4.
This satisfies the notion of string stability, i.e.,

∣∣E(i+1)
E(i)

∣∣ ≤ 1,
for all vehicles in the platoon [19].

The speed profiles corresponding to the constant speed
downhill maneuver is presented in Figure 9. The initial vari-
ation in longitudinal speed was due to the actuator dynamics
and online estimation of mass and road gradient, as shown
in Section 2.3. But this small increase/decrease in speed is
not in any capacity to jeopardize the safety of the platoon
operation. In a real-life situation when a driver replicates the
aforesaid maneuver, there could be delays in perceiving the
slope of the road, which may cause an increase/decrease in
speed (according to the under/overestimation of the slope
value). The pneumatic (brake) actuator delays could also play
a similar role in inducing transients.

The front and rear torque profiles for string stable pla-
toon operation incorporating brake fade effects are presented
in Figure 10. Results are presented for only one vehicle
(Vehicle 1) in the HCRV platoon. The fault-tolerant aspect
introduced in controller design by incorporating the fade
factor made the platoon string stable by computing control
torque in order to compensate for the reduction in the actuator
torque output. The dotted curves represent the controller
output calculated according to (31) - (34). The controller
output was then provided to the brake actuator with brake
fade fault. Owing to the compensation provided by the con-
troller, the attenuated brake actuator torque output (due to
brake fade effect) would still be the brake torque required to
keep the speed constant during the downhill maneuver, and
hence maintaining a string stable platoon operation. At the
end of the 1 km downhill section, the torque required to
keep the platoon in string stable condition (from string stable
controller) was approximately 2.57 times that of the actual
actuator output, attributed to the high temperature build-up
due to the continuous application of brakes. It should be noted
that this demanded torque has to be well within the actuator’s
operating limits, characterized by the maximum pressure that
can be provided by the brake actuator.

While calculating the brake torque/pressure required to
maintain a string stable operation, one should also consider
the constraints on the brake actuator’s physical limits. For

FIGURE 10. Torque profiles for stable platoon operation presented in Figures 8 and 9.
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FIGURE 11. Front brake chamber pressure profiles.

FIGURE 12. Brake pressure profiles for with heterogeneous loading
conditions.

a pneumatic brake actuator, these limits are defined by the
inlet pressure, contact pressure, and physical parameters of
the considered actuator. If the required pressure exceeds the
capacity of the actuator, then it would not provide the neces-
sary output to keep the platoon in a string stable formation.
The front brake chamber pressure profiles for the platoon
operation as in Figures 8 and 9 is presented in Figure 11. The
fade compensated controller demands additional pressure
from the pneumatic brake system to counteract the reduction
in brake effectiveness due to brake fade. In the considered
scenario, the demanded pressure is well with in the maximum
capacity of the actuator (for the considered pneumatic brake
model, the maximum capacity is at 9 bars), and the brake
actuator can meet the controller demand to compensate the
brake fade. But this problem would be significant in case
of longer brake application (higher temperature build-up) or
overloaded cases.

D. EFFECTS OF OVERLOADING AND ROAD CONDITIONS
A scenario was also considered where there were overloaded
vehicles in the platoon. Vehicles 1 and 3 were assumed to be
fully loaded, and vehicles 2 and 4 were assumed to be over-
loaded by 40%. The plots were similar to Figures 8 and 9, and
the corresponding front brake pressure profiles for HCRV 1
(fully loaded) and HCRV 2 (overloaded by 40%) are pre-
sented in Figure 12. When the vehicle is overloaded, the
pressure required for a stable operation would be higher than

the ideal scenario where the vehicle is fully loaded. Again,
overloading would cause extra load on the mechanical sys-
tems, viz., suspensions, axles, etc., and on the brake system.
This would cause a comparatively higher temperature build-
up. The controller would generate torque output to compen-
sate for this additional factor, as presented in Figure 12. But
compensating the torque deficiency in this manner might not
ensure a string stable operation in every scenario.

If the vehicle is overloaded, then an increase in load
would result in the need for additional brake torque/pressure
to slow down/keep longitudinal speed constant. This would
limit the operating range (in terms of downhill distance - as
distance increases, temperature increases, and hence more
torque/pressure is required to compensate for the brake fade
effect) compared to a fully laden scenario. The only plau-
sible and logical solution in such scenarios would be to
reduce the operating speed to lower values, so that even in
presence of brake fade faults, the additional torque/pressure
requirements would be well with in the physical limits of
the brake actuator, and thus could be achieved to have a
string stable operation. It is to be noted that the proposed
SMC based string stable controller offers satisfactory per-
formance under the presence of modelling uncertainties too.
The controller ensured string stability for up to 25% mod-
elling uncertainty magnitude in the brake fade model. Above
this magnitude, the actuator saturation limits were exceeded
resulting in collisions. Initially, the platoon was considered to
be stable and then the lead vehicle was subjected to a speed
perturbation. Under such an assumption, the proposed CTH
based SMC controller resulted in string stable operation dur-
ing the lead vehicle speed perturbation maneuver. However,
there would be scenarios with that could result in stability
issues during the initial reaching phase during real platoon
operations [19]. This would be investigated as part of future
research. It may be possible to address this problem using
centralized/decentralized approaches as presented in [43]
and [44], or distributed formation control approaches [45],
[46], [47], which may provide more optimal solutions, and
could be explored as future work.

V. CONCLUSION
Brake fade is one of the significant factors that compro-
mise brake safety, especially during downhill operations.
Safety/control strategies for an HCRV platoon with such a
fault is rarely considered, but is of significance considering
the increased demand for HCRV platoons for freight move-
ment. In this regard, this work presented a robust control
strategy based on sliding mode control for the string stable
operation of HCRV platoons in the presence of brake fade
fault for different operating conditions. To achieve this,
a detailed HCRV platoon model incorporating wheel dynam-
ics, nonlinear Magic Formula tyre model, resistive forces,
brake actuator model, including temperature dynamics and
actuation delays, have been considered for a better charac-
terization of on-road platoon operating scenarios. To effec-
tively incorporate the actual road and loading conditions,
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an adaptive estimator has been included in the overall frame-
work to estimate the road gradient and HCRVmass. Through
numerical simulations, the proposed string stability controller
incorporating brake fade dynamics and adaptive estimation
scheme has been tested for different loading and road con-
ditions and found to be delivering satisfactory performance
in downgrade roads. The significant observations from this
study are as follows:

1) If one were to opt for a conventional string stable
controller design without opting for a brake fade com-
pensated design, then it may result in collisions and
subsequent loss in platoon stability while operating in
downgrade roads.

2) The adaptive estimation schemewas needed to estimate
the road gradient and HCRV mass accurately, without
which maintaining a string stable operation was diffi-
cult, specifically in heterogeneous loading scenarios.
The torque compensation provided by the controller
depends on factors, viz., temperature developed, HCRV
mass and road gradient, and a proper estimation ofmass
and road gradient was found to be necessary for the
controller design to counter the brake fade effect and
to ensure a string stable operation.

3) Overloading has a direct impact on platoon stability
on downgrade roads. For an HCRV operating in 40%
overloaded condition, the brake temperature developed
was found to be 34% higher than that of a fully laden
scenario, and this resulted in a further 18% reduction in
the brake efficiency.

4) The adaptive estimation algorithm was found to be
effective for slip values less than 0.5 depending on the
road friction coefficient and deceleration magnitude.
Beyond this value, the estimation algorithm fails to
converge due to the discrepancies in the value of Fx(t)
calculated using brake pressure measurements.

The analysis carried out in this paper would be essential
for realizing long-haul autonomous HCRV platoons. The
key points addressed in this paper would help design a
fault-tolerant string stable controller for the same. Potential
stability issues during the reaching phase of the SMC opera-
tion need to be investigated. Addressing this issue would be
considered as the immediate future scope of the presented
work.
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