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ABSTRACT This paper presents an investigation into the problem of controlling a heterogeneous vehicle
platoon, focusing on two aspects: the impact of noise in sensor measurements and the effect of road slope,
wind, and rolling resistance on the longitudinal dynamics of each vehicle. To maintain an adequate separation
between each follower, a static output feedback (SOF) controller is designed within the predecessor-leader-
follower vehicle platoon topology. In order to mitigate the impact of sensor measurement noise and external
disturbances on the system, robust control theory is incorporated into the controller design. The engine’s
control input is adjusted to compensate for external road disturbances affecting the longitudinal dynamics
of each vehicle. This estimation is achieved through the use of a Kalman filter. Closed-loop stability of the
heterogeneous vehicle platoon is ensured through a Lyapunov functional analysis. Simulations have shown
that the proposed methodology achieves smoother platoon following than a strategy that does not consider
or compensate the effect of disturbances on the longitudinal dynamics of the vehicle.

INDEX TERMS Disturbances, heterogeneous vehicle platoon, longitudinal dynamics, platoon control,

robust control.

I. INTRODUCTION

Vehicular platoon control has emerged as a subject of
intense research and development due to its potential to
revolutionize the transportation industry. One of the primary
motivations driving the interest in vehicular platooning is its
capability to significantly enhance road safety [1]. The use of
automated driving systems (ADS) enables precise control and
coordination among vehicles, virtually eliminating human
errors such as distracted driving, fatigue, or recklessness [2],
[3], [4]. It is anticipated that the collective intelligence
and enhanced situational awareness resulting from the
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implementation of autonomous vehicle platoons will lead to
a reduction in the likelihood of accidents, thereby improving
road safety and reducing casualties [5]. Moreover, vehicular
platooning offers a viable solution for tackling the growing
problem of traffic congestion [6]. By maintaining consistent
inter-vehicle distances and synchronized speeds, platoons can
improve traffic flow and reduce the inefficiencies caused by
stop-and-go driving [7].

Vehicle platooning, despite its many potential benefits,
also faces several technical challenges [8]. Implementing
vehicle platooning requires advanced technologies, including
vehicle-to-vehicle communication (V2V), sensor systems,
and sophisticated control algorithms [9], [10]. Concerning
the communication of the vehicles in the platoon, the
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predecessor-leader follower (PLF) is the most common
topology [11]. PLF has a clear advantage compared to
predecessor follower (PF) topology, since constant spacing
cannot be maintained together with string stability in PF [12].
Furthermore, the PF topology exhibits a delayed reaction time
to changes in the platoon’s status, as it lacks information
about the leader’s states. Although PF is a mature technique
and is implemented in series-production vehicles through
adaptive cruise control (ACC) [13], there is still a large
amount of research to be done for PLF. In PLF, the leading
vehicle periodically transmits its states, such as position,
velocity and acceleration to each vehicle in the platoon, while
every follower is able to obtain relative information to the
predecessor vehicle with RADAR or LiDAR sensors [14].

Another significant problem is the control of hetero-
geneous vehicle platoons, which integrate and coordinate
vehicles with different mechanical properties and dimen-
sions [15], [16], [17]. Although there is extensive research
on homogeneous vehicle platoon control [18], [19], [20],
[21], [22], it limits its practical application as every vehicle
in the platoon must be identical. To simulate real-world
scenarios, it is recommended to use a heterogeneous platoon
model for the controller design, which is more robust due to
the fact that each vehicle may have different specifications
[23], [24], [25].

External disturbances such as wind, rolling resistance and
road slope affect the longitudinal dynamic behavior of the
vehicle [26], however, it is common in the literature for many
researchers to neglect this phenomenon [18], [27]. There
are several works that include this effect on the dynamic
model of the platoon [28], [29], [30], [31]. In [30], a radial
basis function neural network is considered to estimate
uncertainties in vehicle parameters. In [31], an extended
Kalman filter (EKF) is used to estimate the road slope,
however it does not consider the effect of wind or rolling
resistance.

To design the platoon controller that generates the input
signal to the engine, there are several alternatives. In [27],
a model predictive control (MPC) is proposed for connected
vehicle platoon with a focus on switching communication
topologies and control strategy under abnormal communi-
cations. The problem with MPC techniques is that they
require either an expensive computational burden for real-
time implementation when using online MPCs or fine
parameter tuning for offline MPCs, which leads to difficulties
when deploying these on real systems [32], [33], [34].
Moreover, full-state knowledge is needed for MPC, which
is not always possible in practice [35]. In [36], a resilient
platoon control considering attacks on the communication is
studied. However, it is applied on a homogeneous platoon
and the effect of road slope, wind and rolling resistance
is not analyzed. In addition, none of these works consider
sensor noise. To achieve a good tradeoff against the effect
of external disturbances on the vehicle, robust control is
frequently utilized. 7%, is one of the preferred robust control
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techniques amongst researchers, since it minimizes the closed
loop impact of a perturbation, bounding the maximum
transitivity to the system in any frequency [37], [38], [39].
In [40], a robustness analysis of heterogeneous platoon
switching control under bounded disturbance is presented,
and sufficient conditions for %5 string stability are provided.
In [41], a decoupled 7%, control method for automated
vehicular platoon to comprehensively compromise multiple
performances is presented. However, none of the aforemen-
tioned works consider sensor noise for the controller design.
Motivated by the aforementioned reasons, a robust
heterogeneous vehicle platoon controller with disturbance
estimation and compensation is investigated in this work. The
main contributions of this paper are:
« As the vehicles do not have access to the full platoon
states (since predecessor leader follower topology is
chosen), a static output feedback (SOF) controller is
designed for each vehicle. This controller generates an
acceleration command based on relative measurements
to the predecessor and leader vehicle. In order to solve
the non-convex problem of output feedback control,
LMI conditions are derived.
o In order to deal with sensor noise, a platoon controller
has been designed following robust control techniques
that minimize the closed-loop impact of sensor errors
over the platoon.
o The longitudinal platoon dynamics are affected by
road slope, wind, and rolling resistance. To correct the
necessary control input to each vehicle engine, their
combined effect on each vehicle is estimated using a
Kalman filter.
The rest of this article is organized as follows. In Section I,
a modelling for the heterogeneous vehicle platoon problem is
presented. In Section III, the proposed robust heterogeneous
vehicle platoon controller design is explained, amongst the
stability analysis of the closed-loop system. In Section IV,
an estimator is designed to analyze the effect of external
disturbances over the longitudinal dynamics of the vehicle.
The validity of this study is proven in Section V. Finally, the
conclusions of the article are provided in Section VI.

Notation. The set of nonnegative integers is denoted by
Z. . For a matrix X, X denotes its transpose. If ¥ is a
square matrix, ¥ > 0 denotes that Y is positive definite.
In a symmetric matrix, the symbol « indicates the transpose
of the symmetric term. The function diag {X 1 Xz} retrieves
a block-diagonal matrix composed by X; and X,. If not
stated, matrices are supposed to have compatible dimensions.
N (i, o) denotes a Gaussian distribution with mean p and
standard deviation o. Arguments are omitted when their
meaning is clear.

Il. HETEROGENEOUS VEHICLE PLATOON MODELING

This section presents a description of the longitudinal dynam-
ics of a heterogeneous vehicle platoon model. Consider a
heterogeneous vehicle platoon with a leader and n following
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FIGURE 1. Heterogeneous vehicle platoon with PLF communication.

vehicles as is depicted in Figure 1. s;, v; and a; denote the
ith vehicle’s position, velocity and acceleration, respectively;
with i = O representing the leader and i = 1, .. ., n reflecting
the ith follower.

In a heterogeneous vehicle platoon that follows the PLF
topology, the leader vehicle periodically transmits its status,
such as position, velocity and acceleration to each follower
in the platoon through a wireless network. These states
can be obtained from a variety of sensors. GPS, odometers
and accelerometers are viable options, as they are already
included in most modern production vehicles. Additionally,
follower vehicles are equipped with sensors such as LiDAR
or Radar that measure the relative distance, speed, and
acceleration with respect to the preceding vehicle.

One of the main purposes of vehicular platoons is
to improve traffic flow by maintaining adequate spacing
between vehicles. The present paper adopts a constant
spacing policy, since it enables platoons with small inter-
vehicle distances, resulting in improved fuel efficiency, and
increased traffic throughput [7], [12]. The spacing error of
the ith following vehicle is defined as

3i(t) = si—1(t) — 5i(t) — 8q — L; (D

where 8, is the desired spacing between consecutive vehicles
and L; is the ith vehicle length. The spacing error dynamics
(speed and acceleration errors) are described by:

Si(t) = 5i—1(t) — 5:(t) = vi_1(t) — vi(t)
8i(t) = Vi1 (t) — Vit) = aj—1(t) — a;(t) 2)

The acceleration is dependent on the longitudinal dynamic
behaviour of the ith vehicle, which is described by the
following non-linear model [42]:

ity = — 40 4D ) 3)
Ti Ti Tim;
where ¢; is the traction force exerted by the vehicle, d; denotes
the combined effect of external disturbances that affect
the longitudinal vehicle dynamics: the aerodynamics drag,
rolling resistance and gravitational resistance. The function
d;(t) is expressed as:

0.50CyiAi(vi(r) — Vw(t))2
m;

+ g(fi cos 6;(t) + sin 6;(1)) 4)

di(t) =
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where p = 1.293 kg/m> is the air density and g =
9.81 m/s” the gravitational constant acceleration. The main
parameters for typical passenger vehicles are described in
Table 1.

To implement the control law, we perform the following
variable change:

ci(t)
ui(t) = —di(t) + — 5)
m;
which leads to the linearized system:
(t) ui(r)
aitny = ==+ 2 6)
T; T;

Remark 1: In (6), u; is an input signal that simplifies the
system model by combining the effects of traction force and
external disturbances that affect the longitudinal dynamics
of the vehicle. The controller that generates this signal is
presented in Section III. In order to undo the change of
variable in (5) and determine the traction force c¢; to apply
on the ith vehicle, it is required to track the combined
effect of external disturbances (aerodynamic drag, rolling
and gravitational resistances). An estimator is proposed in
Section IV in order to accomplish this.

In order to achieve a compact heterogeneous vehicle
platoon model, the tracking error &; between the leader and
each follower is used:

&i(t) = so(t) = si(t) — L — 8a.i

£(1) = vo(t) — vi(t)

E(t) = ao(t) — ai0)

E ) = aolr) — (_az_m u;-(r))
Ti T;

s GO0
i Ti

_ (ao(l‘) + "0(”)
T;

3 (ao(t) 3 ai(t)) _ui®)
Ti Ti Ti
— Buoln — 50 _ 40 )

T Ti

where the model disturbance is denoted as w

.
a)]", Bdi:[g . }] ®

o(t) = [ao(r)

Ti

moreover, L; is the sum of all vehicles’ length between the
leader and the ith follower and 8, ; is the ideal vehicle spacing
between the leader and ith follower. These parameters are
calculated as follows:

i i
Li=> L. Sai=Y b ©)
j=1 Jj=1

Following the tracking error &; presented in (7) and the
effect of the model disturbance w from (8), the longitudinal
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TABLE 1. Minimum and maximum limits of vehicle parameters and external disturbances [43], [44].

Symbol Description Unit  Min. Max.
m; Vehicle mass kg 800 2000
T Time constant of powertrain dynamics s 0.2 0.8
Cyi Coefficient of aerodynamic drag — 0.29 0.39
A; Frontal cross-area m? 1.58 2.9
fri Coefficient of rolling resistance — 0.01 0.014
Vi Wind speed m/s -12.9 12.9
0; Road slope °© -17.0¢ 17.0¢
590 59

¢ Hilly road
b Highway & expressway

behavior of the ith vehicle (7) follows the continuous state-
space dynamics:

Gi(t) = Aii(t) + Biui(t) + Baioo(t) (10)
where
(@) 01 o0 0
a =& |, 4=|00 1 |, B=|0
En) oo -1 -1

Ill. ROBUST STATIC OUTPUT FEEDBACK CONTROLLER
DESIGN FOR A HETEROGENEOUS VEHICLE PLATOON

This section presents the design of a static output feedback
controller for a heterogeneous vehicle platoon. The controller
must be robust against external disturbances and measure-
ment noise, and stable under Lyapunov criteria. To find a
feasible solution, Linear Matrix Inequality (LMI) conditions
are derived.

A. CONTROLLER DESIGN

The objective of the platoon controller is to generate a ref-
erence acceleration command based on relative information
about the leader and the preceding vehicle so that each vehicle
follows the platoon with the lowest spacing error. The control
input u; is generated as follows:

ui = kit(si-1 — 8 — 84 — L)

+ kn(Vi—1 — V) + kiz(ai-1 — @)

+ kia(So — 5i — Li — 8a.0)

+ kis(Vo — Vi) + kig(ao — a;) (11)
where kjj i =1,...,n,j = 1,...,6), are the control gains
to design.

Remark 2: The symbol ~ in (11) is used to indicate the
measurement obtained from the sensors, which will never
correspond to the exact value of the states, due to the presence
of noise. In order to deal with measurement noise, a robust
controller is to be designed through this section.

By substituting (7) in (11), the control law for the ith
follower is rewritten as:

up = k(& —&_1) + kiz(gi - éi—l)
+ki3(&; — Ei1) + kiaki + kisEi + k& (12)
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Applying the changes of variable
[kit kiz kis] = M Ny
[kia Kis kis] = MiaNy ' (13)

the control input for each vehicle is implemented with a static
output feedback controller (SOFC):

uik) = M N, Gim1 (k) — &ik) + MoNS ' Gtk (14)

In order to facilitate real-time implementation, the platoon
control design is performed in the discrete time domain. Now
system (10) is transformed into its discrete-time counterpart
via Euler’s discretization:

Sitk + 1) = Aiti(k) + Bjui(k) + Baiw(k) (15)
The state-space matrices of (15) are given by

Ai=1+TqA;, Bi=TiB;, By = TqBu

where Ty is the sampling time in seconds.

Expanding (15) to every follower and considering (14), the
model of the whole heterogeneous vehicle platoon is defined
as

¢(k + 1) = AL (k) + BMN =" Cy¢ (k) + Bae(k)
t(k) = £ (k) + ey (k) (16)
(k) = C;E(k)
where e, represents the measurement noise and z is the

control output to minimize. The system matrices of the
augmented model are

c=[g7,....¢7] A =diag{Ar, ..., A},

B =diag {[B1 Bi],....[Bu Bu]},

Ba=[B).....B}]".

M = diag {My1, M2, ..., Mu1, My},

Nzdiag{Nn,N]z,...,an,an},

¢ =[cl.ch.....cl.ch]’ c. =1,
[IO...O],C[zZ[IO...O],

Co=[-11...0],Cn=[01...0],
[
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The following theorem provides sufficient conditions to
design a robust SOF controller for the heterogeneous vehicle
platoon (16).

Theorem 1: The closed-loop vehicle platoon system (16)
is asymptotically stable with an .72, performance index y >
0 if there exist a matrix Q > 0 and a matrix M such that the
following LMI holds

-0 * * * ok

0 —y2I * * ok

0 0 —¥y » *|<0 (17)
AQ+BMC, B; BMC, —Q x

C.0 0 0 0 —I

Once a feasible solution is found, the controller gains are
obtained by

N;;Cij = G0,
[kit ki2 kiz] = Ma N ",
[kia kis kie| = MileEl (18)

wherei=1,...,n,j=1,2.
Proof. The discrete-time Lyapunov function is chosen to
analyze the system stability

V(k) = ¢ (k)" P¢ (k) (19)

with P > 0. The closed-loop trajectory of the system (16) is
stable if the following condition is satisfied

AVk) =V +1)—-V(k) <0 (20)

In order to mitigate the effect of model disturbances and
measurement noise on the system, .72, criteria is considered

2 (R)zk) — yPot) T k) — yPyiek) Te,(k) <0 (21)

where y is the JZ, performance index to minimize, y, is
a weighting factor and é, is obtained through the change of
variable

&y(k) = Pey(k) (22)

Combining the Lyapunov stability criteria (20) and the %%,
criteria (21) yields the inequation

AV(K) + 2" (k)z(k) — y2wk) T w(k)

— Ve k) ey (k) < 0 (23)
note that (23) can be expressed as the quadratic form
t)"  [-P+C]C. * x
(k) ( 0 2 %
ey(k) 0 0 —y*y
¢ (k)
+ FTPF) wk) | <0 (24)
2,(k)

where
'=[A+BMN~'C, B; BMN~'C,P']
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Being (24) a quadratic form, its negativity depends solely on
the eigenvalues of the matrix. Therefore, the inequality can
be further manipulated by applying the Schur complement,
resulting in the following LMI problem

—P+ CZTCZ * * *
0 —y2I *
2.2 <0 (25)
0 0 -yl *

A+BMN~'C, B; BMN~'C,P~! —p~!

Now apply the congruent transformation diag {P‘l, I1,1,1 }
to the LMI (25) to obtain

-P 4 PIC] Pt x x
0 - 21 * *
0 0 S . | <0 @O
y
AP~'+ BMN~'C,P~' By BMN~'C,P~' —p~!
Finally, perform the changes of variable P! = Q

and (18). After applying the Schur complement, the LMI (26)
becomes (17), hence the proof is complete. [

B. STRING STABILITY ANALYSIS
The following theorem gives sufficient conditions to ensure
the string stability of the heterogeneous vehicle platoon (16).
Theorem 2: 1If the LMI (17) retrieves a feasible solution,
the PLF feedback gains k;, j = 1,...,5 can guarantee that
the closed-loop heterogeneous vehicle platoon (16) is string
stable. Moreover, if 0 < y < 1, then the platoon is strictly
string stable.
Proof. The proof is found in [28] and [29] and is omitted
here for simplicity.

IV. LONGITUDINAL VEHICLE DYNAMIC DISTURBANCES
ESTIMATION AND COMPENSATION BASED ON

KALMAN FILTER

This section presents the design of a Kalman filter to estimate
the impact of external disturbances on the longitudinal
dynamics of each vehicle in the platoon. The effect of these
disturbances is later compensated by updating the control
input as follows:

Cc; = u;m; + cAlim,' 27

where cAl,- denotes the estimated external disturbances for the
ith vehicle. To perform the estimation, the following sub-
model is considered for each vehicle of the platoon:

xi(1) = Fixi(t) + Giui(t) + Gq.:d;i(t) (28)
where
[ si(7) 01 0
xi(t) = | vi(®) |, Fi=(00 1 |,

| ai(1) 00—-1
0 0

Gi= (1) . Gai = 01
L7 T
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Road
slope

Rolling
resistance

SOFC
u; = ki1 (Si—1 — 3i — 8q — L) + kig(Di—1 — Ti) +
ki (@1 — @) + kia(So — 3 — Ly — 84;) +
kis(@o — V) + kie(@p — @;)
Eq. (11)

u;(k)

Kalman filter
%k + 1) = Fix;(k) + Gou; (k) + q;(k)
yr(k) = €; x;(k) + wi(k)
Eq. (30)

d;(k)

Wind
Vehicle platoon: leader and n followers
_"[ R ) o s
n 2 1 I‘o
Si-1 =i
El*l -7
a;_1—a
ci(k) TS
Yi= To
a
v
Sensor noise | @
Disturbance compensation )
c;=um;+ d,-m,-
Eq. (27) )

FIGURE 2. Proposed control architecture for the heterogeneous vehicle platoon.

System (28) is expanded in order to consider external
disturbances as a state

xi(1) = Fixi(t) + Gui(t) (29)
where
[ si(f) 01 0 0
— | vi@® = _ 0 O 1 0
xl(t) - cl,(l‘) k) fl - 0 O _Tll % ’
| di(r) 00 0 0
0
— 0
gi=|1
T
| 0

The system is transformed into its discrete analogue via the

Euler’s discretization:
Fi=I1+TiFi, Gi=T,G;

The equations of the Kalman filter to design are:

Xi(k + 1) = Fixi(k) + Giui(k) + gi(k)

yr(k) = Cixi(k) + wi(k) (30
where
1 0 0 O
¢G=10 1 0 O
0O 0 1 0

and the measurements yr (k) = [si(k) vi(k) ai(k)]T. g; and w;
are the process and measurement noise, respectively, defined
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by the system noise covariance Q and the measurement noise
covariance R:

gi(k) ~ N0, Q)
wik) ~ N0, R) (31)

The design of the Kalman filter can be found in [45] and is
omitted here for simplicity.

V. SIMULATION RESULTS

To evaluate the effectiveness of the proposed robust con-
troller, a simulation for a heterogeneous vehicle platoon
with a leader and n = 5 followers with varying road
conditions is conducted using MATLAB. The longitudinal
vehicle dynamics of the platoon are simulated in accordance
with (16). The proposed control architecture for the vehicle
platoon is depicted in Figure 2.

The technical specifications of each ith follower are
presented in Table 2. The controller sampling time is chosen
as Ty = 0.1 s. For this platoon configuration, Theorem 1
is solved to design a robust static output feedback controller
for the longitudinal vehicle dynamics of each follower in the
platoon. A feasible solution has been found using MATLAB
LMI solvers. By setting ¥, = 1, a robust feasible control
solution has been found with a minimum .52%, performance
index y,p; = 0.16. These indexes guarantee that the platoon
will be string stable, under Theorem 2.

In order to adapt the control input given to each follower
according to the road conditions, the Kalman filter presented
in Section IV is considered to estimate the longitudinal
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TABLE 2. Parameters of each vehicle in the platoon.

iom i Cuwi A Sri

1 1546kg 0.52s 029 2.59m? 0.010
2 1994kg 0.47s 029 221m% 0.010
3 1916kg 0.44s 032 237m? 0.013
4 1406kg 0.52s 0.35 2.65m> 0.013
5 1034kg 0.41s 037 1.93m> 0.010

TABLE 3. Commercial sensor specifications.

Sensor Measured value Accuracy
Racelogic DGPS [46] Vehicle position +0.02m
Racelogic Speed Sensors [46]  Vehicle speed +0.1km/h
Racelogic IMU [46] Vehicle acceleration =+ 0.001 g

resistances. The measurement noise covariance and system
noise covariance are set as:

R = diag{0.02%, 0.027%, 0.0098°},
Q = diag{0.1,0.1, 5,0.001} (32)

where the measurement noise covariance values are obtained
from commercial sensor specifications listed in Table 3, and
the system noise covariance is set by trial and error. The initial
covariance of the states is also set as by trial and error:

Py = diag{0.1, 0.1, 0.5,0.01} (33)

The desired separation between two neighboring vehicles
is defined as 6; = 10 m, alike similar works [26], [28], [43].
Furthermore, spacing, velocity and acceleration errors are
initialized as zero, assuming that the heterogeneous platoon
is in steady state before the simulation starts.

For comparison, the evaluation includes two control
strategies:

1) A non-adaptive controller, designed under Theorem
1. The influence of external disturbances on the
longitudinal dynamics of each follower is unknown,
so the control input is not updated to compensate this
effect.

2) An adaptive controller, designed under Theorem 1,
which uses an estimator to compensate the effect of
external disturbances on the longitudinal dynamics of
the vehicle (see Section IV). Proposed strategy.

Furthermore, two simulation scenarios are created to test
the driving performance of the platoon. The first scenario
simulates highway traffic to approximate an everyday driving
situation. The second scenario is designed to assess driving
safety during a sudden brake on a downhill slope.

The simulations were performed using a computer
equipped with an Intel Core i7-8700 CPU and 16 GB of
memory under the MATLAB R2022b environment. As it
suggested in the standard of SAE J2735 DSRC Message
Set [47], the sampling frequency of the simulated measured
and transmitted data among vehicles is set as 10 Hz [48].

96930

35

w (m/s)

25 ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60

Time (s)

FIGURE 3. Leader speed profile used for scenario 1.
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FIGURE 4. Leader acceleration profile used for scenario 1.
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FIGURE 5. Road slope profile used for scenario 1.

A. SCENARIO 1. HIGHWAY TRAFFIC
The aim of this scenario is to examine the stability of the
vehicle platoon as the velocity of the leader varies during
highway movement. The leading vehicle follows the velocity
and the acceleration profiles shown in Figures 3-4. The road
slope considered for the simulation is depicted in Figure 5.
The wind speed variation over time is shown in Figure 6.
From Figures 7 and 8, it is observed that the absolute
values of the spacing error on the proposed architecture
decreases when propagated downstream the platoon for the
proposed case, i.e. [61] > [62] > --- > |8,|, which proves
the string stability of the vehicle platoon. Spacing errors
are larger for the non-adaptive controller, which proves the
necessity of estimating the effect of external disturbances
on the vehicle. The maximum root mean square (RMS)
spacing error for the adaptive controller is around 0.72 m,
while the non-adaptive controller exceeds 1.39 m. Therefore,
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FIGURE 6. Wind speed profile used for scenario 1.
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FIGURE 7. Spacing error evolution in the platoon for Scenario 1.
(a) Non-adaptive controller. (b) Proposed controller.

a reduction of 48% in the spacing error is achieved by
understanding how external disturbances affect the platoon.

Figures 9-10 show the evolution of followers’ tracking
velocity and acceleration over time. The results demonstrate
that the proposed controller achieves steadier velocity and
acceleration tracking compared to the non-adaptive con-
troller, as the errors over time are lower for the proposed case.
It is observed that the maximum velocity error is 0.64 m/s
for the non-adaptive controller, while the proposed controller
leads to a maximum velocity error of 0.43 m/s (32.8%
reduction).

Figure 11 depicts the estimation of the external distur-
bances effect on the longitudinal dynamics of the first, middle
and last follower. The actual effect of the disturbances on
each vehicle in the platoon has been simulated following (4).
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FIGURE 8. Spacing error for Scenario 1. (a) Max. (b) RMS.
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FIGURE 9. Velocity error evolution in the platoon for Scenario 1.
(a) Non-adaptive controller. (b) Proposed controller.

The Kalman filter can precisely track how road profile,
wind, and rolling resistance affect the longitudinal dynamics
of each vehicle. This information is used to update the
control input given to the engine to compensate for these
effects.
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FIGURE 10. Acceleration error evolution in the platoon for Scenario 1.
(a) Non-adaptive controller. (b) Proposed controller.

—Disturbance = Estimation‘Follower 1

-
=1
oo
=]
@
IS
S
o
o
[=2g N} L L
(=1

o
=
S
[N
S
[
S
N
S
ot
S
[~y I
S

External disturbance (m/s?)

N = O
T

’d
14
N

N

)

- Follower 5

3 T T T -

2 0y v -
1k - 4
ol R\ ’ ]
2 ~ L L L

0 10 20 30 40 50 60
Time (s)

FIGURE 11. Kalman filter performance for estimation of external
disturbances.

0 5 10 15 20 25
Time (s)

FIGURE 12. Leader speed profile used for scenario 2.

B. SCENARIO 2. EMERGENCY BRAKING ON A DOWNHILL
SLOPE

This scenario evaluates the platoon’s ability to perform an
emergency braking maneuver under worst-case conditions
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FIGURE 13. Leader acceleration profile used for scenario 2.
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FIGURE 14. Spacing error evolution in the platoon for Scenario 2.
(a) Non-adaptive controller. (b) Proposed controller.

for the road slope and wind. According to [43] and [44], the
maximum road slope on hilly roads is 17°, while the wind
speed during average driving conditions can reach velocities
of up to 12.9 m/s. For this simulation, a constant wind speed
of vy, = 12.9 m/s and road slope of & = —17° are assumed.
The leader velocity and acceleration profiles for this scenario
are presented in Figures 12-13.

The separation errors during this simulation are depicted
in Figures 14 and 15. Although string stability is not
compromised either for the proposed or the non-adaptive
controller, transient errors increase when the controller does
not compensate the effect of external disturbances on the pla-
toon. The non-adaptive controller returns a maximum RMS
separation error of 3.73 m, while with the proposed controller
this value has decreased to 1.40 m (62.4% reduction). The
maximum separation error between consecutive vehicles is
found for the first follower, with a maximum separation error
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FIGURE 15. Spacing error for Scenario 2. (a) Max. (b) RMS.
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FIGURE 16. Velocity error evolution in the platoon for Scenario 2.
(a) Non-adaptive controller. (b) Proposed controller.

of 6.60 m for the non-adaptive controller. Remembering that
84 = 10 m, this follower is only 3.4 m far from the preceding
vehicle. For the proposed controller, the maximum separation
error is 3.32 m, which means that it is 6.68 m away from the
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FIGURE 17. Acceleration error evolution in the platoon for Scenario 2.
(a) Non-adaptive controller. (b) Proposed controller.

preceding vehicle. This proves that the proposed controller
ensures safer driving conditions.

Figures 16-17 present the velocity and acceleration errors
for this simulations. The proposed controller achieves a more
smooth leader following behavior, with a maximum velocity
tracking error of 1.42 m/s, compared to the 1.53 m/s error
found for the non-adaptive controller.

VI. CONCLUSION

This paper has presented an investigation of the problem
of robust heterogeneous vehicle platoon control while
estimating and compensating the effect of disturbances on the
longitudinal dynamics of each vehicle.

The platoon design is performed in the discrete-time
domain in order to facilitate the real-time implementation.
System stability is guaranteed under Lyapunov criteria. 7%,
norm is analyzed to study the robustness of the proposed
strategy towards external disturbances and measurement
noise.

A Kalman filter is considered to estimate and compensate
the effect of external disturbances such as aerodynamic
drag, rolling resistance and gravitational resistance on the
longitudinal dynamics of each follower vehicle.

The proposed method achieves a more smooth and safer
platoon following performance compared to a non-adaptive
strategy. String stability is guaranteed since spacing errors
tend to decrease when propagated along the platoon. The
spacing error is reduced in the platoon with over 62% spacing
error reduction for worst cases when compared to the non-
adaptive strategy.
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The results demonstrate the effectiveness of the proposed
system in emergency braking maneuvers, doubling the safety
distance with the preceding vehicle compared to a controller
that does not consider the effect of road slope or wind on the
vehicle. The aforementioned conclusions serve to reinforce
the interest of implementing the proposed control approach
in a real vehicle platoon. This is expected to enhance road
safety and reduce traffic congestion.

Future research will investigate the effects of communica-
tion delays, interruptions, and failures on a vehicle platoon.
Additionally, the lateral movement of the platoon will be
performed by a path tracking controller. In this case, it will
be necessary to evaluate how lateral wind affects the vehicle
motion.
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