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Lateral Vehicle Following in a Cooperative Vehicle Platooning
Application: an H_, approach

Daniel van den Bergl, Chris van der PloegQ’4

Abstract— Lateral control in the absence of lane markings
is an essential safety fallback for an autonomous vehicle in
cooperative driving applications. Point following control is one
such solutions for lateral control. However, it suffers from
corner cutting and severe disturbance amplification throughout
the platoon. In this paper, a new model for controller synthesis
is proposed which supports including the error induced by the
road curvature in the communication between two vehicles.
This enables the trailing vehicle to deduce the actual road error
states, which negates steady-state corner cutting if these errors
are controlled to zero. To demonstrate the benefits of this new
control model, an H., control framework is used to design a
lateral controller which minimizes the lateral overshoot of the
vehicles during transient maneuvering. The proposed approach
has been evaluated using numerical simulations. Simulation
results show that the lateral overshoot can be reduced by a
factor 10 with respect to existing lateral control solutions.

I. INTRODUCTION

Road usage in the Netherlands keeps on increasing and
since 2014 the length of traffic jams has trended upwards
[1, 2]. With advances in vehicle technologies, platooning is
becoming a more realistic solution to various traffic-related
challenges, such as the aforementioned traffic jams [3].
Platooning technology allows the traffic to be more tightly
packed, increasing road usage efficiency and is an effec-
tive way to reduce fuel consumption [4]. In the context
of platooning, lateral control of a platoon member in the
absence of lane-markings is essential for further alleviation
of driver tasks. Short driving distances in a typical platooning
application could result in an obstructed view of the lanes
observed by in-vehicle cameras. Moreover, in particular
emergency situations (e.g., due to a road-blockage) it is
essential to apply a “follow-the-leader” concept by following
the manually steered leader-vehicle of the platoon.

Different approaches can be used for lateral control, such
as path following or single point following [5]. With path
following, the path is reconstructed using both information
from the preceding vehicle as well as visual identification of
road markings. However, sensor noise and short following
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distances between two vehicles degrade reliability and ac-
curacy of the reconstructed path. The single point following
approach only needs to track a single point, defined within its
field of view. This information can be more reliably measured
and does not require the continuity of a path, which would be
needed in path-following. However, this approach does suffer
from the phenomenon of corner cutting when driving in tight
radius corners [6]. Several methods exist to counteract this
corner cutting, see for example [7, 8]. However, in contrast
to the work presented in this paper these methods are applied
in the context of lane-following or lane-keeping without
consideration for string-stability.

The main contribution of this paper is a single point
following method that mitigates corner cutting and can be
used within the context of vehicle platooning without the
need for information on the path of the preceding vehicle.
In addition, an intuitive control design method using Hoo
optimization is proposed. It allows the user to actively
trade-off between tracking performance and minimization of
disturbance propagation throughout the platoon.

The paper is organized as follows. Section II covers
the vehicle platoon model and presents the proposed point
following method. Section III covers preliminaries on the
notion of lateral string stability, required for insights used
in synthesis of the H..-controller provided in Section IV.
Section V will cover the simulation results. Section VI will
provide a conclusion to the work presented.

II. PROBLEM FORMULATION

The main control objective of this work is to have a trailing
vehicle track the lateral movement of a preceding vehicle
without steady-state error. A secondary requirement in the
design of a platooning system is the mitigation of disturbance
amplification over the platoon. This phenomenon is covered
by the notion of string stability, which will be covered in
Section III.

A. Vehicle Platoon Model

Fig. 1 depicts two vehicles in a platoon of length n,
with the lead vehicle either manually driven or employing
lane-keeping control without error. We assume that each
of the vehicles in the platoon can communicate with its
nearest following vehicle. Moreover, it is assumed that this
communication is free of delay and noise. Finally, it is
assumed that the platoon is homogeneous, meaning that
each of the vehicles in the platoon has identical input-output
dynamics and the controller used in the following vehicles
is identical.
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Fig. 1. Depiction of two vehicles in a lateral platoon with the definition
of the variables for lateral control in platooning.

Fig. 1 shows the definition of the variables used in lateral
control. When vehicle ¢ has access to path information, it is
capable of deducing both errors . ;, the lateral offset error,
and the heading error v ;. For y.; = 1. ; = 0, the trailing
vehicle is at the desired location and driving with the desired
heading. Errors v, ; and 1. ; can be written as functions of
the lateral vehicle dynamics of vehicle ¢ and ¢ — 1. In [9],
a state-space description incorporating the dynamics of the
vehicle’s steering system of the following form can be found:

i = Aixi + Bilires + Eiés,ifla (D

where the state vector 1is defined as x; =
[vy,i 1)/}1 Ye,i ql)e,i (51 52]T with Vy,i the lateral
velocity, % the yaw rate, J; the steering wheel angle and
0; the rate of change for the steering wheel angle. 0; r.c¢ is
the control input and 9'5’1-,1 the change in curvature over
time of the path that needs to be tracked. The longitudinal
velocity v, is assumed to be constant across the platoon.
The steering dynamics are described by a second-order
system of the form [10]:

Si = _QCwnSi + Wi (6ref,i - 5%) . (2)

In (2), ¢ represents the damping ratio of the steering actu-
ator, wy, its natural frequency and &,.s; the steering wheel
reference.

B. Point Following Control

It is assumed that each vehicle in the platoon is equipped
with a camera, capable of measuring the distance ¥io .
This can be done by comparing the Euclidean distance
from its own location over a distance d; (the look-ahead
distance [11]) to the point the vehicle is tracking. If this
tracking point is defined to be on the back of the preceding
vehicle it can be used as a vehicle following solution. This
measurement is defined as ;o 4:

Ytot,i = Ei + Yei + dithe i, 3)

where ¢; is the distance error due to the road curvature.

C. The Road Error Measurement

The measurement (3) is partially a linear combination of
Ye,i; and 1. ;. Vehicle ¢ is capable of accessing each state
individually when having knowledge of the distance ¢;. This
knowledge can be provided by vehicle ¢ — 1 by means of
logging its location over a short period of time.

To elaborate on this, consider the path vehicle i —1 travels
from point A in Fig. 1, to where vehicle ¢ — 1 currently is,
denoted by point B. The time it takes vehicle ¢ — 1 to travel
this path is given by t;, ~ d;v, . The lateral displacement
of vehicle i —1 when travelling from point A to B in time ;,
is calculated by integrating its global Y velocity, Y, over a
time interval of travel length ¢;,. Velocity Y can be expressed
in the local vehicle velocities as

Y = v, sin (i1 (t)) + vy,i—1(t) cos (i1 (1)) .
Hence, the global Y displacement, AY’, can be calculated as

t
AY = Vg sin (¢;—1(t)) + vy,i—1(¢) cos (1i—1(t)) dt.
t—t1q

The calculation of AY can be simplified by assuming that,
during highway driving, v, >> v, ,_1(t). This removes
the necessity to have information on v, ;_;(t), information
which is often difficult to practically obtain. Equation 4 can
then be further simplified as

t
AY =~ vx/
t—tiq

The yaw angle v;_; in (4) can be calculated using the on-
board yaw-rate measurement of vehicle 7 — 1 and integrating
it over the time period ¢;,. In the situation depicted in Fig. 1,
the lateral displacement AY is equal to the distance ;. By
performing this integration over short periods of time vehicle
i — 1 can provide vehicle ¢ information on the value of ¢;
contained with the y;,; ; measurement. With access to ¢;, (3)
can be used to construct the lateral error e;:

sin (¢;1(t)) dt. 4)

€ = Ytot,i — € = Ye,i + di¥e i, )

which provides access to an error definition based on a linear
combination of the state space states y.; and ;. This
result opens the possibility to access the states y. ; and . ;
individually.

D. Estimation of Individual Errors

Further information from the error measurement in (5) can
be obtained by decoupling it into the individual errors ¥, ;
and 1. ; using an observer. By choosing the output matrix
as C = [O 01 d; O O} for the state-space system
in (1), the system is rendered observable. By designing, for
example, a Luenberger type observer for vehicle ¢, the de-
sired states ¥, ; and 1) ; can be asymptotically reconstructed
based on the error measurement e; = Y. ; + dijtbe;. The
observer can be viewed independent of the control design
using the separation principle. Throughout the remainder of
the paper, it is assumed that the measurements y. ; and 9. ;
are available for control design, using some form of linear
observer with sufficiently fast error dynamics.



E. Control Objectives

The main objective of the controller is to laterally track the
preceding vehicle whilst keeping the disturbance propagation
minimal, i.e., to strive for string stability. From a practical
perspective, the desire for having string stability is safety
related. If each of the vehicles in the platoon increasingly
violates the desired lateral position of the preceding vehicle
then at a certain point in time it could lead to potentially
harmful consequences. With a limited number of vehicles
in the platoon, a small amount of disturbance amplification
can be rendered safe. Such a safety bound has to be de-
termined by the designer and the use case for which the
controller is designed (this should be done in the scope of
functional safety of such an automated system according to
the 1SO26262 norm [12]). The control objectives can be
summarized as follows:

o Asymptotic zeroing of the lateral vehicle following
errors for a constant external input:

Jim Ye,i(t) =0,
tli>nolo¢e’i (t) = 07

e Minimize the lateral overshoot.

o The settling time of the transient following response
needs to be fast enough such that the path tracking
objectives are met within a designed time.

o The controllers should generate a reference command
such that a vehicle is physically capable of following
it, i.e. the controllers are constrained by the hardware
available on the vehicles.

III. STRING STABILITY

In [3], a string stability definition based on linear sys-
tem theory is presented. Although originally developed for
longitudinal platooning, it is equally suited for the lateral
platooning problem. In general, a connected string of m
systems can be represented by the following lumped state-
space system:

(ﬁo AT O Zo Br
(tl Al AU X1 0
i’m (0] A1 A() ITm 0

The matrices A, and Ag denote the dynamics of the host
vehicle and trailing vehicles, respectively. The matrix A;
describes how a change in dynamics of the preceding vehicle
influences the states of the trailing vehicle. The matrix
B, is the input matrix for the host vehicle. Because of
the homogeneity assumption, the vehicle states are allowed
to be lumped tO%ether into a single state vector as x =
[ T T T] such that (6) can be written as

Ty X1 ... Ty,

T = Ax + Bu,.. 7
When we express the output y; of vehicle i as

y; = Gy, (8)
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Fig. 2. Block scheme of a vehicle in the platoon.

it is possible to express the input-output behaviour of the
model in (7) and (8) as a transfer function. This transfer
function describes how the external input w, translates to an
output y; for vehicle 4

yi(s) = Pi(s)ur(s) + Oi(s)x(0), ©)

where Pi(s) = C;(sI —A) "B is the transfer func-
tion from external input to chosen output and O; =
C; (sI — A)™" the transfer function from any initial con-
dition error to the chosen output. In similar fashion we can
write output y;_1(s) (with z(0) = 0) as

Yi—1(s) = Pi—1(s)ur(s), (10)
From (10) external input w,.(s) can also be written as
ur(s) = P yi1(s). (11)

Combining (9) and (11) a transfer function linking the
outputs y;—1(s) and y;(s) can be found

yi(s) = Pi(s) P (s)yi—1(s) =: Ti(s)yi—1(s),

where T';(s) represents the string stability complementary
sensitivity. Since I';(s) is a linear transfer function, string
stability can be defined using a system norm. From [3], a
platoon is considered strictly string stable if and only if

13)
(14)

12)

[1P1(s)l]o0 < 00
[ITi(s)lleo <1 Vi € N\ {1}.

Here, P;(s) is the transfer function of the host vehicle,
and the norm bound indicates that the dynamics of the first
vehicle should be stable. The second requirement (14) states
that if the H, norm of I';(s) is upper-bounded by 1, vehicle
1 will have no amplification of output y;_; in its output y;.

A. Lateral String Stability

Fig. 2 shows the block scheme of a single vehicle in the
platoon. Transfer function G:(s) is the transfer function of
steering input to output 195Z Furthermore, the errors %, ; and
Ye,i can be written as follows [9]:

1. 1 /. )
Ye,i = ;we,i = - (93,11 - 93,@—1) )

S
Vg Ve . .

Yei = —5Wei = —5 95,i - 95,2'71 .
52 52

(15a)
(15b)



The feedback controller K (s) in Fig. 2 contains the two
feedback controllers and is further expanded in Fig. 3.
Herein, K, (s) and K, (s) are the individual feedback
controllers to be designed. Ky(s) in Fig. 2 contains the
feedforward controller.

By tracing the path from 9“ to 0.511-,1, the transfer
function for assessing lateral string stability can be found
as

o GiKy+ G K _ GKy G K
14+ GE 14+ GKE 1+ GUK
IV. CONTROLLER DESIGN

(16)

The definition on the string stability requirement motivates
the development of an H., optimization-based controller
synthesis approach. The goal for the controller is to minimize
the disturbance amplification and vehicle-following errors
while providing internal stability. A two-degree-of-freedom
controller will be designed using the Robust Control toolbox
in MATLAB [13], comprising a feedforward and feedback
controller. The feedback controller consists of two individual
feedback controllers, one for each road error state, see Fig. 3.

Fig. 4 shows the generalized plant with its exogenous in-
and outputs, representing a controlled vehicle in the platoon.
It is assumed that no exogenous disturbances are present
in the system. Included in the generalized plant are three
weights. Weight W,, penalizes the control action and can
be used to limit controller action. Weight Wr penalizes
the (string stability) complementary sensitivity function, and
can be used to weight the system performance in terms of
the amplification of disturbances along the platoon. Finally,
weight W, penalizes the error signal and can be used to
regulate the steady-state error and is given by and is given
by

_ Wel,l 0
we= "o )

with We, , and We, , to be designed. The weights in Fig. 4
can be used to shape the performance of the system. For this
purpose each output z;, Vj, is first written as a function of
exogenous input 0.5,2-_1. Output 27 can be written as

2 =W, (I + EGiKs) " (E— EGiKy) 65,1, (17)
Z1(s)
where
Kpp = [Ky,, Ky ]
Output zo can be written as
Zg = WTriés,i—la (18)

Fig. 3.

Control block K (s) expanded.

Fig. 4. Generalized plant used for controller synthesis.

with I'; as in (16). Finally, performance signal z3 can be
written as

z3 = Wy (1 + beEGt)il (Kf + beE) és,i—l-

Z3(s)

19)

With these transfer functions it is now possible to design the
weights accordingly, as detailed below.

A. Weight Wr(s)

Representative steering behaviour for a highway lane
change can be approximated as a sinusoidal input on the
steering wheel. Typical frequencies for such an input are
around 0.1 Hz [14]. Within this frequency range, steady-
state path tracking is desired. Based on the string stability
requirement in (14) and the desire to have minimal distur-
bance propagation, the weight W is designed such that it
has a gain of 0 dB up to a bandwidth of 0.1 Hz. The gain
of the string stability complementary sensitivity for higher
frequencies is disregarded for the scope of vehicle following.
The weight on I';(s) is then taken as

67
s+ 67

The filter frequency is set at 3 Hz such that the -3 dB
point is not too close to the desired tracking frequency. We
emphasize that, if a controller design is found with a gain
higher than O dB, the system is not strictly string stable.
For finite platoons this will not be a problem. This way a
designer can trade-off disturbance rejection versus tracking
performance.

B. Design of W,(s)

The weight on the control action is chosen as the inverse
of the steering dynamics given in (2). The steering dynamics
attenuate high-frequency signals. For this reason, it is desired
that the steering reference is generated in such a manner that
it does not contain high-frequency components. The weight
is given by

Wr(s) = (20)

82 4+ Cwps + w?
w2 (s +2007) (s +2017)’

where the two poles are required to make the transfer
function proper.

1)

Wu(s) =
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Fig. 5. Bode diagrams of the transfer functions compared to their weights.
Top left shows the comparison between I';(s) and its weight W Top right
shows the comparison between Z3(s) and its weight W,,. The bottom left
and right shows the comparison for the weight We on Z1(s).

C. Design of We(s)

The design of the error weights is based on the allowable
steady-state error. The average turn radius on a Dutch
highway is around 750 metres [15]. If this is navigated
at a velocity of 80 km/h, the vehicle has a yaw-rate of
approximately 0.03 rad/s. Using (17), the DC-gain of the
transfer functions can be used to directly convert the yaw
rate of the preceding vehicle to a steady-state error.

From (15b) we see that a steady-state error in v, ; results
in an undesired accumulation of . ;. Therefore the synthe-
sized controller should achieve zero steady-state error in v ;,
which is already enforced by (20). Nevertheless a weight has
to be included in the optimization. The weight used is given
by
3+0.01s

2+s

For the lateral offset y. ;, the maximum allowable steady-
state offset is set at 30 cm, approximately a tyre’s width.
The maximum expected yaw rate is 0.03 rad/s. If transfer
function (17) has a DC gain of 20 dB it means that, in steady-
state, this yaw rate will be amplified by a factor of 10 to an
output, y. ;, of 0.3 m. Hence the weight has a DC gain close
to 20 dB, where the final value is down to fine-tuning. The
weight is, hence, chosen as

We(2,2) =

0.0075s + 0.3
Well D=0 57

D. Synthesis Results

Fig. 5 shows the transfer functions given in (17), (18)
and (19) and compares those to the related weight. The
steady-state errors on both error states are within bounds,
where 1. ; will have zero steady-state error. The limiting
factor in controller synthesis are both the string stability and
control action requirement.

Closer inspection of the graph showing W and its transfer
function shows that ||I';|| = 1.06. Strictly speaking, the
system is not string stable but within the simulation results
it was found that the lateral overshoot is in the order of
several centimeters for a 4-vehicle platoon which satisfies
the bound set by weight W,(1,1).

V. SIMULATION RESULTS

The velocity used in the simulation is 80 km/h. The
distance between the vehicles is calculated as in [11], d; =
r; + h;v;, where r; is the stand still distance, set to be 5
m. The headway time, h;, is the time gap between vehicles,
which is set to 1 s. Both the distance and headway time are
based on [11]. Given this stand-still-distance, velocity and
headway time, the following distance becomes d; = 27.2 m.

A platoon of 4 vehicles is used in the simulation. No
longitudinal dynamics are considered, a constant longitudinal
velocity of 80 km/h is used and the aforementioned following
distance d; = 27.2 m.

The performance of the proposed controllers is bench-
marked against the controllers in [5]. This is the current
point following controller employed by TNO. The results
depicted in Fig. 6 show that the new proposed controller
outperform the currently used solution. Although the bench-
mark controllers do end up on the correct path, they do so
with severe amplification of the yaw-rate.

A. Discussion

The results of the simulation shows that the point- and
path-following methods can be united using this new vehicle
following method. Furthermore, it is shown that this method
outperforms current path-following controllers. Using the
new control method, the vehicle following objectives are
met with little to no path deviation in transient response.
Nevertheless, as shown in the previous section, the system
is not strictly string stable.
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Fig. 6. Results of lane change simulation with a comparison between

proposed controller, and the benchmark controller of [5].



To gain insight on the lateral overshoot that is caused
by the disturbance amplification, we study at the transfer
function from 6, ;1 to y.; in (17). It can provide insight
in the amount of lateral error the vehicle will accumulate
at a certain frequency. The input, 0.572-,1, is a signal with
frequency of 0.1 Hz and a maximum amplitude of 0.015
rad/s. The amplification of (17) at 0.1 Hz, with this particular
controller, is a factor of 2, meaning that at most the trailing
vehicle will have an offset of 0.03 m which is well within the
allowable bound. The 4'" vehicle in the platoon will have an
amplification of a factor 2% resulting in a maximum offset of
0.24 m, still within the steady-state error margin of weight
We(2,2).

One of the ways to reduce the amount of lateral overshoot
is to have a tighter restriction on the controller actuation.
This can be achieved by reducing gain of weight W, (s)
over the entire frequency range. However, slowing down the
controllers deteriorates the transient tracking performance
which in turn could lead to dangerous situations.

Although this paper considers a system without delay,
delay is expected to have negative impact on the string sta-
bility results similar to [3]. Having delay will also negatively
impact the calculation of e;(t) = e ;(t) + ditbe ;(t) at time
t as it is dependant on ¢;(t).

VI. CONCLUSION

This paper presents a new vehicle following method. By
using the positional information of the preceding vehicle,
the road induced error can be calculated. Including this road
error in the communication between two vehicles allows
the trailing vehicle to deduce a compound distance error
consisting of both positional and heading error. Using an
observer it is further possible to reconstruct the individual
road error states using the linear vehicle-road error model.
The mathematical definition for string stability based on an
infinity norm pairs well with an H .,-based controller. Using
weights, it is possible to design controllers that minimize
the disturbance amplification over the platoon. By finding
the physical relation between the exogenous input and per-
formance outputs, the weights can be designed in such a way
that it gives a clear insight in the desired system performance.
This makes the control design much more intuitive and
gives the designer insight into how to tune his/her controller
specific to a certain design scenario(s). It is shown using a
theoretical analysis as well as simulations that the proposed
vehicle following concept works well under normal highway
driving conditions.
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