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Abstract

Vehicle platooning is a promising solution to the ever-growing crowdedness of high-
ways. By eliminating humans from the driving process, not only can it be made safer, but
also more efficient. Platoon structures allow for better fuel economy for the cars within
the platoon, which in turn allows platoons to drive further on less fuel. This paper pro-
poses physics based controllers for platoon control. Controllers are designed based on
the physical properties of springs and dampers. The performance of these controllers is
then analyzed using metrics such as safety, error convergence, and passenger jerk. Fi-
nally, controller parameter are selected based on a cost function in order to tune con-
troller performance to performance criteria.

Keywords: platoon control, spring damper control, reference trajectory generation

1 Introduction

The world’s population is growing, and with it, the number of vehicles on the road. As economies
grow, more and more people can afford to drive a car to work, leading to increased conges-
tion during morning rush hours. Moreover, a growing world population results in a growing
demand for goods. As transporting goods by truck is still one of the most efficient ways for
companies to supply distant markets not reachable by boat, we can also expect the amount
of trucks on the highways to increase[1]. A solution to the overcrowding of our highways has
been proposed, however. The concept of platooning allows multiple cars to drive safely in a
formation and could result in safer roads and less fuel consumption.

The European Association of Car Manufacturers defines truck platooning as follows: "Truck
platooning is the linking of two or more trucks in convoy, using connectivity technology and
automated driving support systems. These vehicles automatically maintain a set, close dis-
tance between each other when they are connected for certain parts of a journey, for instance
on motorways"[2].

Platooning has several advantages: not only does it lessen the burden on the driver to keep a
safe distance from the next truck, allowing him to do other things, it also helps save fuel due
to the aerodynamics of the platoon. It has been shown that fuel consumption is reduced by
up to 16% for follower vehicles, and 8% for the lead vehicle [2]. Additionally, an increase in
efficiency occurs since roads can be used more effectively. Finally, theoretically, platooning
should improve safety due to the elimination of human reaction time from the stopping dis-
tance.
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FIGURE 1: Merging maneuver for a platoon

Of course, new cars must be able to join the existing platoon. This maneuver is referred to as
a merge, with the car joining the platoon being referred to as the mergers. An example of a
merging maneuver is shown in figure 1

However, in order for the vehicles to drive autonomously in platoon formation, the distance
between them needs to be regulated somehow.

In this paper, we control the distance between cars using a physics based spring damper
controller. In this control method, the cars behave as though there is a physical spring and
damper between them. This control law is expected to have desirable properties with regards
to stability and error convergence.

1.1 State of the Art

Platoon control has been approached from many directions. In order to sketch an idea of the
current state of techniques, we first identify some of the most common strategies used by the
control methods:

¢ Behaviour based
¢ Virtual Structured

¢ Leader Follower

Behaviour Based: In behaviour based control strategies, cars (often referred to more gener-
ally as agents) are assigned behaviours by the controller. This approach is especially common
in military applications. Behaviours could be "move to object" or "stay in formation". Using
behaviours in this way helps with performing multiple goal-based tasks simultaneously|[3].
Control inputs can be given based on the relative importance of the behaviours the agent is
assigned[17]. The primary advantage of this strategy is that it allows for multiple objectives to
be attempted simultaneously, in parallel. Moreover, these objectives have a physical meaning,
which could make it easier to analyze and evaluate the performance of the agent. Addition-
ally, since it is distributed, i.e. each agent is individually assigned some behaviour to execute,
it requires less communication[17]. Disadvantages include needing to derive a model of the
platoon formation and dynamics, as well as potentially unstable formations. [17].

Virtual Structure: In the virtual structure method, a formation is first designed. Then, this
formation is given some trajectory to follow. Agent trajectories are then derived from the tra-
jectory of the virtual structure. Due to this approach being centralized, errors are prone to
being propagated and can lead to unstable systems[17].



Leader Follower: In the leader follower approach, a platoon leader is chosen. The followers
then attempt to match their trajectory to that of the leader. This structure leads to a more
intuitive and more easily implementable controller, as a large share of regular control tech-
niques can be applied when this control design paradigm is chosen. The primary disadvantge
is that the method assumes the lead car will be able to maintain trajectory. If this is not the
case, then any errors will be propagated throughout the platoon[17].

Some common platoon configurations include column, echelon, wedge and line formations.
The echelon formation is used in military and agricultural applications; the wedge formation
is niche to military applications[3].

It is important to note that a lot of controllers are synthesized from a state space model
through designing a transfer function, rather than using a physically meaningful structure or
concept. However, in this paper, the physics based background of the controller is the main
focus, so we will not discuss these methods.

Additionally, some controllers use the Model Predictive Control structure, with knowledge of
several cars’ states to predict the best possible control input [12].

Some leader-follower controllers implement some form of physics based controller. For ex-
ample, a fluid, newton, and friction force has been proposed to model a lateral and longitu-
dinal platoon in [6]

Additionally, though not necessarily from a physics based perspective, many controllers also
implement a PID algorithm for platoon control[11][7][9]. PID controllers have also been used
to merge into platoons and split out of platoons[9]

Some PID platoon controllers tune their parameters using Nyquist gains [11]. Genetic Algo-

rithms are also used in platoon control[10], and in general to tune PID parameters [14][15].

However, not a lot of research has been done concerning how to merge into platoons with

physics-based controllers, especially in terms of choosing parameters for double-sided springs.
When the springs are one-sided, critical damping has been proposed as a parameter choice

for lateral and longitudinal control [8]

Of special interest in this paper is whether there can, through some control method, be cho-

sen a set of parameters that make the merging maneuvre and the platoon control have desir-
able properties in, for example, error convergence, safety, or fuel consumption.
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FIGURE 2: An image of different platoon structures. From left to right, the image
shows the column, line, echelon, and wedge structure. Image taken from [13]

The method outlined in this paper focuses on providing a stable controller for platoon con-



trol using the physics inspired method of spring-damper control. Controller performance
with respect to a merging manoeuvre is investigated. Additionally, we will compare different
implementations in a few standard scenarios which are deemed relevant for evaluating the
controllers. Finally, the different implementations will also be tested on their performance in
specific aspects, such as the jerk felt by the passengers and the energy used by the platoon
during the merge.

2 Platoon Properties

In this section we describe properties of the platoon, and explain what a merge is and how it
takes place.

2.1 Platoon Definitions

We will first define what a platoon is, and certain important properties that we shall need.

Definition 2.1. Platoon A platoon P consists of n cars ¢V, c@, ..., ¢ where each ¢?,1 < i <
n in front of car ¢~V and behind ¢*Y. The cars ¢V and ¢ are the last and lead car,
respectively, of the platoon P. All cars in P are assumed to be driving laterally. The positive
direction is to the right, as indicated in figure 3.

In a similar fashion, we define M to be the group of all merging cars during the simulation.
This group has no purpose other than being a collection of merging cars.

A merging car can join the platoon once it is within a distance dmerge 0Of the platoon. Further-
more, the platoon identifies there is a merging car when the merging car is within a distance
didentity Of the platoon. The merging car joins the platoon by inserting itself in between the 2
platoon cars that are closest to it at the moment the merge is initiated, as shown in figure 3
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FIGURE 3: A car merging into a platoon.

A car is assumed to be in a platoon P unless otherwise indicated by the subscript m. In
this case ci,]l) is a the j'" merging car.

Definition 2.2. Given a platoon P of n cars, cW @ ™ 1P| is defined to be the num-

ber of cars in the platoon, n. Similarly, for the group of all merging cars, M, consisting of

cﬁ,ll), c,%), . cﬁ,’l’), the number of all merging cars during the simulation is defined as | M]|.

Definition 2.3. Let ¢!’ € P. Then the position of ¢! at time ¢ is given by x(?. This is position
is actually the time dependent x'(¢), however, the time dependency is omitted since it is

implied in the definition. Similarly, the velocity and acceleration at time ¢ is given by v and
a', respectively. For the sake of notational brevity, we will assume that cars denoted by CE,],L)
are mergers. For c%) € M, the velocity and acceleration at time ¢ is given by 1/5,]1) and a%).



Thus, P consists of a single file of cars with positions x') driving at speeds v'¥ with accelera-
tions a'?, for 1 <i < n. M is a set of cars that will eventually merge into the platoon.

2.2 Errors

We construct the following errors for each car ¢, ¢V € B1 < i < n, given a reference dis-
tance between the cars ¢, c+V of r(r):

(@) = xV () - r(1) - %V (0) o)

e(l+1,l)(t) — _e(l’l+1)(t). (2)
The second equality holds because the forward error between car i and i + 1 is the backward
error between car i + 1 and i, only in the opposite direction. To avoid lengthy notation, we
shall refer to e'“*V (f) more conveniently as the forward error e This immediately implies
the backward error of car i is —e""V, where —e*~V is then the forward error of car i — 1.

For car ¢V only the first equation is applicable, as it is the last car in the platoon, so it only
has an error with the next car:

e =x® —r(n—xW. 3)
For the lead car, ¢ we define e as follows:
e () =x" — () —x. )

Here, x""*1) is the position of the virtual lead car, a car that is not part of the platoon and
follows an independent trajectory. This is the trajectory we would like the lead car to follow.

We therefore have a number of cars driving in sequence, with the distances between each car
being controlled, and the lead car attempting to follow the virtual lead car.

In order to control the distances between the cars, we use a spring-damper inspired con-
troller, which will be introduced in the next section.

2.3 Model of the cars

The cars used for the simulation are masses that are governed by Newton’s laws of motion.
Once they are moving, they continue their motion unaltered until a force is exerted on them,
after which the change in their behaviour can be analyzed using Newton’s second law of mo-
tion. We also trivially have the following relations for each car:

FRORNG) (5)
o = 3 = 40 (6)
a® =5 = j(i)- 7)

Here j(t) denotes the jerk of the car. The car’s acceleration is governed by Newton’s sec-
ond law of motion, as given below in (8). The equations above can be analyzed for each car
by determining the net force on a car, after which x@ 5@ 5@ and ¥ can be found through
integration or differentiation.

Foet = mi®. (8)



The cars have a maximum acceleration and a maximum deceleration of 10m/s/s and —10m/s/s
respectively.

2.3.1 Friction force

In our model we have also included friction force, as this force is always present on the cars,
and could pose a problem for control strategies if not compensated for properly. Since the
cars are driving through air, a drag force is applied to them. The force of air friction on the
cars, also known as the drag force, is given by:

1
Fp= szZCDA. 9

where p is the mass density of the fluid, which in this case is air. Cp, is the coefficient of drag
for the car, A is the car’s cross sectional area. Finally, v is the speed of the car relative to the
speed of the air. We will assume v is the velocity of the car, in other words, the air is stationary
for the duration of the simulation.

2.4 Assumptions

In making the simulation, it is assumed that the cars can only move laterally (need to make
picture). By extension, this means when a merging car wants to join the platoon, the cars in
the platoon can only create space through slowing down or speeding up.

The net force on a car can be adjusted through controlling the car’s engine force, which is
assumed to be possible without input lag. However, mergers that are not within a distance
dmerge Of the platoon are not controllable.

During the simulation, the acceleration a, velocity v, and position x, and by extension the
errors between the cars, e, are all known perfectly.

Finally, during a sufficiently small time step, the acceleration is constant for all cars ¢; € PUM.
This assumptions allows for the discretization of the model into finite time steps, which can
then be analyzed numerically using the kinematic equations for constant acceleration.

2.5 Discretization

The system is discretized in the following steps: First, in a small time-step, we calculate the
input force for each car based on the controller algorithm. Note that we assumed that dur-
ing a small time-step we may regard the acceleration as constant. Therefore, we may use the
kinematic equations of motion.

The input force is used to calculate the net force on the car. The net force is translated to an
acceleration over the time period §; through a = % If the car’s calculated force is larger than
Mamax, then the force is set to mamax. The velocity update is performed through multiplying
the acceleration of the car with the time-step, as given below in (10). Here vy is the final
velocity of the car at the end of the time-step ¢, and v, the velocity of the car at the start of
the time-step, if the car has an acceleration of a.

Vf=1Up+at. (10)



Finally, given a time-step ¢, and letting A, be the lateral displacement during ¢, vy the velocity
of a car at the beginning of the time-step, and a the acceleration during this timestep, then
the lateral displacement is calculated through the kinematic equation

1 o
Ax=v0t+§at . 1n
These equations are used to update the car’s position, velocity, and acceleration.

2.6 Verifying the physical simulation

Before any controller simulations are investigated, it remains to show that the discretization
as described in the previous section yields results which are sufficiently close to the continu-
ous equivalent. We perform a simulation where a car drives for a certain time with a certain
speed and a certain acceleration, and then we see if this matches with the analytic result.

In order to verify the simulation results, we assume that the jerk is constant

a(t)=0.1t. (12)

Integrating this twice results in the displacement being given by
13
x(t):O.lét . (13)

Running the simulation for 1000 seconds, with a time-step of 0.01, we obtain as final x
position: xgna = 16666916.66 to 2 decimal places. The analytical result is 16666666.67, also
rounded to 2 decimal places. This means after 15 minutes, the simulated distance is about
300 meters from the analytic result. This is deemed acceptable. Therefore, all simulation
results are obtained with a step-size of 0.01 unless otherwise stated.

2.6.1 Discretization problems

The car’s energy as a function of time should be non-increasing if the forces applied to it are
spring and damper forces. Therefore, ideally, a trajectory of sinusoidal form will maintain
constant amplitude. However, in the simulation this is not the case: the amplitude of the
sinusoid is dampened over time. This is presumable because the total energy contribution
does not stay perfectly constant due to sampling. However, this dampening effect is lessened
when the time-step is decreased, leading to the conclusion that this is indeed (for a large
part!) due to discretization of a continuous time system. This phenomenon is observed in
figure 4

I There are possibly additional factors at play, such as machine epsilon
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FIGURE 4: A simulation run over 1000 seconds with K =20, D =0, with one car being
controlled by a spring force, a critically damped force, and an overdamped force. As
can be seen from this image, K = 20 does not produce a pure harmonic. However, as
the time-step gets smaller, the approximation of a pure harmonic gets better.

2.7 Controller metrics
In order to analyze the controller performance, we introduce the following metrics:
¢ Jerk experienced by passengers

* Time spent within an unsafe distance from the next car

2.7.1 Jerk experienced by passengers

Jerk has been linked to motion sickness, and it is generally a design goal of motion planning
and motion control to minimize the jerk felt by passengers [18]. Jerk has been linked to dis-
comfort while driving, and therefore it is interesting to look at minimizing this. This metric is
therefore also kept track of during the simulation for each car.

2.7.2 Time spent within an unsafe distance from the next car

The international convention of traffic safety in vienna has determined, amongst other things,
a safe distance between autonomous cars. However, this distance is given as the requirement
that "The driver of a vehicle moving behind another vehicle shall keep at a sufficient distance
from that other vehicle to avoid collision if the vehicle in front should suddenly slow down or
stop"?. Several papers have proposed a finalized solution for this [16][19]. However, we have
decided to use the checker from [16], because this checker has been proven with the use of a
formalized checker. We implement the safe distance check as shown in the appendixB:

This checker is not identical to the one used in the paper: a small modification has been made
for when the cars are not in the precondition. In this case, following the papers methods one
would obtain infinitely large safe distances. Instead of this, when the precondition is not
true, we return safe distance 1 as the safe distance, which is always guaranteed to be safe.
Therefore, the simulation may have some false negatives, where the car is deemed unsafe but
is actually still safe. More time could be spent investigating this.

2Safe distance formulation is found on page 15 of https://www.unece.org/fileadmin/DAM/trans/conventn/ crt1968e.pdf



3 Spring Damper Control

3.1 A Physical Example

Consider a cart with a mass on it, connected to a wall by a spring, as shown in figure 5. The
position of the cart is denoted by x, the mass of the cart by m, and the spring constant by K.
Suppose the cart, initially at rest, is attached to a spring, while it is at x = xo. We now assume,
without loss of generality, that the spring is centered at x = Xest. The dynamics of this cart are

mi = —K(x — Xrest). (14)

FIGURE 5: A cart with mass M connected to a spring and a damper

Example 3.1. Suppose the cart in figure 5, initially at rest, has initial position x = 2, and that
the spring is centered around x = 40. As can be seen in figure 6, the line corresponding to
K =20, D =0 starts at x = 2. The position of the cart then gradually increases to around
x =76, after which it again returns to its initial position. Then we have the previous system,
as in equation (14), with some initial conditions for the cart:

mi = —K(x —40), (15)
subject to x(0) =0, x(0) =2.
The solution of this initial value problem is a sinusoid with amplitude 38, and a shift of 40 up.
Thus the cart is always oscillating between x = 78 and x = 2. It is interesting to note that there
is a relationship between the mass of the cart and the spring constant. If we want to reach

the value of 40 within a few seconds, then the spring constant K must be chosen of the same
magnitude (or greater) than the mass of the car.

If the oscillatory behaviour was dampened, then the cart would eventually become stationary
at x = 40. This can be done by applying a damping force on the cart, proportional to its
velocity. Then the cart system would look like this:

miX=-Kx-Dx. (16)
Dividing by m and rearranging, we obtain
., D. K
X+—x+—x=0. a7
m m
. ot : 2, d k _ : o
Analyzing the characteristic equation r=+ --r + -~ = 0, we can obtain the following:

D, [(Dy2_y4K
m+ (m) 4m

2

e =-— (18)
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FIGURE 6: The effects of varying D while keeping K constant for a car with mass 1000
kg. In this simulation the position of a mass is being controlled by a spring and a
damper at different values for K and D. The damping value D is given to 2 decimal
points.

Underdamped: Analyzing this equation, we see that if S = (—%)2 - 4% is smaller than zero,
then S imaginary, so the solution will be a pair of complex conjugates. This system is often
referred to as underdamped, as the poles of this system are partially imaginary.

Overdamped: If S > 0, the solution decays exponentially with time, as described below:
x(t) = cre"’ + cpe™’. (19)

One root is less negative than the other, so this exponential decays slower. Therefore, this root
dominates the decay process. This process is called overdamped, and can be seen in figure 3,
where the orange line depicts an overdamped system. It is interesting to note that this system
does not pass the equilibrium line, as it does not contain an oscillatory component.

Critically Damped: Finally, if S = 0, we have a critically damped system, and our solution has
the form of

x(t)=cre" +cote™!, (20)

Here the roots r; and r» are equal, and thus the decay process is not dominated by a slower
exponential. Some desirable properties can be seen in figure 6. For example, it reaches the
equilibrium in a smooth manner, without overshoot, and after it does so, it stays at the equi-
librium. [5] Replicating such behaviour for larger systems could be desirable.

3.2 Controller Formalization

We formalize the spring damper based controller explained in the previous section and moti-
vate why it is useful for platoon control.

Let the error e be defined as e := r — y,,;, r being the reference signal, and y,, the measured
signal. In the controller this force is proportional to its displacement from its rest length,

10
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FIGURE 7: A block diagram for a general spring damper controller. A reference signal
r is chosen for the system, the difference between y,, and r is defined as the system
error e. This error is both differentiated and multiplied by D, and also multiplied by
K. The input for the system is the force u, which is chosen as u = Ke + Dé

which is an error of 0, i.e. when r = y,,. This is the ideal control goal. The spring force of the
controller can be written as follows:

Fspring = —K(ym — 1) = Ke. (21)

This results in oscillatory behaviour around the desired value, where e = 0. However, in order
to make the oscillations decrease in magnitude, we draw another physics-inspired parallel to
dampers. Let D be the damping coefficient, and é be %, the time derivative of the difference

between the measured signal and the reference signal.

Fdamper =-De. (22)

The damper opposes the change in e. Referring back to figure 6, it can be seen that the am-
plitude of the oscillations gets damped. More than that, however, the controller uses the
derivative to approximate the change in e, and also to predict the controller behaviour. By
constructing an input force u; defined as above, we mimic this behaviour.

Finally, choosing the control input force as follows
u=Ke+De. (23)

This makes the error converge to 0 under the above assumption. More so, however, it also
forces the system to mimic the physical behaviour of a spring and a damper. Since the springs
and dampers between cars, when tuned correctly, can provide a safe and robust system, this
makes it ideal for platoon control, as explained in 4.2.2

3.3 Properties of Spring Damper Control

Using this type of controller offers some advantages. First of all, the approach is very lo-
calised. This means that each local controller will be interested in the error with their neig-
bours (i.e. the car in front of it and the car behind it). It is generally true that global er-
ror convergence suffers when the controllers are localized. However global control requires
expensive, inaccurate sensors such as satellites, whereas local control can be implemented

11



much more easily with on-board sensors.[7]

In order to illustrate another aspect of this localized control, consider the following: suppose
we control a platoon of 5 cars, initially at the positions [0, 2, 4, 6, 8], where each entry in the
vector corresponds to the position of a car in the platoon. Suppose we desire them to be at [2,
4, 6, 8, 10]. This means we move the leader, which is at position 8, to position 10, and set all
the reference distances between the follower vehicles to be 2 meters. On top of being a very
simple control structure, ideally, the controller also should, immediately, through virtue of its
design, keep the cars from colliding with one another.

However, as mentioned before, the downside of this control structure is that if the leader can-
not follow its reference properly, none of the followers will follow their reference either. Re-
gardless, it is expected that the error will be controlled quickly as well as smoothly by the
spring damper controller, as long as the lead car is not obstructed during the journey.

4 Methods and Models

4.1 Two Sided Spring Damper Controller
4.1.1 System Dynamics for Two Sided Controller

Consider a platoon P with |P| = n. Then the system being controlled consists of n horizontally
aligned masses connected by n springs and n dampers??. Ignoring friction, we obtain:

Fret = Fengine = mX. (24)

The variable x denotes the displacement of the spring from its rest length. Newton'’s third law
can be applied to each mass, leading to a system of equations of the following form for the
engine force of car i

Fenginei = _ki—le(i_l) - di—le(i_l) + kie(i) + die(i)- (25)

Note that the error e is the forward error of car i, and thus for i = 0, e’ = 0, leading to the
following equation for the engine force of car 1:

Fengine 1 = ky e+ d, e, (26)

The engine force is applied purely through the controller in such a way as to make the cars
behave as though there are real, mechanical strings between them. This is illustrated in figure
8

= — B — < o

f
{

Car1 Car? ' ,| Car3 Lead Car | — | Virtual Car

— S—

FIGURE 8: Visualization of the platoon under the double sided spring control law.
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4.1.2 Merging car dynamics for Two Sided Controller

Consider a platoon P, and a group of mergers M. Let ci,],) € M. The platoon observes a merg-
ing car when it is within a distance djq. Now suppose the two cars closest to the merger
are c},l) and c;; U Once the merging car is within a distance dmerge, these cars are selected
by the controller, and the spring and'damper‘between c,(g’) ,(g’“) is r'emoved.‘ A spring
and damper is reattached between c;;) and c%), and another between ciﬁl) and c,(}“). Once
these springs and dampers have been reattached, the merging car is effectively part of P, and

and ¢

becomes c,(j“). All other cars in the platoon after c;,l *1 have their index shifted by 1, i.e.
@+1) __, .i+2)
Cp cp
—— - > T
“lcarz | car3 ) [LeadCar | Virtual Car
Merger 1
> >
, | Car2 Car3 ,. Lead Car = EVirtual Car|
18 44 - )
A\ P g
Merger 1 |

FIGURE 9: How the springs reattach during the merging procedure for a two-sided
spring damper controller

As such, the control structure of the platoon is highly localized: each car in the platoon only
"sees" the cars in front and behind it. The controller is constructed in such a way that the
cars also only attempt to achieve local error convergence: each car wants the errors between
itself and the cars in front and behind it to be minimal, and only the lead car follows the ref-
erence trajectory given by the virtual lead car. The advantage of such a structure is that there
is a high local stability, since each car cg) controls its distance between the car previous to it,

c,([,i_”, and the car in front of it, cg“).

4.1.3 Two Sided Controller performance

As we can see from the figure, the controller performance depends very heavily on the choice
of K; and D;. In section 3, we already saw that the mass of the car and the spring force were
both contributing factors in the determination of the period of the solution. As K increases,
the time taken for the controller to move the cart to the equilibrium point decreased. We see
this in the simulation also:

In this simulation we have a platoon with initial positions [12, 22, 32], velocities of [50, 40,
50], and initial acceleration of 0. The virtual lead car starts at position x = 32 and travels with
speed 70m/s for the duration of the run. The virtual lead car is followed by the platoon car
that is also at x = 32, and is not part of the platoon.

In figure 10, we can see that the error converges rather slowly, and after about 100 seconds

it is still not 0. This is because the controller has a spring constant of K = 20 which is much
smaller than the mass of the cars (which is 1000). The velocity of each cars approaches the
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FIGURE 10: A simulation run over 100 seconds with K =20, D = 1000, and starting po-
sitions for the platoon of [12, 22, 32], velocities of [50, 40, 50], and initial acceleration
of 0. The virtual lead car starts at position x = 32 and travels with speed 70m/s for the
duration of the run. The merging car starts with at position x = 2 with a horizontal
velocity of 40m/s merges at t = 0.42s. It can be seen that for K much smaller than m
(the mass of the car), the controller converges very slowly. However, after 25 seconds,
most cars have a speed roughly around the desired speed, which is that of the virtual
lead car.

virtual lead car’s velocity after about 25 seconds. The middle car has a velocity of 40, but this
is adjusted quickly enough that the car does not collide with other cars. This is a rather slow
convergence for platooning purposes. However, the controller is very safe and the distance
between the cars is never negative (which would imply a collision).

Additionally, as can be seen in figure 11 the jerk of the cars over time spikes very high very
early. This could be a by-product of the simulation, since each car starts at an acceleration
of 0, but due to the absence of time delay, the next acceleration could be 10, making the jerk
j= % = tir%;;gap with time-step = 0.01. This would produce a jerk around —1000. Additionally,
the peaks around 2000 could be from the fact that, again, the car can change its acceleration
from a = —10 (its maximum deceleration) to a = 10 (its maximum acceleration) within a time-
step, resulting in a derivative of around 2000. Finally, the distance between the cars appears,

at least from the simulation results, to be safe within a few seconds.

Now we run the same simulation, with the same parameters, only with K = 200. In this simu-
lation we have a platoon with initial positions [12, 22, 32], velocities of [50, 40, 50], and initial
acceleration of 0. The virtual lead car starts at position x = 32 and travels with speed 70m/s
for the duration of the run.

The simulation results are shown in figure 12. The safe distance metric shows that this choice
of K and D is inferior to the previous choice. This might be because the controller lets the
cars oscillate harder, but does not dampen the oscillations properly, thus resulting in a large
portion of the cars coming too close to the cars near them. However, there is an eternal trade-
off between the parameters and the metrics: a large damping force can result in slower con-
vergence to steady state, as the damping force opposes any controller actions taken by the
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FIGURE 11: A simulation run over 100 seconds with K = 20, D = 1000, and starting po-
sitions for the platoon of [12, 22, 32], velocities of [50, 40, 50], and initial acceleration
of 0. The virtual lead car starts at position x = 32 and travels with speed 70m/s for
the duration of the run. The jerk has some very large peaks, due to the discontinuous
nature of the error once a merger enters the platoon.

spring. A large spring force can result in high jerks due to the sudden accelerations but also
results in fast error convergence and thus also velocity convergence.
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FIGURE 12: A simulation run over 100 seconds with K =200, D = 1000, and starting
positions for the platoon of [12, 22, 32], velocities of [50, 40, 50], and initial accelera-
tion of 0. The virtual lead car starts at position x = 32 and travels with speed 70m/s
for the duration of the run. The merging car starts with at position x = 2 with a hori-
zontal velocity of 40m/s merges at ¢ = 0.42s. It can be seen that with a higher K, the
error converges more quickly. However, still after 25 seconds, most cars have a speed
roughly around the desired speed, which is that of the virtual lead car. It is interesting
to note that some cars have a negative distance between them and the car in front of
them, this means that there was a collision between the cars
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FIGURE 13: A simulation run over 100 seconds with K =200, D = 1000, and starting
positions for the platoon of [12, 22, 32], velocities of [50, 40, 50], and initial accelera-
tion of 0. The virtual lead car starts at position x = 32 and travels with speed 70m/s
for the duration of the run. As explained in figure 12, the distance between cars is
sometimes negative. This is also reflected in the safety metric, which becomes false
for about 20 seconds for all cars. The jerk again has some very large peaks, due to the
discontinuity produced in the acceleration once a merger enters the platoon.

4.2 One-sided Spring Damper control
4.2.1 Platoon Dynamics

In this control method, the only difference is that we only consider the error with the car in
front to be an input to the car being controlled. This eliminates the problem of double sided
springs when contributions from both side are equal and opposite, and thus the car does not
move. An obvious downside is that cars do not look behind and therefore the assumption
that each car will converge locally is very important. The cars are controlled according to the
following control law:

Fengine, 1 = ky eV + dy eV 27)

4.2.2 Merging car dynamics one sided controller
Consider a platoon P, and a group of mergers M. Let c%) € M. The platoon observes a merg-

ing car when it is within a distance djq. Now suppose the two cars closest to the merger are
(i+1)

cg) and cp . Once the merging car is within a distance dmerge, these cars are selected by
the controller, and the spring and damper between c’(g’) and c,(g’“) is removed. A spring and

damper is reattached between cg) and cifl), but this time, no spring nor damper between cﬁfl)
(i+1)
p

and c;, " ’. Once these springs and dampers have been reattached, the merging car is effec-

tively part of P, and becomes c;,i *1_All other cars in the platoon after c,(l,i+1

. . (i+1) (i+2)
shifted by 1, i.e. cp Ty

) have their index
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FIGURE 14: A simulation run over 100 seconds with K = 20, D = 1000, and starting po-
sitions for the platoon of [12, 22, 32], velocities of [50, 40, 50], and initial acceleration
of 0. The virtual lead car starts at position x = 32 and travels with speed 70m/s for the
duration of the run. The merging car starts with at position x = 2 with a horizontal
velocity of 40m/s merges at t = 0.42s. It can be seen again be seen that for when K is
much smaller than the mass of the car, the controller converges very slowly. However,
after 25 seconds, most cars have a speed roughly around the desired speed, which is
that of the virtual lead car.
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FIGURE 15: A simulation run over 100 seconds with K =200, D = 1000, and starting
positions for the platoon of [12, 22, 32], velocities of [50, 40, 50], and initial accelera-
tion of 0. The virtual lead car starts at position x = 32 and travels with speed 70m/ s for
the duration of the run. The jerk has some very large peaks, due to the discontinuous
nature of the error once a merger enters the platoon.

4.3 Dealing with friction
Though not implemented in the simulation, we would like to provide some solutions for deal-

ing with air friction.

In the models before, we have ignored the effect of the force of friction F¢ on the cars.
However, the frictional force plays an important role when the car is driving at high speeds.
This is because the force is proportional to the square of the car’s velocity. The net force
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analysis of the car results in
Fret = Fengine — Fy. (28)

The friction force is not compensated for by the spring and the damper. Especially at
higher speeds, this can result in a large steady state error, since the engine force will be pro-
portional to the error and the error derivative, but the friction force might be large enough to
counteract both of these contributions. Therefore, the controller will not move closer to the
equilibrium, despite a non-zero error. This steady state error can be remedied through the
use of feedforward control or PID control.

4.3.1 Feedforward Control

In feedforward control, the controller performs some control action based on the observed
system state, rather than the error. In our case, the controller estimates the speed at which
the car is moving, and uses this to compensate for what it believes the frictional force is. This
can be seen in the form of a block scheme:

feedforward
e
K
RN 2 s & u System Y
Jm
Measurements

FIGURE 16: Feedforward control block diagram. The bottom arrow goes from Mea-
surements to feedforward directly and does not interact with r

A disadvantage of feedforward control is that an accurate model of the system is necessary.
This is because if the estimate of the velocity is inaccurate, the steady state error might not
decrease much, as there can still be a nonzero net force making changes on the car: if the
estimated velocity is much greater than the actual velocity, then the net force will be positive
and the car will move even though the error is 0.

4.3.2 PID

Another way of eliminating the steady state error due to the friction force is by introducing
an integrator. This integrator adds up all the errors over time. Compared to feed-forward
control, adding an integrator provides several advantages. Firstly, it is model independent:
whether the friction force or some other force is causing the error to stop reaching steady
state does not matter for the integrator. It simply adds up the error contribution over time
and applies this is a force. This means that we do not need to know the exact friction force,
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as eventually, the integrator will simply compensate the friction force. Feed-forward requires
some knowledge of the velocity, as well as the assumption that we modelled the air friction
well enough.

4.4 Choosing Kand D

As has become evident throughout this paper, the choice of K and D is anything but trivial.
Rather, it is highly situational, and choices must be made as to what important performance
indicators are for the controller. Therefore, we propose the following methods:

4.4.1 Model Predictive Control

In model predictive control, we look forward in time for some steps to determine what the
control input should be to achieve the desired goal.

We have implemented this by running the simulation virtually for a few iterations, parallel to
the "true" simulation, in order to obtain error convergence terms for the future steps. We use
this to choose our current control input.

The cost function can be designed at will. We minimize the cost function using Gekko[4] in
the following way®:

min)_ (x)*+ ) (é)% (29)
i=1 i=1

Here e; is the error of the prediction step with a certain k and d. We minimize over k and d,
trying to find the best ones.

Another interesting cost function could be the jerk. As mentioned before, we would like to
minimize jerk as it is unpleasant for the passengers in the vehicle. Therefore we could design
a cost function such as the one below:

n
min )_ (%)2. (30
i=1

4.5 Genetic Algorithm

The control law (23) can be tuned to make it more appealing for certain situations. For exam-
ple, in the above example, it is desirable to reduce jerk. With the Genetic Algorithm, suitable
parameters for the spring, damper, and integrator could be found that make the car adhere
to certain preferences the passenger might have. Such a parameter could be found as follows:

Generate an initial population of genes (parameters K, D, I). Then determine their fitness ac-
cording to some cost function, e.g. the jerk or the error convergence. Let the fittest genes
reproduce by creating offspring that take parts of their genes from parent A and the other
part from parent B. Introduce random mutations to keep the genetic diversity high Repeat

In the case of PID controller optimization, the PID parameters are the genes. We have given
them a cost function based on what an entire simulation run with a certain gene would look
like (a gene is a group of PID parameters, one for each car in the platoon). PID parameters

3Implemented with the help of an example on the APMonitor website:
http://apmonitor.com/wiki/index.php/Main/Control
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can be tuned using a genetic algorithm [14], however it remains to be investigated wheteher
this is applicable for platoon control.

Using this algorithm, we might find an interesting match for the parameters K, D and I. How-
ever, the algorithm would need to be re-run once we have a different set of initial conditions
for the platoon and the mergers, since we optimize the parameters given some initial condi-
tions which define the system.

As it is currently implemented, the algorithm tunes the one-sided springs according to a cost
function of the total squared error. Mergers are not taken into account explicitly, as a merging
situation can be abstracted to a platoon configuration with different initial conditions. There-
fore, if a merge occurs, the parameters for the system following the merge could be chosen
based on a genetic algorithm of a platoon with these initial conditions.

The current algorithm? produces, after 600 iterations, the following parameters:

This could be because the platoon 0 should follow the lead car closely, but the lead car itself
should not follow the virtual car too quickly as this results in large jerks for the entire platoon.
As mentioned before, a large portion of the jerk seen in the figure is due to the simulation
discretization, thus making results hader to analyze. However, this motivation for the genetic
algorithm to choose those parameters over others does seem plausible.

The cost function with jerk:

fitness=) é°+Y e*+10) . (31)
i i i

We run the algorithm for 2 cars at positions 10 and 20, and no mergers, with both cars having
initial speeds and accelerations of 70 and 2, respectively. The cars start The parameters when
jerk is not part of the cost function, obtained after 600 iterations of the algorithm with a pop
size of 600 and a mutation rate of 0.3:

Platoon car 0: K = [95.65688048029267, D = 66.13115605728966]
Platoon car 1: K = [98.49593492413787, D = 48.71235392721249]

and when it is included in the cost function:

Platoon car 0: K = [96.89398872105822, D = 91.90203810816485]
Platoon car 1: K =[93.23198303023912, D = 69.86931016275393]

This seems a moderately plausible result since the damping causes less rapid convergence
which in turn causes less jerk. However, the parameters are still very high, so either the algo-
rithm converged prematurely, or this method is not suitable for this problem. Another pos-
sibility is that the jerk cannot be minimized well due to the fact that fast error convergence
and high jerk go hand in hand: fast error convergence requires a large K, which in turn pro-
duces high jerk at the start of the simulation. It is therefore possible that the cost function
was poorly designed.

4Implemented with the help of an example on the inspyred website: https://pythonhosted.org/inspyred/tutorial.html
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5 Scenarios and Results

In order to compare the different control strategies outlined in this paper, some merging sce-
narios are constructed. These will be simulated without friction as the emphasis is on the
parameters K and D, and with a time-step of 0.01. The virtual lead car always has a speed of
50m/s and starts at the position of the lead car. Additionally, all cars calculate a safe distance
away from the next car based on the metric introduced before, and then add 20m: to this dis-
tance, which becomes their reference distance. This is done to reflect the fact that reaction
time is ignored in the distance formula, and thus in a real scenario, likely some extra distance
would be kept between the cars.

5.1 Scenario 1: Merging car Exceeds Platoon Speed

Consider a platoon P with |P| = 3, and mergers with |M| = 1. In this scenario it will be in-
vestigated how the controller performs when the platoon is initialized as follows: x;}) (0) =10,
X7 (0) = 40, x5 (0) = 70, and x3;(0) = 25. For the merging vehicle, we also have its initial y
position given by y,(yll) (0) =5, and vﬁ,lgx(O) =60, v%?y(O) = —0.1. Additionally, for all the cars in

the platoon, v%a (0) = 0 as they are assumed to move only laterally.

M 2) 3 (M
ey | ey | om
x(0) | 10 40 70 25
v(0) | 50 50 50 60

a@©) | 0 0 0 0

TABLE 1: The values in this table (and the 2 below it) are still under construction

This scenario was chosen because it is important to analyze what the controller performance
is when the speed of the merger is faster than that of the platoon, since this speed needs to
be controlled by the controller to become the platoon speed. We see that this is indeed the
case, but only after the car slows down a lot, since it merges at the head of the platoon.

5.1.1 One-sided Controller

We simulate this with the choice of K =200, D = 1000. In this simulation we observe that the
platoon car can only merge after 35.01 seconds, once it has arrived on the highway. When
it does, it is very far ahead of the platoon, and becomes the new lead car. This also explains
why the distance with next suddenly shoots down into the negatives: the merging car is ahead
of the virtual lead car and so attempts to slow down. Whether such behaviour is desirable
must be analyzed, as it can lead to very volatile behaviour. It might be better to make it slow
down only a little bit until the virtual car catches up to it, as slowing down on the highway is
dangerous. Included in the legend is also who is in front of the current car, to verify that the
merger does indeed merge in front of the virtual car.
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FIGURE 17: A simulation of scenario 1 with K =200 and D = 1000. The merge occurs
around ¢ = 35, at which point the merging car is ahead of the virtual lead vehicle,
producing large errors. As can be seen in the figure below, the cars are safe during the
entirety of the simulation. The merger also has a negative distance between it and the
next car, which normally would imply a collision, however, in this case it just means
that the virtual car is behind it, so there are no safety issues. This is also illustrated in
the legend, to verify that it is indeed the virtual lead car that is in front of merger 0.
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5.1.2 Two-sided Controller

We simulate this with the choice of K =200, D = 1000. Here, the car also merges after 35.01
seconds. The scenario is very similar to the previous one, but the two sided controller appears
less safe. This can be seen in figure ?2. The distance between cars makes a small dip below 0,
which is dangerous, and is reflected in the safety plot.
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FIGURE 18: For the two-sided controller, a similar error convergence is seen. However,
platoon 0 is pushed a bit closer to the car behind it, making the control method a bit
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5.2 Results

As can be observed throughout this paper, the one-sided spring damper controller matches
the two-sided spring damper controller in almost all aspects, and outperforms it in safety.
Though more simulations must be ran to say anything meaningful about the comparison of
the two controllers, from the cases investigated in this paper it would appear that the one-
sided controller is therefore better.

The increased safety of the one-sided spring damper controller could be explained by the fact
that it always moves if the cars are too close, whereas for the double sided spring damper
controller, it is possible that when both springs are pushed in equally hard on both sides, no
net engine force is produced. This could explain why the two-sided spring damper controller
is less safe.

Therefore, the one-sided spring damper controller seems to be the most feasible controller for
platoon control. However, as discussed in the appendix, when two mergers enter the platoon
at the same time, this controller is also unsafe. It is highly likely that the primary assumption
on which this controller operates, namely, that the cars behind it will adjust for it in time, is
not true when two mergers come into the platoon. This is because adjustments are made for

23



2 mergers so cars cannot simply accelerate and decelerate without regard for their predeces-
SOrS.

6 Discussion and Future Work

The simulation is a discrete representation of a continuous time system, and this introduces
errors and inaccuracies. Other methods of discretization, or perhaps even smaller step sizes,
could potentially make the simulation more realistic. Investigating trajectory smoothing could
also be of merit as this could smoothen the transition of the error signal once a merger
merges, which now occurs instantly, creating discontinuous jumps in the error which blow
up é.

Additionally, the simulation could contain some bugs and can in general be improved upon
heavily. For example, a 2D simulation could be constructed where cars can also move later-
ally. Better ways to record acceleration and jerk could also improve the simulation.

Unfortunately, critical damping was not evaluated as in-depth as it could have been for both
controllers. Therefore, in future work, this could be an interesting topic.

The genetic algorithm could converge prematurely to a non-optimal solution. This could also
be investigated through increasing the maximum iterations or introducing some sort of con-
vergence metric for when the parameters are sufficient.

Although the implementation for the model predictive part of the algorithm seems to work,
for some reason using the chosen K and D do not translate correctly from the model predic-
tion to the actual simulation.

For future work, it could be interesting to investigate the stability of the system when the
spring and damping constants are time-varying. This already happens in model predictive
control but a more rigorous statement about stability could be of interest, as the energy-based
Lyapunov function could potentially fail due to increasing system energy when the spring
constant is increased. However, online trajectory optimization is rather time-consuming and
cars probably do not have the hardware to do this, so potentially the optimal solutions can be
pre-computed offline and then looked for online, so the car gets an input based on its current
state, and this input is based on an offline optimization of this state.

Also, a coulomb force could be investigated that makes the cars act like opposing charges,
repelling them heavily when they get too close to each other. Some sources already use a
Newton force in their models, so inspiration may be drawn from them[6].

It could also be of interest to investigate the string stability of the both the two-sided platoon
and one-sided platoon. Some work on this has been done by [7]

Different cost functions for the genetic algorithm could be investigated on their performance.
For example, the cost function could increase by a lot if the cars (almost) collide, thereby po-
tentially avoiding genes that cause collisions.

Additionally, the parameters of the genetic algorithm could be investigated. The parameters
chosen for crossover and elitism have not been motivated, since it was not investigated how
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the results varied with different parameters.
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A Appendix: Some additional platooning scenarios

A.1 Scenario 0: Normal Platoon Stabilization

Consider a platoon P with |P| = 3, and mergers with |[M]| = 0. In this scenario it will be inves-
tigated how the controller performs when the platoon is initialized as shown in the table.
This scenario allows us to evaluate the behaviour of the platoon when it is stabilizing from
small errors. This should go smoothly, and we should be able to see a clear pattern between
the cars’ velocities. We investigate this scenario with both controllers, for K = 200 and D =
1000.

€] 2 3
Cp Cp Cp
x(0) | 10 | 40 | 70
v(0) | 50 | 50 | 50
a0 | 0 0 0
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FIGURE 19: One-sided controller error convergence for scenario 0. It can be seen that
the controller converges at a reasonable rate, comparable to the two-sided controller
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FIGURE 20: One-sided jerks and safety for scenario 0. The cars are immediately safe,
as can be seen from the safety plot.

A.1.2 Two-sided
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FIGURE 21: Two-sided error convergence for scenario 0

28



1.0+
1500 + —— platoon 0
latoon 1 o 0.8
@ 1000 4 P =
@ —— platoon 2 S 06
@ . o 0.6
E 500 - —— virtual E
= " 0.4
u 01 -
- S 0.2 4 —— platoon Oplatoon 1
500 4 0.0 4 platoon 1platoon 2
T T T T T T T T T T T
20 40 60 80 100 0 20 40 60 80 100
time (s) time (s)
= 5 —— platoon 0 _ 304 —— platoon 0
g platoon 1 E 55 platoon 1
E o — —— platoon 2 g f-\
N o e —
5 ( —— \virtual c 00
" o
£ 5] 5 2.5
8 &
g 3 —5.0 1
104
T T T T T T T T r T T T
0 20 40 60 80 100 0 20 40 60 80 100

time (s) time (s)

FIGURE 22: The two-sided control converges a bit more smoothly than the one-sided
controller for scenario 0

A.1.3 Comparison

In scenario 0, we investigate controller performance for stabilizing a system. As can be seen
from the figures in the previous subsections, the controller is able to do this effectively both
for double and single sided methods. Additionally, the controller is very safe.

A.2 Scenario 2: 2 Merging cars that both exceed platoon speed

Consider a platoon P with |P| = 3, and mergers with |M| = 2. In this scenario it will be in-
vestigated how the controller performs when the platoon is initialized as follows: x;,l) (0) =0,
xéz) 0)=2, xg’) (0) =4, and xﬁ}l) (0)=0, xﬁ,ll) (0) = 0. Additionally, both mergers start at y =0 and
have y velocities of —0.1, and accelerations of 0 in both x and y. We investigate this scenario
with both controllers, for K =200 and D = 1000.

M 2 [€)] [€Y) 2
eyl | Cm | Cm
x(0) | 10 |40 | 70 | 25 | 45
v | 50 |50 |50 |60 |60
a0 | 0 0 0 0 0

This scenario allows us to evaluate a similar situation to scenario 2, only when the merging car
is slower. It is expected that this scenario will be more difficult for the controllers to handle,

as space needs to be created in 2 different locations in the platoon in order to let the mergers
merge.
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A.2.1 One-sided

FIGURE 23: One-sided controller error convergence. It can be seen that the controller
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FIGURE 25: two-sided
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FIGURE 26: For the two-sided controller, again, the issue appears to be safety. The
scenario is otherwise much like the previous one, only with 1 extra car.

A.2.3 Comparison

As we have seen before, the two-sided controller generally performs worse in safety than the
one-sided controller. However, other than this, there are not many differences. The platoon
seems to handle both mergers well, and the system is never unsafe. A large increase in accel-
eration and jerk that is characteristic of the merge maneuver can be seen around ¢ =35

A.3 Scenario 3: Two mergers in different places

Consider a platoon P with |P| = 3, and mergers with |M| = 1. In this scenario it will be in-
vestigated how the controller performs when the platoon is initialized as follows: x;,n 0) =0,
x;,Z) 0) =2, x,(f) (0) = 4, and x))(0) = 0. Both mergers start at y =5 with a y velocity of —1 and
ay acceleration of 0. Both mergers also have velocities of 66m/s and we also investigate this
scenario with both controllers, for K =200 and D = 1000.

M )] 3 €3] @
ey | ¢ | | om

x0) |10 |40 |70 | O 45
v() | 50 |50 |50 |50 |50
a0 | 0 0 0 0 0
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FIGURE 27: A simulation of scenario 3 with K =200 and D = 1000. As can be seen in
the figure below, the cars are not safe during the entirety of the simulation: a small
window of time occurs just after the merge where one of the cars some of the cars are
collide. In the ledger for the distance between cars is again shown who the next car is
for each car, and from this it can also be observed that the mergers do indeed merge
in different locations within the platoon.
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A.3.1 Two-sided

We simulate this with the choice of K = 200, D = 1000. The scenario

previous one, but now both controllers are unsafe.
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FIGURE 28: Two-sided error convergence for scenario 3
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FIGURE 29: Two-sided error convergence for scenario 3

A.3.2 Comparison

In this scenario, both controllers were unsafe. Error convergences are rather similar, but the
fact that both are unsafe warrants further investigation into parameter choices.
A possible downside of the one-sided controller is that it only accounts for one car, so if a
car is merging in front of and behind the same car, in the one-sided controller this could

potentially lead to collisions.
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Appendix: safety check

s_stop_e = car.x - (car.xspeedx*x*2)/(2*car.max_decel)
s_stop_o = car.next.x - (car.next.xspeedx*x*2)/(2xcar.max_decel)

t_stop_e
t_stop_o

- (car.xspeed)/car.max_decel
- (car.next.xspeed)/car.next.max_decel

0 = car.next.max_decel
a_e = car.max_decel

= car.next.xspeed
v_e = car.xspeed

precondition = (car.x <= s_stop_e) and (car.max_decel > car.next.max_decel)

and (car.xspeed < car.next.xspeed) and (t_stop_e < t_stop_o)

safe_distance_1
safe_distance_2

-(v_exx2)/(2xa_e)
(v_oxx2)/(2%a_0) - (v_exx2)/(2xa_e)

dist_cars = car.next.x - car.x
if dist_cars < 0:
if car.next.name != "virtual":
print("collision!")
safe = False
if dist_cars > safe_distance_1:
safe = True
safe_distance = safe_distance_1
elif precondition:
# safe_distance_3 = ((v_o - v_e) *xx 2) / (2 * (a_o - a_e))
# this distance is not used, because it is infinite if a_0 = a_e
safe = dist_cars > safe_distance_1
safe_distance = safe_distance_1

else:

safe = dist_cars > safe_distance_2
safe_distance = safe_distance_2
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