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Abstract. In the frame of intelligent transportation systems, management of
traffic flow in the area surrounding cities and metropolises is an essential aspect of
ensuring efficient and smooth transportation. This paper addresses a critical issue
in freeway management: the effective regulation of traffic flow to alleviate daily
recurrent congestion and ensure the safe circulation of goods and people. It is an
effective means of reducing air pollution. The proposed strategy utilizes a two-stage
control approach to address freeway ramp metering. The primary objective of ramp
metering is to enhance freeway traffic conditions by regulating the inflow from the
on-ramp to the highway main lane using signal lights. The first stage relies on differ-
ential flatness as a key tool for open-loop control and trajectory planning, offering a
strategic approach to ensure operational efficiency. Flat systems are a generalization
of linear systems (in the sense that all linear, controllable systems are flat), but the
techniques used for controlling flat systems are much different from many of the ex-
isting techniques for linear systems. Differential flatness enables system inversion
(and linearization) without integrating any differential equation. To handle model
inaccuracies, uncertainties, and unexpected traffic demand as well as various distur-
bances, the second stage introduces model-free control and its corresponding intel-
ligent controllers to close the control loop. This approach enables real-time adjust-
ment of trajectory planning, ensuring that the system reacts effectively to changing
traffic conditions. The conducted numerical simulation using real data of the North
of France motorway A25, demonstrates the relevance of the proposed approach.

Keywords: Model-free control; differential flatness; freeway ramp metering; in-
telligent transportation systems

1. Introduction

The worldwide globalization has led to an ever-increasing demand for the trans-
portation of goods and persons. This leading to increased recurrent congestion in
the areas surrounding cities and metropolises, particularly during the rush hours.
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In this context, intelligent transport systems (ITS) have been developed to ensure,
amongst others, efficient management of traffic flows. Because of its crucial impact
on the economy, safety and the environment, several measures have been proposed
to improve traffic conditions on freeways. Among the most effective measurements,
ramp metering has been widely developed and implemented around the word [1].
A ramp meter is a device, typically a traffic light, which uses a signal controller to
regulate the flow of traffic entering freeways. Several studies devoted to this im-
portant domain of ITS have been proposed (See e.g. [2, 3, 4, 5], and the references
therein). These approaches are ranging from classic proportional-integral-deriva-
tive (PID) correctors, and more modern control methods (like model predictive
control - MPC, or feedback control [6, 7]) to the utilization of ordinary and partial
differential equations stemming from mathematical physics, especially from fluid
and statistical mechanics (see e.g. [8] and [9, 10]), as well as [11] for a recent
survey of traffic flow control. It should be emphasized that ramp metering can be
isolated (implemented in the vicinity of each controlled on-ramp) or coordinated
(controlling several on-ramps).

Among the many feedback control algorithms which may be found in the huge
literature devoted to traffic management, ALINEA (an acronym of the French
wording Asservissement LIN¢aire d’Entrée Autoroutiére [12]) is one on the
very few closed-loop control syntheses which has been implemented in practice.
However, these closed-loop controllers are fixed since they have no means to
adapt their gains to changing conditions, and thus suffer from, e.g., uncertainties
in traffic parameters and poor tuning. As stated in [1] (see e.g. [13]), one way to
solve parameters uncertainties is to estimate them using Kalman filters. However,
the assumption underlying the use of Kalman filters is that the parameters follow
a known observable model. Moreover, these feedback methods, alongside MPC,
often require a mechanism for estimating traffic state in order to respond to real-
time traffic behavior.

Recent advances in artificial intelligence (Al) have paved the way for the
development of more sophisticated ramp metering approaches. [1, 14] have addressed
ramp metering combining MPC and reinforcement learning (RL). Other approaches
that have gained substantial attention are based on RL, Deep learning (DL) and
Machine learning (ML). However, methods stemming from RL imply control schemes
that are tedious to implement [15]. An alternative to these various shortcomings of
the algorithms has been proposed in [16]. The fundamental principle underpinning
this approach is predicated on the recent advances in model-free control, whereby the
mathematical model of the studied system becomes useless [17].

This paper presents work that exploits the power of two control approaches: flatness-
based control and model-free control. This results in a two-stage algorithm. The first
stage uses differential flatness as a key tool for open-loop control and trajectory planning,
providing a strategic approach to ensure operational efficiency. The second stage relies on
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model-free control in a closed-loop system to address model inaccuracies, uncertainties,
and perturbations. The latter, and as demonstrated by [18], is a new tool for ML and
is characterized by its ease of implementation and should be substituted in control
engineering to ML via Artificial Neural Networks and/or Reinforcement Learning,

This communication is organized as follow. Section 2 provides a brief overview
of the macroscopic traffic flow model that is used in this paper. Section 3 is devoted
to the main principles of flatness and model-free control, and their application to
freeway ramp metering. Computer simulations are conducted in Section 4. Finally,
some conclusions and discussions are presented in Section 5.

2. Macroscopic traffic flow model

Macroscopic second-order models are the most widely used models to describe
the dynamic of traffic flow along a freeway section. The initial second order model
was proposed by Payne [19] and later modified by [20]. The studied model is based
on the following conservation equation (as stated by several authors, the only exact
equation in traffic flow modeling is the conservation one. All the others equations
especially the momentum equation is principally based on empirical considerations
and closely related to the specific infrastructure and traffic conditions [21]):

(1) %p'[:x. t) +£q{x. t) = glx. ),

where p(x,7) and ¢(x,?) denote the average aggregate traffic density in units of (veh./
km/lane) and the traffic volume in (veh./h), which defines the number of vehicles
exiting the segment during the time period dt, respectively; g(x,¢) represents the
ramp generation term in (veh./h/km).

From a control theory perspective, freeway ramp metering can be viewed as
a system controlled by traffic lights near the on-ramp. To derive the control law,
consider the given section of freeway depicted in Fig. 1. Let p be the traffic density
in vehicles per kilometer per lane, g (in veh./h) represents the traffic volume, and
v (km/h) is the main speed. According to METANET [22], these three aggregated
variable are related by:

() g(t) = Ap(t)v(t),

where A represents the number of lanes.
The equation of conservation is expressed by the following expression:

(3) 5(8) = —[g.(8) — q(8) +q,(8)]

where L is the section length, g , g are the traffic entering the mainstream section
and the on-ramp, respectively.
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The dynamic of the mean speed is expressed by:

() = 7000 — w.(O)] 4. [ s () — . (£)] — LB D=
4 v, {t} = [I"L {Pf} Lf{.t}] + L U [L:—j_{.t} L:{_t}] L pitlik

where 7, 7 and x are model parameters. The equilibrium speed V is defined by [23]:

. 1 pl:r:l o

(5) Valp) = vyexp| -2 (£2) |
where v, and p_ are the free-flow speed and the critical density, respectively; a is a
model parameter.

In Eq. (4), the first term represents the relaxation, the second term represents the
convexion, and the third term represents the anticipation. It has to be noticed that
the above equations represent the basis for the conducted numerical simulations.
Equation (5) defines the so-called fundamental diagram shown in Fig. 2.

=

=

Figure 1. Freeway ramp metering principle Figure 2. Fundamental diagram

The aim of ramp metering consists on the regulation of the on-ramp flow (using
traffic lights) in order to maintain the traffic density at the mainstream segment
below a critical one p .

3. Flatness-based and model-free control

3.1. Differential flatness

Since their introduction more than thirty years ago [24], differentially flat systems
have met with great success in control engineering and other fields, such as pure
physics [25, 26]. The main principle of this concept can be summarized as follow
(interested readers can find more information and theoretical foundation in [27]):

— any system variable z may be expressed as a differential function of the com-
ponent of the flat output and their derlivlatives up to some finite order v, i.e.:

1||.r'|

(6) 2= Flye ) oo Vo Ve e Vi e ¥y s Vi
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— any component of the flat output may be expressed as a differential function
of the system variables;

— the components of the flat output are differentially independent, i.e., they are
not related by any differential relation.

Assigning time functions to y ...,y yields time functions to any system variable
without any integration procedure. An open loop control strategy is provided by
this, along with allowance for a reference trajectory.

3.2. Model-free control

Faced with the difficulty of obtaining mathematical models for complex sys-
tems, Fliess and Join have introduced a new concept in control engineering where
the notion of ultra-local model plays an important role. Indeed, consider the SISO
(single-input single output) system and replace the poorly known plant and distur-
bance by the following ultra-local model:

(7) (&) = Flt) + au(t)

where y and u are the output and control variables, respectively; the constant o €
R is often chosen by a practitioner; F, which subsumes all the unknown structure
of the studied system including external perturbations, is estimated via algebraic
manipulations and the application of the inverse Laplace transform on the interval
[0, T] (see e.g. [17] for more explanations). In the time domain, the following data-
driven real-time estimator is obtained:

(8) Foee (£) = —T%J’:{{T— 26)y(t =T + ¢) + a(T — o)oult — T + o)) dt

3.3. Ramp metering algorithm

Consider the freeway section of Fig. 1. A natural flat output, derived from Eq.
(2) with 4 = 1, is the traffic density p. From the principle of the flatness, the open
loop control reads:

9) u*(t) = g;(8) = Lp*(8) + p*(tIv" (£)
The trajectory generation is made using a polynomial interpolation. This is
accomplished by prescribing the following desired trajectory for the flat output p:

Po fort =0
(10) p* (&) = {0 pp + (pr —pplo (£, 0.T), for0 < 0 =T
P fort=T

where o(2,0,7) is a polynomial function of time, exhibiting a sufficient number of zero
derivatives at times, 0 and 7, while also satisfying: 6(0,0,7) = 0 and o(7,0,7) = 1.

The control loop is closed thanks to the intelligent controller stemming from
model-free control principle
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(11) aule) = § [—F. () + p°(8) +C(e(t))]

where:
—e(t) = p(t) — p’(¢) is the tracking error;
—c(elt)) = Kaelt) + K, [ elt) de + K, stands for the classic controller
I de
—K,, K and K are tuning gains.
The final control algorithm reads

(12) ult) = w* () + Au(t)

4. Computer simulations

Consider for the computer simulations the section of the North of France
freeway A25. The traffic demands at the mainstream and the on-ramp are depicted
in Fig. 3. In the no control situation and particularly during the rush hours, around
8 and 10.30 AM, the traffic density increases overhead the critical one. This leads
to a formation of congestion and mean speed drop (See e.g. Fig. 4).

Traffic demands

Traffic flows {veh/h)

Figure 3. Traffic demands in vehicles per hour
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Figure 4. Traffic density and mean speed — no control case

In the no-congestion mode, there is no need for control, the profile of the critical density
(the reference) is then low. The controller adapts the density profile to the critical value as
soon as traffic becomes dense. Fig. 5 shows significant improvement in traffic conditions.
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Figure 5. Traffic density and mean speed — control case

Conclusion

The combination of flatness and model-free control seems to be an interesting solution
for dynamic ramp metering. Instead of the use of ML techniques which are tedious to
implement and require the use of a large amount of data, the application of model-free
control and the estimation methods based on algebraic techniques provides an efficient
and easy to implement ramp metering approach. This approach enables the dichotomy
between the necessity of a model for traffic simulation and the need for a simple, efficient
control algorithm to be resolved. However, further investigation must be conducted in
order to deal with coordinated ramp metering as well as integrated traffic control where
combination with variable speed limits and dynamic traffic routing play an important role.
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