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Historical background 

Algebraic estimation techniques, early 2000s, [MF, MM, HSR]

Creation of INRIA AL.I.E.N. team, 2004, [MF, CJ, MM, FO, AS]

Non-asymptotic estimation of noisy signals derivatives, 2005, [MF, 
CJ, MM, HSR]

First publication with model-free control, 2006, [MF, CJ, HSR]

Foundational article, 2013, [MF, CJ], citations > 1000

Collaboration of more than 20 years with Michel Fliess

Key elements
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Model-Free Control: introduction

How to act on a system in order to accomplish a task successfully 
with good perfomances? 

SYSTEM

Electromechanical elements: throttles, 
engine, pump, …

?
Inputs 
Actions

Outputs
Measures

Objective
Measure

Action

The control problem
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Model-Free Control: fundamental principle

Based on prior knowledge, mathematical equations/models 
are designed to reproduce the behavior of the system as 
accurately as possible.

Model

�
ẋ = f(x, u, t)
y = g(x, u, t)

Usual approach

SYSTEM

Electromechanical elements : throttles, 
engine, pump, …Inputs 

Actions
Outputs

Measures
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Control dessign: 
- Without paramtric estmation
- Fast and non-asymptotic algebraic estimation tools

SYSTEM

Ultra-local
model

Adaptation
fast estimation

Mdel-Free
Control

Proposed approach

Model-Free Control: fundamental principle

Inputs 
Actions

Outputs
Measures
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�
ẋ = f(x, u, t)
y = g(x, u, t)

Complex model

y(ν) = αu + F

u =
1
α

�
−F + y(ν)

∗

�
+ Correction(e)

Ultra-local model control based

Replace by

ultra-local model

Model-Free Control: fundamental principle

Proposed approach Estimated and updated 
at each time lapse
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u =
1
α

�
−F + y(ν)

∗

�
+ Correction(e)

y(ν) = αu + F

e(⌫) = Correction(e)

With perfect estimation of F Iterative integrals

⌫  2

F estimation 
is decisive

Model-Free Control: fundamental principle

Proposed approach



10

Model-Free Control: fundamental principle

For the example, consider the ultra-local model

”good" approximation: piecewise constant approximation     ,

ẏ = F + ↵u

Y + s
dY

ds
= � �

s2
+ ↵

dU

ds

�

Laplace domain

after
d

ds

time domain

Fest(t) = � 6

⌧3

Z t

t�⌧
(⌧ � 2�)y(�) + ↵�(⌧ � �)u(�)d�

Y =
�

s
+ ↵U + y(0)s

Algebraic estimation of F
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• Ultra-local Model estimated at each laps of time

• No distinction between different sources of uncertainty (model, 

disturbance, fault, …)

• Process adaptability 

• Highly robust

• Very lightweight implementation

        

Model-Free Control: in summary
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UAV

• Drone 
Ø Cascaded Model-Free Control for trajectory tracking of quadrotors, M 

Bekcheva, C Join, H Mounier, International Conference on Unmanned Aircraft 
Systems (ICUAS), 1359-1368, 2018 (Centrale/Supélec)

Ø A robust but easily implementable remote control for quadrotors: 
Experimental acrobatic flight tests, M. Clouatre, M. Thitsa, M. Fliess, C. 
Join, https://hal-polytechnique.archives-ouvertes.fr/hal-02910179 (Mercer 
University, USA)

https://www.youtube.com/watch?v=wtSLalA4szc&t=35s
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• Fixed wing 
Ø « Best Paper Award 2020 » décerné par l’American Institute of Aeronautics 

and Astronautics (AIAA) 
Towards a unified model-free control architecture for tailsitter micro air vehicles: 
Flight simulation analysis and experimental flights, J. M. Olszanecki Barth, J.-P. 
Condomines, M. Bronz, G. Hattenberger, J.-M. Moschetta, C. Join, M. Fliess, AIAA 
Scitech 2020 Forum, 2020 (ISAE/SUPAERO)
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UAV



Inflammation control

Model-free inflammation control 11

3.3 Results without noise corruption

We first examine the performance of the control approach with respect to the set
of virtual patients and their individual corresponding initial conditions. The robust-
ness of the control law with the addition of corrupting measurement noise will be
discussed afterward. In what follows, the reference trajectories which are inspired
from [15], correspond to the measurable states N and Ca. They will be highlighted in
dashed lines.

Fig. 2 Dashed (- -) curves in the panels for the variables N and Ca denote the reference trajectories used in
the simulation. The various colored curves display the closed loop state responses for the set of 141 septic
patients, of which 92 resolved to the healthy outcome.

The simulations for all patients were performed under the following conditions:

– a sampling time of 1 minute,
– ap = 1, aa = 10 in Equations (13)-(14),
– KP1 = KP2 = 0.5 in Equations (15)-(16), and
– 250 hours simulation time to numerically determine outcomes without ambiguity;

though we note stress that our control objectives were reached in less than 250
hours.

The use of the same reference trajectory for all simulations emphasizes the robust-
ness of the proposed control approach with respect to the variability among virtual
patient parameter values and initial conditions. Figure 2 represents a successful out-
comes related to 92 out of the 141 septic patients who were cured when applying a

8 O. Bara et al.

– Septic death outcome: equilibrium in which all mediators N, Ca, and D together
with the pathogen P are at elevated levels (higher than in the aseptic death equi-
librium).

Fig. 1 Diagram of the mediators of the acute inflammatory response to pathogen as abstractly modeled
in [65]. Solid lines with arrow heads and dashed lines with nodes/circular heads represent upregulation
and inhibition, respectively. P: replicating pathogen, N: early pro-inflammatory immune mediators, D:
marker of tissue damage/dysfunction caused by inflammatory response, Ca: inhibitory anti-inflammatory
mediators, ua and up: time-varying input controls for the anti- and pro-inflammatory therapy, respectively.

Note that the model was formulated to represent a most abstract form of the com-
plex processes involved in the acute inflammatory response. Hence, as explained in
[65] the variables N and Ca represent multiple mediators with similar inflammatory
characteristics, and D is an abstract representation of collateral tissue damage caused
by inflammatory by-products. This abstraction reduces the description to four es-
sential variables which also allows for tractable mathematical analysis. Therefore,
the units of these variables are in arbitrary units of N-units, Ca-units, D-units, since
they represent various types of cells and thus, they qualitatively, rather than quanti-
tatively, describe the response of the inflammatory mediators and their by-products.
Pathogen, P, units are more closely related to numbers of pathogens or colony form-
ing units (CFU), but abstract units P-units are simply used as well and this population
is scaled by 106/cc. More details about the model development can be found in [65].

The diagram in Figure 1 characterizes the different interactions between the states
of the inflammatory model. A solid line with an arrow head indicates an up-regulation,
whereas a dashed line with circular head indicates inhibition or down-regulation of a
process. For instance, early pro-inflammatory mediators, N, respond to the presence
of pathogen, P, by initiating self-recruitment of additional inflammatory mediators
and N is therefore up-regulated by the interaction with P to attempt to efficiently
eliminate the pathogen. The self up-regulation that exists for P is due to replication.
Furthermore, N inhibits P by eliminating it at some rate. The inflammation caused

15

Model-free inflammation control 13

(369) fall into one of the two unhealthy outcome categories. We use the total of 369
unhealthy placebo outcomes to determine the percentage of those that the treatment
rescued. Likewise, we use the total of 252 healthy placebo outcomes to determine
the percentage of those harmed (i.e. they would have resolved to healthy without
treatment but converged to one of the death states instead after receiving treatment).
Figures 2 and 3 display the time courses for the sensorless states, P and D. These
were guided via the reference trajectories for the states with sensors, N and Ca, along
with the corresponding control input. The results are reminiscent of [12,14,25]: first
apply a large dose of pro-inflammatory therapy, up, followed by an anti-inflammatory
dose, ua. The latter attempts to prevent excessive tissue damage resulting from the
additional pro-inflammatory signals form the first dose.

Therapy Type: Placebo Model-free control
therapy

Percentage Healthy: 40% (252) 85.66% (518)

Percentage Aseptic: 37% (228) 6.4% (40)

Percentage Septic: 23% (141) 7.8% (49)

Percentage Harmed (out of 252) n/a 0% (0/252)

Percentage Rescued (out of 369) n/a 75.88% (280/369)

Table 1 Results of the model-free immune therapy strategy without measurement noise compared to the
placebo outcomes.

The information we can derive from Table 1 is that the control strategy obviously
improves the percentage of cured patients when compared to the placebo case. Our
therapy rescued 85.66% of the total patient population (621) and 75.88% of the com-
bined septic and aseptic population (369). Additionally, 0% of the healthy patients
are harmed. Figure 4 shows the evolution of the unobservable state P and D together
with the measured states corresponding to N and Ca for a set of 228 aseptic patients.
Of these, 188 were able to recover from an aseptic placebo outcome, when the gener-
ated controls in Figure 5 are applied, driving the pathogen P and the level of damage
D to zero. Again, one can observe from Figure 4 that some trajectories diverge to the
unhealthy aseptic region, where the pathogen is known to have a zero value but the
other state variables remain elevated.

Overall, the simulation results with respect to successful control of the number
of outcomes for both the septic and aseptic placebo outcomes are very encouraging
when one considers that only a unique reference trajectory was used for the heteroge-
neous population. The absence of perfect tracking should not be seen as a weakness
of the model free control approach, since the control objective has been attained in
most scenarios.

One of the important features of the presented data driven control approach is the
necessity to have suitable choice(s) for the reference trajectories. To be more explicit,
consider a naive choice of the reference trajectories: a trajectory exponential decaying

14 O. Bara et al.

Fig. 4 Dashed (- -) curves in the panels for the variables N and Ca denote the reference trajectories used
in the simulation. The various colored curves display the closed loop state responses results for the set of
228 aseptic placebo patients, of which 188 were cured.

Fig. 5 Time evolution of the control inputs up and ua for the set of aseptic patients shown in Figure 4. The
zoomed-in plot for up provides a better perspective on the duration of the control dose, where the x-axis is
shown for two hours only since it is zero afterward.

to zero for Nre f and another trajectory exponentially decaying to the CA steady state

P=0

1000 virtual patients

N<0.05

228 aseptic patients141 septic patients

The choice of trajectory 
is importantin

369 dead

in the process
 of recovery



MFC as a service
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sample time: 10ms

3 longues 
pertes de 

transmission

tracking quality decreases 

80% of 
transmission 

faults 

excellent performances, in spite 
very high packet losses

No loss

Measurements do 
not reach the server

Control do not reach 
the plant
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Examples of industrial applications

Traffic control (DIR IF & N)

International patent
« PEPIT 15 » du CRAN
Paper in « La Voix du Nord » 

model-free
no need to know the 

critical density 
≠ALINEA,GRENOBLE,

BERKELEY

In operation on the A25, A4
Deployment on the A1, A22, 
and A23
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Examples of industrial applications

Speed control for ALSTOM buses

Training of 20 engineers 
in our techniques

« Dans le logiciel embarqué d'APTIS, nous avons implémenté 
une régulation de vitesse basée sur l'algorithme Commande 
Sans Modèle de la société AL.I.E.N.
Cette régulation de vitesse doit répondre à des critères :
•de dynamique : temps de réponse
•de charge : 14 tonne à vide jusqu'à 20 tonne en charge 
maximale
•et enfin de pente: du profil plat jusqu'à une pente de 12%!

Avec un jeu de paramètre, la 
Commande Sans Modèle a pu 
répondre à l'ensemble de ces 
exigences.
Comparée à un PI classique, la 
CSM est plus robuste et présente 
un gain indiscutable sur le temps 
de validation sur simulateur et sur 
bus électrique. »
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Other applications

Collaborations
Other industrial applications
- EdF (hydroelectric dam regulation) : international patent
- ENGIE (Degrémont, Suez) (pressure regulation) : international patent
- GE, PSA, Renault, …

Other academic collaborations  
- Autonomous car (J. Villagra, Madrid)
- Computer network management (E. Delaleau, Brest; H. Mounier, Paris)
- Fuel cell control and diagnosis (M. Ait Ziane, Belfort-Réunion, Longwy)
- Pandemic control (A. D’Onofrio, Trieste)
- …

Other independent external applications
- Electric motor speed regulation, Princeton/Oak Ridge, USA
- Building and grid energy management, ORNL, USA
- Power control, Université de Heifi, Chine
- Autonomous vehicle, Université de Kanagawa, Japon
- ….
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• Legitimate question

• Why not take advantage of a priori knowledge?

• How?

What to do with a Model?

Flatness-based Control, 1992, [MF, JL, PM, PR]
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• Flatness-based control: better Model Predictive Control?

What to do with a Model?

23

�
ẋ = f(x, u, t)
y = g(x, u, t)

Optimal or non-optimal reference trajectory

Model based: observer, 
Sliding mode, Kalman filter, …
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�
ẋ = f(x, u, t)
y = g(x, u, t)

flat or partially flat model

Control along the reference trajectory

Stabilization at 0 

What to do with a Model?
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�
ẋ = f(x, u, t)
y = g(x, u, t)

Modèle partiel et plat 

Control along the reference trajectory: HEOL (soleil)

What to do with a Model?

Relative degree

Function of time 
and flat output

<latexit sha1_base64="UqlkDSn08f3fUjUNC2yQZaHgIdY="></latexit>

z?

<latexit sha1_base64="5lsPqcGY+LxmvoIHEnqSps6wWYo="></latexit>

↵ =
@

@u
y(⌫)

<latexit sha1_base64="WliGcEiCPYH2wrhSWNGgY4W8Bg0="></latexit>

@
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Calculated form of 
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Projection into invariant space
- Error behaviour
- Simplified form of
- Singularaty vanishing

Control along the reference trajectory: invariant error

Stabilization at 0 

What to do with a Model?
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�
ẋ = f(x, u, t)
y = g(x, u, t)

flat or partially flat model

HEOL : in summary

What to do with a Model?

<latexit sha1_base64="RdTdKkda6G4vmYIJZgbXrl09Cig="></latexit>

u?

Homeostasis
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• New paradigm: « model-free control »

• Limitations of “pure” CSM

– non-minimal phase shift 

– physical pure control delay [MD,FH]

• Price to pay: sampling, noise level, dynamics

• Combining flatness + MFC: recently published HEOL offering 

answers to recurring questions

Conclusions
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