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The model-based control of building heating systems for energy saving encounters severe physical, mathematical and calibration difficulties in the numerous attempts that has been published until now. This topic is addressed here via a new model-free control setting, where the need of any mathematical description disappears. Several convincing computer simulations are presented. Comparisons with classic PI controllers and flatness-based predictive control are provided.

Introduction

The growing importance of energy saving explains the key rôle of heating, ventilation and air conditioning (HVAC). It raises many exciting questions (see, e.g., [START_REF] Khazaii | Energy-Efficient HVAC Design[END_REF]). We concentrate here on the building heating system. This topic, according to [START_REF] Prívara | Model predictive control of a building heating system: The first experience[END_REF], has not attracted enough investigation from the control community. Let us mention here Boolean control, predictive control, PIDs, optimal control, nonlinear control, partial differential equations, flatness-based control, fuzzy systems, neural nets, . . . See, e.g., [START_REF] Afram | Theory and applications of HVAC control systems -A review of model predictive control (MPC)[END_REF], [START_REF] Afram | Artificial neural network (ANN) based model predictive control (MPC) and optimization of HVAC systems: A state of the art review and case study of a residential HVAC system[END_REF], [START_REF] Hasan | Optimization of Building Energy Consumption Using Simplified Models and New Control Methods[END_REF], [7], [8], [START_REF] Aswani | Reducing transient and steady state electricity consumption in HVAC using learningbased model-predictive control[END_REF], [START_REF] Bȃlan | Parameter identification and model based predictive control of temperature inside a house[END_REF], [START_REF] Berthou | Optimal control for building heating: An elementary school case study[END_REF], [START_REF] Bianchini | Demand-response in building heating systems: A model predictive control approach[END_REF], [START_REF] Ferreira | Neural networks based predictive control for thermal comfort and energy savings in public buildings[END_REF], [START_REF] Hittle | Control Systems for Heating, Ventilating, and Air Conditioning[END_REF], [START_REF] Hazyuk | Optimal temperature control of intermittently heated buildings using Model Predictive Control: Part II -Control algorithm[END_REF], [START_REF] Howell | A rapid PDE-based optimization methodology for temperature control and other mixed stochastic and deterministic systems[END_REF], [START_REF] Koch-Ciobotaru | Model predictive control for inside temperature of an energy efficient building[END_REF], [START_REF] Li | Review of building energy modeling for control and operation[END_REF], [START_REF] Ma | Stochastic control of energy efficient buildings: A semidefinite programming approach[END_REF], [START_REF] Mendes | A Matlab-based simulation tool for building thermal performance analysis[END_REF], [START_REF] Murray | Multi-variable optimization of thermal energy efficiency retrofitting of buildings using static modelling and genetic algorithms: A case study[END_REF], [START_REF] Ooka | Optimal design method for building energy systems using genetic algorithms[END_REF], [START_REF] Paris | Heating control schemes for energy management in buildings[END_REF], [START_REF] Prívara | Model predictive control of a building heating system: The first experience[END_REF], [START_REF] Široký | Experimental analysis of model predictive control for an energy efficient building heating system[END_REF], [START_REF] Turhan | Analysis and application of advanced control strategies to a heating element nonlinear model[END_REF], [START_REF] Wang | Supervisory and optimal control of building HVAC systems: A review[END_REF], . . . The more "advanced" control approaches, which are listed above, are model-based. Here again, like in most concrete situations, writing a "good" mathematical model, where constraints and perturbations might be severe, is quite beyond our reach especially if online calibration ought to be performed. Those facts explain why in industrial practice classic PIDs and Boolean control, which to a large extent preclude any mathematical modeling, are most popular in spite of some shortcomings: poor performances and delicate tuning.

The topic is addressed here via model-free control and their corresponding intelligent controllers [START_REF] Fliess | Model-free control[END_REF]. This setting,

• where the need of any precise mathematical description disappears,

• which is inherently robust, since the perturbations are easily taken into account, easy to implement both from software and hardware viewpoints, has already been successfully applied a number of times, and in many countries. See, e.g., the references in [START_REF] Fliess | Model-free control[END_REF], [START_REF] Abouaïssa | On ramp metering: Towards a better understanding of ALINEA via model-free control[END_REF] and the references therein, and [START_REF] Agee | Intelligent proportional integral control of a polar axis solar tracker[END_REF], [START_REF] Younes | Robust modelfree control applied to a quadrotor UAV[END_REF], [START_REF] Bara | Model-free load control for high penetration of solar photovoltaic gen[END_REF], [START_REF] Ben Hmedi | Model free control for muscular force by functional electrical stimulation using pulse width modulation[END_REF], [START_REF] Cao | Model-free power control of front-end PFC AC/DC converter for on-board charger[END_REF], [START_REF] Chand | Non-linear model-free control of flapping wing flying robot using iPID[END_REF], [START_REF] Jeong | The study of the electromagnetic robot with a four-wheel drive and applied I-PID system[END_REF], [START_REF] Join | A simple and efficient feedback control strategy for wastewater denitrification[END_REF], [START_REF] Kim | The study of model-free control system based on intelligent PID controller[END_REF], [START_REF] Li | Direct power control of DFIG wind turbine systems based on an intelligent proportional-integral sliding mode control[END_REF], [START_REF] Liu | Attitude adjustment of quadrotor aircraft platform via a data-driven model free adaptive control cascaded with intelligent PID[END_REF], [START_REF] Maalej | Robust control for continuous LPV system with restricted-model-based control[END_REF], [START_REF] Menhour | An efficient model-free setting for longitudinal and lateral vehicle control. Validation through the interconnected pro-SiVIC/RTMaps prototyping platform[END_REF], [START_REF] Michel | Model-free based digital control for magnetic measurements[END_REF], [START_REF] Michel | Commande "sans modèle" pour l'asservissement numérique d'un banc de caractérisation magnétique[END_REF], [START_REF] Mohammadridha | Model free iPID control for glycemia regulation of type-1 diabetes[END_REF], [START_REF] Pardelhas | Speed control of an experimental pneumatic engine[END_REF], [START_REF] Polack | Finite-time stabilization of longitudinal control for autonomous vehicles using an adaptive model-free approach[END_REF], [START_REF] Precup | Model-free sliding mode control of nonlinear systems: Algorithms and experiments[END_REF], [START_REF] Radac | Model-free constrained data-driven iterative reference input tuning algorithm with experimental validation[END_REF], [START_REF] Roman | Model-free fuzzy control of twin rotor aerodynamic systems[END_REF], [START_REF] Roman | Multi-input-multi-output system experimental validation of model-free control and virtual reference feedback tuning techniques[END_REF], [START_REF] Sidhom | Intelligent-PI controller for electro-hydraulic system. 4th Int. Conf. Contr. Engin. Inform. Techno[END_REF], [START_REF] Ťapák | Laboratory model of thermal plant identification and control[END_REF], [START_REF] Wang | Intelligent proportional differential neural network control for unknown nonlinear system[END_REF], [START_REF] Wang | Event-driven model-free control in motion control with comparisons[END_REF], [START_REF] Wang | ZMP theory-based gait planning and model-free trajectory tracking control of lower limb carrying exoskeleton system[END_REF], [START_REF] Wang | Model-free based terminal SMC of quadrotor attitude and position[END_REF], [START_REF] Wang | High pressure common rail injection system modeling and control[END_REF], [START_REF] Xin | Partial model-free control of a 2-input and 2-output helicopter system[END_REF], [START_REF] Yu | Intelligent PID control for two-wheeled inverted pendulums[END_REF], [START_REF] Zhang | Model-free motion control of positioning stage[END_REF], [START_REF] Zhang | Model-free based neural network control with time-delay estimation for lower extremity exoskeleton[END_REF], [START_REF] Zhou | Model-free control of surface mounted PMSM drive system[END_REF], . . . Let us emphasize here [START_REF] Lafont | A model-free control strategy for an experimental greenhouse with an application to fault accommodation[END_REF] and [START_REF] Bara | Model-free load control for high penetration of solar photovoltaic gen[END_REF].

Our communication is organized as follows. Section 2 describes a simple linear model for the purpose of computer simulations which are analyzed in Section 3. Comparisons may be found there with proportional-integral (PI) controllers and with flatness-based control. Some concluding remarks are presented in Section 4. The large literature, that is already available on model-free control, explains why we have not incorporated any summary on this topic and on the related intelligent controllers. Any interested reader in an easy-tounderstand introduction is invited to look at [START_REF] Lafont | A model-free control strategy for an experimental greenhouse with an application to fault accommodation[END_REF] and [START_REF] Bara | Model-free load control for high penetration of solar photovoltaic gen[END_REF].

Modeling for computer simulations

Several authors (see, e.g., [START_REF] Underwood | An improved lumped parameter method for building thermal modelling[END_REF]) emphasized the necessity to simplify a "full" mathematical description, which comprises partial differential equations like, of course, the Fourier heat equation. Many publications have been devoted to the derivation of a "simple" but "efficient" modeling (see, e.g., [START_REF] Hasan | Optimization of Building Energy Consumption Using Simplified Models and New Control Methods[END_REF], [8], [START_REF] Tashtoush | Dynamic model of an HVAC system for control analysis[END_REF], [START_REF] Wu | A physics-based linear parametric model of room temperature in office buildings[END_REF], and the references therein). Like in [7], a linear model due to [START_REF] Crabb | A simplified thermal response model[END_REF] is used: other coefficients are suitable physical quantities. Their nominal values are borrowed from [START_REF] Bȃlan | Thermal modelling and temperature control of a house[END_REF]:

C a = 1400, C w = 2200, K c = 1.4, K f = 0.004, K ext = 0.04.
T ext should be viewed as a perturbation in the controltheoretic meaning of this word, i.e., T ext is not regulated.

Comparisons of computer simulations

Intelligent proportional controller

Start with the most important feedback device in modelfree control, i.e., the intelligent proportional controller (see [START_REF] Fliess | Model-free control[END_REF], and [START_REF] Bara | Model-free load control for high penetration of solar photovoltaic gen[END_REF], [START_REF] Lafont | A model-free control strategy for an experimental greenhouse with an application to fault accommodation[END_REF]), or iP:

u = - F estim -ẏ -K P e α ( 2 
)
where y is the reference trajectory, e = y -y is the tracking error, the usual tuning gain K P and the parameter α are chosen by the practionner, F estim is an estimate of F in the ultra-local model ẏ = F + αu. Set in Eq. ( 2) α = 0.5, K P = -0.5. It yields Figure 1 where the results are excellent with the the exception of two large errors in the tracking: T ext becomes too large and the control variable Q is non-negative. Figure 2 shows that those errors disappear if cooling is allowed, i.e., if the sign of Q is arbitrary.

Remark 3.1. Lack of space prevents us from showing the excellent results obtained with values of the coefficients in Eq. ( 1) which are quite far from the nominal ones. Moreover, the tuning of our iP does not need to be modified. Parameter identification becomes thus irrelevant.

PI

Introduce the classic proportional-integral (PI) controller (see, e.g., [START_REF] Åström | Feedback Systems: An Introduction for Scientists and Engineers[END_REF]):

Q = k p e + k i e (3) 
where e = y -y is the tracking error, k p , k i are the usual tuning gains. Set k p = -0.5, k i = -0.01. If, like too often in the industrial world, we leave a step between two different setpoints, Figures 3 and1 show a significant performance deterioration. When this step is replaced by the same smooth reference trajectory used in Section 3.1, Figures 4 and1 become almost identical. This result is not surprising. It is known [START_REF] Fliess | Model-free control[END_REF] that iPs and PIs are equivalent in some sense.

Remark 3.2. In order to avoid steps we could have also employed setpoint ramping (see, e.g., [START_REF] Lipták | Process Control[END_REF]).

Flatness-based predictive control

3.3.1. Generalities. Flatness-based control, which was introduced more than 25 years ago [START_REF] Fliess | Flatness and defect of nonlinear systems: introductory theory and examples[END_REF], certainly is one of the very few academic advances which have become popular in the industrial world (see also, e.g., [START_REF] Åström | Feedback Systems: An Introduction for Scientists and Engineers[END_REF], [START_REF] Fliess | Continuous-time linear predictive control and flatness: a module-theoretic setting with examples[END_REF], [START_REF] Lévine | Analysis and Control of Nonlinear Systems: A Flatness-based Approach[END_REF], [START_REF] Rigatos | Nonlinear Control and Filtering Using Differential Flatness Approaches -Applications to Electromechanical Systems[END_REF], [START_REF] Rotella | Commande des systèmes par platitude[END_REF], [START_REF] Sira-Ramírez | Differentially Flat Systems[END_REF], [START_REF] Zeitz | Differenzielle Flachheit: Eine nützliche Methodik auch für lineare SISO-Systeme[END_REF]). It might be viewed as another way of doing predictive control, but without any optimization technique. From this standpoint, the first Eq. in (1) yields

Q = C a Ṫ int + ( K c C a + K f C a )T int
where T int is the reference trajectory for the internal temperature and Q the corresponding open-loop control. The closed-loop control reads Q = Q + C(e), where C(e) is some regulator.

P.

C(e) is a static state-feedback, i.e., nothing else than a trivial P controller. Determine it by imposing a pole equal to 0.01. The results in Figure 5 are poor. The perturbation represented by the external temperature cannot be rejected if it is not measured. Remark 3.3. Let us add however that such a perturbation might be measured and therefore rejected via some appropriate tools (see, e.g., [START_REF] Fliess | Non-linear estimation is easy[END_REF]). 1 3.3.3. PI. C(e) is now a PI (3). The results in Figure 6, where the gains are tuned such that there is a double pole equal to -0.005, are rather good. Note however that the control input fluctuates too quickly. With a double pole equal to -0.001, the comparison of performances displayed in Figure 7 and Figure 1 show a poor robustness with respect to noises. Remark 3.4. Section 3.3 confirms that a model-based standpoint might be cumbersome and, therefore, inappropriate.

Conclusion

Satisfactory computer simulations were presented via model-free control and with a great ease. They will soon be tested in a real building and hopefully confirmed. The excellent results which were recently obtained with respect to an experimental greenhouse [START_REF] Lafont | A model-free control strategy for an experimental greenhouse with an application to fault accommodation[END_REF] should make us optimistic. 
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