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This paper examines the application of modelfree control as introduced by Fliess and Join, to tactical inventory control in a supply chain system. The presence of the unavoidable delay which is inherent to such system requires a compensation action. Here, the delay compensation is achieved via a forecasting method stemming from the new advances of time series. The conducted simulations and comparative studies of a real industrial example show improved performance, greater flexibility, and higher functionality of the proposed framework even in the presence of various disturbances and sever constraints.

I. INTRODUCTION

Despite an abundant literature, the study of supply chains continues to be an attractive subject both for their modeling and for their control. Indeed, several works and in-depth analysis suggest that achieving an improving and optimal dynamic management increase competitiveness and profits of supply chain systems [START_REF] Ivanov | Applicability of optimal control theory to adaptive supply chain planning and scheduling[END_REF]. It is therefore not surprising that the study and control of supply chains continues to be a hot topic and arise more interest from the research community. Supply chain management or SCM, which was coined in 1980s-1990s [START_REF] Ivanov | Applicability of optimal control theory to adaptive supply chain planning and scheduling[END_REF], refers to management of the flow of goods and services. It can be also defined as the coordination of production, inventory, location, and transportation among the participants of this system to achieve the best mix of responsiveness and efficiency for the market being served [START_REF] Bozath | Introduction to Operations and Supply Chain Management[END_REF]. In the frame of SCM, strong inventory management strategies are of utmost importance allowing an increasing competitiveness on a global scale of manufacturing enterprises. The effectiveness of any enterprise is measured by its capability to deliver the desired product to customers at the correct time, to the right place, and in sufficient quantity. Therefore, the production decisions must be fast, reactive and robust to the different uncertainties in the business environment and at the same time optimized to reach key supply chain objectives [START_REF] Schwartz | A process control approach to tactical inventory management in production-inventory systems[END_REF]. The improvement of inventory management successfully contributes to better customer satisfaction while ensuring high revenues and lower costs in addition to the positive environmental impact of the production process (minimization of raw materials and energy consumption). In the frame of tactical decision policies for the inventory *This work was supported by Region de Hauts-de-France. 1 Danielle Nyakam Nya and Hassane Abouaïssa are with Univ. Artois, UR 3926, Laboratoire de Génie Informatique et d'Automatique de l'Artois (LGI2A) F-62400 Béthune, France. (danielle.nyakamnya, hassane.abouaissa)@univ-artois.fr management in production-inventory systems, several control strategies have been developed since the 1950s [START_REF] Simon | On the application of servomechanism the study of production control[END_REF], ranging from classical PID controllers to more sophisticated control approaches. The excellent paper of [START_REF] Sarimveis | Dynamic modeling and control of supply chain systems: A review[END_REF] provides a deep state of arts of the applied to dynamic supply chains management modeling and control approaches (See e.g., [START_REF] Clark | Optimal policies for a multi-echelon inventory problem[END_REF], [START_REF] Garcia | Inventory control of supply chains: Mitigating the bullwhip effect by centralized and decentralized Internal Model Control approaches[END_REF], [START_REF] Fu | Decentralized and centralized model predictive control to reduce the bullwhip effect in supply chain management[END_REF], [START_REF] Kempf | Control-oriented approaches to supply chain management in semiconductor manufacturing[END_REF], [START_REF] Rodríguez-Angeles | Dynamic Analysis and Control of Supply Chain Systems[END_REF], [START_REF] White | Management of inventory using control theory[END_REF], [START_REF] Wang | A model predictive control strategy for supply chain management in semiconductor manufacturing under uncertainty[END_REF]). Most of these approaches are model-based control strategies. Several issues are usually encountered in the frame of supply chain modeling where unavoidable dead times are due to phenomena like transport and production. The most commun model used in this frame is based on a delay differential equations derived from a conservation law without taking into account uncertainties.

The approach this research advocates is to develop decision policies based on model-free control according to the precepts introduced by Fliess and Join [START_REF] Fliess | Model-free control[END_REF]. In addition and in order to deal with the delay compensation, instead of model-based predictors, the approach is enriched by the viewpoint of [START_REF] Koussaila | Bullwhip effect attenuation in supply chain management via control-theoretic tools and short-term forecasts: A preliminary study with an application to perishable inventories[END_REF] and used in [START_REF] Mounier | Active queue management for alleviating Internet congestion via a nonlinear differential equation with a variable delay[END_REF] where the unpredictable quick fluctuations are removed thanks to the theorem of Cartier and Perrin [START_REF] Cartier | Integration over finite sets[END_REF]. In contrast with previous works in the field, where only model-free control was used (See e.g., [START_REF] Nya | Model-Free Control Policies for Inventory Management in Supply Chain[END_REF], [START_REF] Nyakam Nya | Inventory Control in Supply Chain: a Model-Free Approach[END_REF]) the combination of the two tools leads to the socalled adaptive model-free control for inventory control.

Our paper is organized as follows. Section II presents the problem formulation and objectives. The main tools, i.e., model-free control principle and forecasting via time series are recalled in Section III. Application and numerical simulations are presented in Section IV. In Section V different comparative studies are conducted and analyzed. Conclusion and some discussions are reported in Section VI.

II. PRODUCTION-INVENTORY SYSTEM'S DYNAMIC

MODELING

Due to the unavoidable dead times, a single-product production-inventory system is often described by the following delay differential equation, originated from the fluid analogy [START_REF] Helbing | Modeling supply networks and business cycles as unstable transport phenomena[END_REF]:

ẏ(t) = ξ u(t -θ ) -d(t), t ⩾ θ (1)
where, the output variable y ⩾ 0 represents the material inventory. The factory supply u(t) is the control variable, θ ⩾ 0 is the throughput time and ξ is the yield parameter. Customer demand d(t) represents the sum of the forecasted demand d F (t) which is known θ F days ahead of time and, unforecasted demand d U (t):

d(t) = d F (t -θ F ) + d U (t) (2) 
Although the infinite-dimensional system (1) looks easy, the numerous corresponding control strategies in the literature do not seem however to be entirely satisfactory (See e.g., [START_REF] Koussaila | Bullwhip effect attenuation in supply chain management via control-theoretic tools and short-term forecasts: A preliminary study with an application to perishable inventories[END_REF] for more explanation and illustration of so-called bullwhip effect).

III. ADAPTIVE MODEL-FREE CONTROL

A. Model-free control principles

The expression "model-free control" (MFC), indicates that any system can be controlled without rely on its dynamical model. The term model-free control has been employed several time by numerous researchers with different techniques ranging from algorithms based on fuzzy systems to neural networks approaches. Here, we follow the MFC concept as introduced by Fliess and Join [START_REF] Fliess | Commande sans modèle et commande à modèle restreint[END_REF], [START_REF] Fliess | Model-free control and intelligent PID controllers: Towards a possible trivialization of nonlinear control?[END_REF], [START_REF] Fliess | Model-free control[END_REF], [START_REF] Fliess | An alternative to proportional-integral and proportional-integral-derivative regulators: Intelligent proportionalderivative regulators[END_REF]. This simple and efficient control technique has been successfully applied and implemented in diverse fields (See e.g., [START_REF] Abouaïssa | Energy saving for building heating via a simple and efficient model-free control design: First steps with computer simulations[END_REF], [START_REF] Abouaïssa | On the control of robot manipulator: A model-free approach[END_REF], [START_REF] Afsi | Model-free control of a seeded batch crystallizer[END_REF], [START_REF] Bara | Toward a modelfree feedback control synthesis for treating acute inflammation[END_REF], [START_REF] Barth | Fixed-wind UAV with transitioning flight capabilities: Model-Based or Model-Free Control approach? A preliminary study[END_REF], [START_REF] Bekcheva | Meilleure élasticité "nuagique" par commande sans-modèle[END_REF], [START_REF] Hong | A model-free control strategy for battery energy storage with an application to power accommodation[END_REF], [START_REF] Madadi | Comparison of different modelfree control methods concerning real-time benchmark[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] Rocher | La production de nitrites lors de la dénitrification des eaux useés par biofiltration -stratégie de contrôle et de réduction des concentrations résiduelles[END_REF] and the references therein). The main idea of this concept rely on the fact that the unknown model of the studied system can be replaced by a so-called "ultra-local model" of the form:

y (ν) (t) = F(t) + αu(t) (3) 
where,

• α is a constant and non-physical parameter often chosen by a practitioner such that αu and y (ν) are of the same order of magnitude, • y(t) is the system's output, • u(t) represents the control variable;

• F(t) subsumes all the unknown or poorly known structure of the system and also any external disturbance. This data-driven term in estimated and continuously updated via the knowledge of u(t) and y(t) [START_REF] Fliess | Model-free control[END_REF]:

F estim (t) = - 6 
τ 3 t t-τ [(τ -2σ )y(σ ) + ασ (τ -σ )u(σ )] dσ (4 
) Remark 3.1: The quantity τ > 0 may be chosen to be quite small.

Remark 3.2: The integral in (4), which is a low pass filter, may, in practice, be replaced by a classic digital filter.

Remark 3.3: Several applications have shown that ν = 1 in (3) yields most often a ultra-local model:

ẏ(t) = F(t) + αu(t) (5) 
The control variable should be designed as it eliminates the unknown term F estim (t) and asymptotically diminishes tracking error e(t) = y(t)y ⋆ (t), where y ⋆ is the reference tracking trajectory of the output. Therefore, from (5), the loop is closed with the following intelligent proportional controller (iP)

u(t) = - F estim (t) -ẏ⋆ (t) + K P e(t) α (6) 
where, K P ∈ R is a tuning gain. From ( 5) and ( 6) it becomes obvious that ė(t) + K P e(t) = F(t) -F estim (t). It follow that if the estimate F estim is good, i.e., if F(t) -F estim (t) ≈ 0, then lim t→∞ e(t) ≈ 0, if, and only if, K P > 0.

B. Model-free control with delay

Consider the ultra-local model ( 5) and introduce a delay θ :

ẏ(t) = F(t) + αu(t -θ ) (7) 
Usually, the main tool for the delay compensation rely of Smith predictor [START_REF] Smith | A controller to overcome dead time[END_REF], [START_REF] Franklin | Feedback Control of Dynamic Systems[END_REF]. Therefore, [START_REF] Barth | Fixed-wind UAV with transitioning flight capabilities: Model-Based or Model-Free Control approach? A preliminary study[END_REF] becomes

ẏ(t + θ ) = F(t + θ ) + αu(t) (8) 
where ŷ(t + θ ) and F(t + θ ) are the estimate and the forecast of y(t) and F(t), respectively. Following the model-free control precepts, the corresponding intelligent proportional controller reads

u(t) = 1 α -F(t + θ ) + ẏ⋆ (t + θ ) + K P ê(t + θ ) (9) 
Instead of Smith predictor, which is a model-based tool for delay compensation, here we adopt the way used in [START_REF] Koussaila | Bullwhip effect attenuation in supply chain management via control-theoretic tools and short-term forecasts: A preliminary study with an application to perishable inventories[END_REF] where the new setting of time series according to the theorem of Carier and Perrin [START_REF] Cartier | Integration over finite sets[END_REF] plays a primordial role. 1) Time series and theorem of Cartier and Perrin: Consider a real-valued polynomial Taylor function in τ

p(τ) = ∞ ∑ i=0 p (i) (0) τ i i! (10) 
where p n (τ) = p(τ) + π(τ) a noisy observation on a finite interval of time from a signal p(τ) (the denoising signal), the numerical differentiation is based on the possibility of representing the signal by its truncated Taylor expansion of order N:

p(τ) = N ∑ i=0 p (i) (0) τ i i! (11) 
Let us start with the first degree polynomial time function

N = 1, p(τ) = p(0) + p (1) (0) τ 1 1! (12) 
The main tool allowing the prediction via time series rests on the use of the algebraic methods of derivatives estimate. This is summarized via the parameters estimation (a i = p (i) (0), for i = 0, 1) of p(τ) = a 0 + a 1 τ, τ ⩾ 0, a 0 , a 1 ∈ R [START_REF] Fliess | A mathematical proof of the existence of trends in financial time series[END_REF]. Re-write [START_REF] Fliess | Flatness and defect of non-linear systems: introductory theory and examples[END_REF] in operational calculus L{t (n) } = n! s n+1 and with respect to the Laplace variable s, p(τ) reads

P(s) = a 0 s + a 1 s 2 (13) 
Simple algebraic manipulations, as well described many times (See e.g., [START_REF] Fliess | A mathematical proof of the existence of trends in financial time series[END_REF], [START_REF] Koussaila | Bullwhip effect attenuation in supply chain management via control-theoretic tools and short-term forecasts: A preliminary study with an application to perishable inventories[END_REF], [START_REF] Mounier | Active queue management for alleviating Internet congestion via a nonlinear differential equation with a variable delay[END_REF], [START_REF] Tian | Fast state estimation in linear time-varying systems: an algebraic approach[END_REF]) allow the obtention of the unknown parameters a 0 and a 1 as follow:

a 0 = 2sP(s) + s 2 dP(s) ds (14) 
a 1 = -s 2 P(s) -s 3 dP(s) ds (15) 
Notice that a quite short time window is sufficient for obtaining accurate values of these parameters.

From the above derivatives estimate, the estimation of the mean, or trend E(X)(t) of a time series X(t) defined according to the theorem of Cartier and Perrin [START_REF] Cartier | Integration over finite sets[END_REF] (See e.g., [START_REF] Lobry | Nonstandard analysis and representation of reality[END_REF] [29] for more explanations of the theorem of Cartier and Perrin expressed in term of nonstandard analysis language [START_REF] Robinson | Non-standard Analysis[END_REF]):

X(t) = E(X)(t) + X fluctuation (t) (16) 
where E(X)(t) is quite smooth and obtained like a 0 in [START_REF] Fliess | Model-free control and intelligent PID controllers: Towards a possible trivialization of nonlinear control?[END_REF], and X fluctuation is quickly fluctuating and obtained as in [START_REF] Fliess | A mathematical proof of the existence of trends in financial time series[END_REF].

2) Forecasting: Consider F(t + θ ) in ( 8) where θ > 0. According to [START_REF] Fliess | Model-free control[END_REF], the following forecast

F f orecast (t + θ ) holds F(t + θ ) = E(F)(t) + dE(F)(t) dt e (17) 
E(F)(t) which represents the mean (or trend) which we predict, is estimated like a 0 and dE(F)(t) dt e

, is a quick fluctuations like a 1 . Substitute F in ( 14) leads

F(t + θ ) = 2 t t 0 (2t -3τ)F(τ dτ t 2 (18) 
Equation ( 18) allows the estimation of ẏ(t +θ ) by integrating the expression (8):

ŷ(t + θ ) = F(t + θ ) + αu(t) (19) 
Notice that usually, model based tools like Smith predictor assume a constant and known delay θ . However, in most of industrial applications the delay is often unknown and time-varying. In order to counteract this issue of unknown delay already present in supply chain systems, the proposed approach is enhanced with the estimation of this delay via the same algebraic methods of estimation. Rewrite (14) using operational calculus [START_REF] Yosida | Operational Calculus[END_REF] and using the first order Padé approximation:

sY (s) -y 0 = F(s) + αe -θ s U(s) = F(s) + α -θ 2 s + 1 θ 2 s + 1 U(s) (20) 
In order to get rid of initial conditions y 0 , derive [START_REF] Helbing | Modeling supply networks and business cycles as unstable transport phenomena[END_REF] twice with respect to the variable s:

θ 2 s 2 d 2 Y (s) ds 2 + 4s dY (s) ds + 2Y (s) +W (s) R 2 (s) = R 1 (s) (21) 
where,

W (s) = αs d 2 U(s) ds 2 + 2α dU(s) ds -2 dF(s) ds -s d 2 F(s) ds 2 (22) R 1 (s) = -s d 2 Y (s) ds 2 -2 dY (s) ds + α d 2 u(s) ds 2 + d 2 F(s) ds 2 (23) 
Finally, multiplying both sides of (21) by s -3 in order to eliminate any non causal term and to avoid differentiation with respect to time which leads in the time domain thanks to the inverse Laplace transform on the interval σ ∈ [0, T ] to the following expression of θ :

θ = 2 R * 1 (t) R * 2 (t) (24) 
Notice that d k ds k , k ≥ 1 is equivalent to (-t) k in time domain and s k is equivalent to d k dt k . R * 1 and R * 2 are the inverse Laplace transform of R 1 and R 2 , respectively.

R * 1 (t) = - (2) 
t 2 y(t)-2

(3)

ty(t)+

(3)

t 2 F(t)+α (3) t 2 u(t) (25) R * 2 (t) = (1)
t 2 y(t)+4

(2) ty(t)+2

(3) y(t)+α

(2)

t 2 u(t) -2α (3) 
tu(t) -2

(3)

tF(t) - (2) 
t 2 F(t) (26)

All the above components represent the core of the proposed adaptive model-free control the principle of which is summarized in Fig 1 . In this control scheme, the desired be- havior is obtained thanks to the primary controller stemming from Model-Free Control ( 5)- [START_REF] Bara | Toward a modelfree feedback control synthesis for treating acute inflammation[END_REF].

IV. ADAPTIVE MODEL-FREE CONTROL FOR SUPPLY

CHAINS

Consider the basic supply chain model ( 1) with the following physical constraints (bounds in the inventory level y(t) and flow rates u(t)):

y min ≤ y(t) ≤ y max u min ≤ u(t) ≤ u max (27) 
The principle of adaptive model-free control suggests to replace (1), which is used here for simulation purposes, by the ultra-local model with delay [START_REF] Barth | Fixed-wind UAV with transitioning flight capabilities: Model-Based or Model-Free Control approach? A preliminary study[END_REF]. All the components are obtained following the above estimation and forecasting methods.

V. NUMERICAL SIMULATIONS AND COMPARATIVE

STUDIES

The developed adaptive model-free control policy is validated and compared to the internal model control (IMC) approaches (IMC with 2 degree of freedom and 3 degree of freedom 2DoF and 3DoF) of a single node of semiconductors manufacturing supply chain. The data are borrowed from [START_REF] Schwartz | A process control approach to tactical inventory management in production-inventory systems[END_REF] with the IMC parameters:

n r = 2, n d = n F = 3, λ r = λ F = 2, λ d = 4.
The main objective is to keep the inventory level y(t) at a desired value y ⋆ (t) = 800 Mega Tonne (MT). Physical constraints given by ( 27) must be respected and the customer demand satisfied. The following values are also provided: y 0 = y min = 0 MT, u max = 200 and u min is set to 0 MT/day. In addition, the yield parameter ξ = 0.95. The delay which is estimated using the algebraic techniques is θ = 3 days. The primary result is depicted in Fig 2 . Fast and exact value of θ is obtained just at the beginning (around t = 20 days) of the production process of u(t) and y(t) (see for example Fig. 4 and Fig. 5).

Fig. 2. The estimation of factory throughput time θ

The suggested customer demand is depicted in Fig. 3. Two regions can be identified. The first one corresponds to the known demand. Indeed, at t = 65 days, a customer demand step change from 0 to 100 MT/day is introduced (forecasted demand d F (t) known θ F = 5 days ahead of time). At t = 100 days, the demand becomes stochastic. This second region describes the unforecasted demand d U (t).

A. Qualitative analysis Fig. 4 shows the inventory level evolution y(t) with the four controllers: Adaptive Model-Free Control (y AMFC (t)), Adaptive Model-Free Control with the customer's demand forecasting (y AMFC,F (t)), 2DoF Internal Model Controller (y IMC 2 (t)) and 3DoF Internal Model Controller (y IMC 3 (t)). The four controllers converge to the desired value y ⋆ = 800 (MT). The AMFC react faster to the changes in market conditions than IMC and one can noticed, the AMFC stands out from IMC in terms of qualitative performance (rise time (RT), settling time (ST), overshoot (OV)) and robustness (Mean Tracking Error MTE) against the delay and the uncertainty of demand as summarized in Table I.

It can be seen that using the AMFC without or with the customer's demand forecasting reduced the inventory deficit (the difference between the actual inventory level y(t) and the desired one y d , I d = y(t)y d < 0) compared respectively to 2DoF-IMC and 3DoF-IMC which occurs around the intervals t = [65 -100] days. This means in practice that the AMFC strategy is less likely to reach a critical inventory level. In addition, in comparison of the case of AMFC alone (y AMFC (t)) and AMFC with the customer's demand forecasting (y AMFC,F (t)), the fact that the second case anticipate the customer's demand before its occurs using forecasting and compensate the delay θ permit to reduced considerably the inventory deficit and something similar happens in 2DoF-IMC compared to 3DoF-IMC. That prove the necessity and the importance to use demand forecasting. Fig. 5 shows the corresponding factory starts u(t) for the adaptive model-free control without any customer demand forecasting compared with the 2DoF IMC.

Fig. 6 displays the case where the customer demand forecasting is introduced and compared with the 3DoF IMC policy. Remark that in Fig. 6, the maximal value of factory starts u(t) (u AMFC,F (t) and u IMC 3 (t)) are considerably reduced compared to the factory starts calculated without using any forecast customer's demand (u AMFC (t) and u IMC 2 (t)). and the controllers respect the physical limitations u min = 0 ≤ u(t) ≤ u max = 200MT /days.

B. Quantitative analysis

For the conducted quantitative analysis, all the used variables and formulas are summarized in Table II where III shows the performance of the control policies in terms of total costs, storage costs, and production costs, and Table IV presents the average customer satisfaction, the bullwhip effect and profit with AMFC and IMC compared to ideal case (noted here, case 0) and the errors (extra/least) are reported in a percentage.

Using the proposed approach (AMFC,F) control policy, the system achieves high customer service levels. These achievements imply that the system is able to mitigate the bullwhip effect and the customer satisfaction levels drop on average to 90.51% (see table IV). The effect of the control policies influences over the total costs of the system, using the (AMFC,F) total cost increase by +6.16% against the 

R = ∑ T f t=0 λ R d(t) Revenue PC = ∑ T f t=0 λ C d(t) Production cost IC = ∑ T f t=0 λ I y(t) Inventory storage cost TC = PC + IC Total cost Profit = R -PC -IC Profit Bullwhip = Varout /µout Var in /µ in

Bullwhip effect

Var, µ

Variance and mean 

CS = 1 -∑ T f t=0 d(t)-u(t) d(t) × 100 Customer satisfaction MTE = 1 N ∑ N i=1 | ŷ⋆ (t

VI. CONCLUSION

In order to bypass the cumbersome stage of the modeling, this paper demonstrated the ability of model-free control and the recent advances in forecasting techniques to deal successfully with the supply chain control. Instead of Smith predictor, introducing the algebraic methods of identification allowed us to treat the thorny problem of delay. The jointly use of model-free control and forecasting methods allow the development of a so-called adaptive model free control which represents an easy and efficient framework for dynamic supply chain management. The conducted analysis both qualitatively and quantitatively show the effect of the approach on a real case study of semiconductors manufacturing supply chain. Compared to the internal model control approach the proposed adaptive model-free control demonstrates it relevance and shows that it can significantly lower the impact of demand variability and to mitigate the bullwhip effect, as well as a substantial saving in costs. Obviously, several deep studies and analysis must be conducted in order to assess the efficiency of the approach for more complex supply chain with multi stages and multi-products network and comparative studies with the most used Model Predictive Control (MPC) must also be achivied.
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 56 Fig. 5. Factory starts u(t) without customer demand forecasting,

TABLE II DEFINITIONS

 II OF VARIABLE AND NOTATION

	Variables	Symbol description
	λ	

R ($)

The price of an item

λ C ($)

Cost of producing an item λ I ($) Storage cost per item

TABLE III COST

 III VALUE AGAINST AMFC AND IMC 38% (see tableIII).Then profit obtained by AMFC,F is higher by ∆Pro f it = 1.0888 × 10 4 $ than 3DoF IMC.

		Total Cost	Storage Cost	Production Cost
	Policies	(10 5 $)	(%)	(10 5 $)	(%)	(10 5 $)	(%)
	Case 0	4.0701	ref	1.3844	ref	2.6857	ref
	AMFC	4.4165 +8.51	1.3648 -1.42	3.0517 +13.63
	AMFC,F	4.3211 +6.16	1.3807 -0.27	2.9404	+9.48
	2DoF IMC 4.3895 +7.85	1.3344 -3.65	3.0555 +13.77
	3DoF IMC	4.43	+8.84	1.3744 -0.72	3.0555 +13.77
	ideal case, whereas by using 3DoF IMC, the increase goes up
	by +8.