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Interval Observer-Based Active Fault Tolerant Control for an Intensified Heat Exchanger/Reactor

The intensified heat exchanger/reactor systems, which combine the heat transfer and chemical reactions in one unit, became very popular and interesting in the chemical engineering field. However, to ensure the safety and maintain the performance of these systems, supervision, diagnosis, and fault tolerant control are highly demanded. In this paper, a fault tolerant control system, based on a bank of interval observers with a backstepping-based control law, is employed in a new intensified heat exchanger/reactor, in order to detect, isolate and recover all possible dynamic faults.

I. INTRODUCTION

Inspired by the idea of process intensification (PI) [START_REF] Stankiewicz | Process intensification: transforming chemical engineering[END_REF][2] [START_REF] Green | Process intensification magnifies profits[END_REF] which can improve manufacturing, increase production capacity, and decrease energy consumption at the same time by reducing the size of equipment, a particular intensified heat-exchanger (HEX)/reactor has been developed in the LGC laboratory (Laboratoire de Génie Chimique). Thanks to the combination of reaction and heat exchange in one hybrid unit, the HEX reactor presents remarkable thermal and hydrodynamic performances [START_REF] Theron | Characterization of the performances of an innovative heat-exchanger/reactor[END_REF]. However, different kinds of faults such as dynamic faults and sensor faults will cause a degradation of its performance. Therefore, advanced fault diagnosis (FD) and fault tolerant control (FTC) schemes are demanded to monitor the system states and interpret the system behaviors.

The FTC techniques are generally classified into two classes: passive FTC (PFTC) and active FTC (AFTC). See survey papers [START_REF] Gao | A survey of fault diagnosis and fault-tolerant techniques-Part I: Fault diagnosis with model-based and signal-based approaches[END_REF][6] [START_REF] Amin | A review of fault tolerant control systems: advancements and applications[END_REF]. The PFTC uses a fixed controller, such as a robust controller, to deal with all types of faulty situations. It is less computationally complex, but its fault tolerant capability is limited. On the contrary, the AFTC consists of a fault detection, isolation, and identification (FDI) module that provides fault information and computes a reconfigurable controller in order to eliminate the fault. Compared to the PFTC, the AFTC is more flexible and it is capable of dealing with many types of faults [START_REF] Amin | A review of fault tolerant control systems: advancements and applications[END_REF].

For the AFTC systems, the FDI module has aroused the interest of many researchers. Various FDI methods have been developed in the past three decades, see [START_REF] Punčochář | A survey of active fault diagnosis methods[END_REF][9] [START_REF] Thirumarimurugan | Comparison of fault detection and isolation methods: A review[END_REF]. Among these methods, the model-based methods have priority for the considered HEX reactor since its mathematical model has already been investigated in [START_REF] He | Development of a Numerical Model for a Compact Intensified Heat-Exchanger/Reactor[END_REF]. According to [START_REF] Zhang | An integrated FDD approach for an intensified HEX/Reactor[END_REF][13] [START_REF] Li | Actuator gain fault diagnosis for heat-exchanger/reactor[END_REF], the observer-based FDI approaches are proved to be reliable for the HEX reactor system. Besides, the interval observerbased FDI method proposed in [START_REF] Li | A new fault isolation and identification method for nonlinear dynamic systems: Application to a fermentation process[END_REF] [START_REF] Li | Fault isolation for nonlinear dynamic systems based on parameter intervals[END_REF] presents a quite fast speed of fault isolation and identification. In this paper, the interval observer-based FDI method is tested on the considered HEX reactor system, in order to detect, isolate, and identify dynamic faults.

In addition, in order to ensure the safety and performance of the HEX reactor, a fault reconfiguration strategy should be investigated along with the interval observer-based FDI method. In AFTC systems, fault reconfiguration can be performed by designing a new control law for the system using the fault information provided by the FDI module. In this paper, an AFTC system based on the backstepping technique is designed for the considered HEX reactor. Once the detail of the fault is obtained by the FDI module, the backstepping control law is redesigned to make the HEX reactor maintain its performance under the faulty case.

In this context, the paper is organized as follows: in Section II, the model of the HEX reactor system is presented and, in Section III, a control law is designed based on the backstepping theory. An AFTC system is given in Section IV, including an interval observer-based FDI module and the fault recovery procedure. Thereafter, simulation results are illustrated in Section V. Finally, Section VI concludes the paper and introduces some future work.

II. THE HEX REACTOR SYSTEM MODELING

Figure 1 presents the basic structure of the considered HEX reactor. It consists of three process plates (the red ones), four utility plates (the blue ones), and eight plate walls (the grey ones). Both the process plate and the utility plate have 2 mm square cross-section channels engraved into the steel. The plate walls are made of steel and act as the heat transfer media. Process fluid (the reactants, see R1 and R2 in Figure 1) is injected into the process channel, and the chemical reaction takes place here. Utility fluid (usually water) is injected into the utility channel to heat the process fluid or take away the generated reaction heat. The subscripts in and out represent the inlet and outlet fluid, respectively. According to the physical structure of the HEX reactor, the system is divided into 17 identical units, each unit contains 15 channels in total: 3 process channels, 4 utility channels and 8 plate wall surface. Detailed information about the modeling process can be found in [START_REF] He | Development of a Numerical Model for a Compact Intensified Heat-Exchanger/Reactor[END_REF]. For simplicity, we consider the system with only 1 unit and without a chemical reaction in this paper. The model of the system is then represented by the following equations:

               Ṫp = F p V p (T p,in -T p ) + h p A p ρ p V p C p,p (T w -T p ) Ṫu = F u V u (T u,in -T u ) + h u A u ρ u V u C p,u (T w -T u ) Ṫw = h p A p ρ w V w C p,w (T p -T w ) + h u A u ρ w V w C p,w (T u -T w ) (1) where x = [T p T u T w ]
T is the state vector, u = [F p F u ] T is the input vector, and y = [T p T u ] T is the output vector. The variable T represents the temperature, F is the flow rate of the fluid. The subscript p, u and w represent the process channel, utility channel and the plate wall, respectively. ρ, V , h, A and C p are density, volume, heat transfer coefficient, heat exchange area and specific heat of material, respectively. The physical parameters of the HEX reactor system are given in Table I. 

J • kg -1 • K -1 hp 7.5975 × 10 3 W • m 2 • K -1 Ap 2.68 × 10 -2 m 2 Vu 1.141 × 10 -4 m 3 hu 7.5833 × 10 2 W • m 2 • K -1 Au 4.564 × 10 -1 m 2 Vw 1.355 × 10 -3 m 3 ρw 8 × 10 3 kg • m -3 Cp,w 5 × 10 2 J • kg -1 • K -1
In the next section, a controller design of the system (1), based on the backstepping technique, is presented.

III. BACKSTEPPING CONTROLLER DESIGN

The objective is to direct the output temperature of the process fluid T p to the desired temperature T p,d . To achieve this, a control law based on backstepping method is proposed for the considered HEX reactor system (1). In our case, the flow rate of utility fluid F u is set as the only input to control the temperature of the process plate T p , because the flow rate of the reactants F p would generally have a fixed proportion to guarantee the efficiency of the chemical reaction.

The backstepping controller is designed as follow:

Step 1: Define the tracking error of the process temperature by e Tp = T p,d -T p . Thus, from (1), the derivative of e Tp is given by:

ėTp = Ṫp,d -Ṫp = Ṫp,d - Fp Vp (Tp,in -Tp) - hpAp ρpVpCp,p (Tw -Tp) . (2) 
Then, we define a positive definite Lyapunov function:

V Tp = 1 2 e 2
Tp , its derivative can be calculated:

VTp = e Tp ėTp (3) 
= e Tp Ṫp,d -

F p V p (T p,in -T p ) - h p A p ρ p V p C p,p (T w -T p ) .
To ensure the stability of the tracking error system e Tp , i.e. make VTp be negative definite, the temperature of the plate wall T w is chosen as the first virtual element of control with a desired value of T w,d :

T w,d = ρpVpCp,p hpAp Ṫp,d + k1eT p - Fp Vp (Tp,in -Tp) + Tp (4)
where k 1 is a positive design parameter. By setting

T w = T w,d in (3), we get VTp = -k 1 e 2 Tp ≤ 0.
Step 2: Similarly, we define the tracking error e Tw = T w,d -T w and calculate its derivative: ėTw = Ṫw,d -Ṫw .

Then, we define a positive definite Lyapunov function:

V Tw = 1 2 e 2 Tp + 1 2 e 2 Tw = V Tp + 1 2 e 2
Tw , and calculate its derivative:

VTw = VTp + e Tw ėTw . (5) 
In order to make VTw be negative definite, the temperature of utility fluid T u is chosen as the second element of virtual control with a desired value of T u,d :

T u,d = ρwVwCp,w huAu hpAp ρpVpCp,p eT p + ρpVpCp,p hpAp ( Tp,d + k1 ėTp + Fp Vp Ṫp) + Ṫp - hpAp ρwVwCp,w (Tp -Tw) + k2eT w + Tw (6)
where k 2 is a positive parameter. By setting T u = T u,d in (5), we get: VTw = -k 1 e 2 Tp -k 2 e 2 Tw ≤ 0.

Step 3: Define the tracking error of the utility temperature e Tu = T u,d -T u . Its derivative is given by: ėTu = Ṫu,d -Ṫu .

In order to make the tracking error system e Tu converge to zero, a third positive definite Lyapunov function is defined

V Tu = 1 2 e 2 Tp + 1 2 e 2 Tw + 1 2 e 2 Tu = V Tw + 1 2 e 2
Tu with a derivative given by: VTu = VTw + e Tu ėTu .

Finally, we get the expression of the control law F u :

F u = V u T u,in -T u h u A u ρ w V w C p,w e Tw + ρ w V w C p,w h u A u h p A p ρ p V p C p,p ėTp + ρ p V p C p,p h p A p ( ... T pd + k 1 ëTp + F p V p Tp ) + Tp - h p A p ρ w V w C p,w ( Ṫp -Ṫw ) + k 2 ėTw (8) 
+ h p A p ρ w V w C p,w (T p -T w ) + h u A u ρ w V w C p,w (T u -T w ) - h u A u ρ u V u C p,u (T w -T u ) + k 3 e Tu
where k 3 is a positive design parameter. It can ensure the stability of e Tu , i.e. make VTu be negative definite:

VTu = -k 1 e 2 Tp -k 2 e 2
Tw -k 3 e 2 Tu ≤ 0. Moreover, the gains k 1 , k 2 , and k 3 are chosen with a goal to obtain a satisfactory dynamic of the control law.

As mentioned above, the HEX reactor is highly intensified, so it cannot be opened to clean after the assembly. Thus, the fouling caused by the accumulation of products may directly degrade the behavior of heat exchange. Besides, the inlet fluid temperature change caused by malfunction of the thermocouples, is also one of the typical dynamic fault for the HEX reactor. maintain the performance of the pilot in presence of a dynamic fault, an interval observer-based AFTC method is presented in the next section.

IV. INTERVAL OBSERVER-BASED AFTC

Generally, an AFTC consists of two steps, FDI at the first step and controller redesign at the second one to eliminate the influence of the fault. In this section, an AFTC scheme based on interval observers is presented.

A. Observer formulation and fault diagnosis

Consider the following nonlinear system:

ẋ = f (x, θ, u) y = Cx (9) 
where x ∈ R n is the state vector, θ ∈ R m is the possible faulty parameter vector, y ∈ R q is the output vector, C ∈ R q×n is the output matrix. f (x, θ, u) is a nonlinear function, and its first partial derivatives on x and θ are continuous, bounded, Lipschitz in x and θ. The nominal value of the parameter vector θ is denoted by θ 0 and is known. The authors in [START_REF] Li | A new fault isolation and identification method for nonlinear dynamic systems: Application to a fermentation process[END_REF][16] define the parameter fault as a vector given by: f p = θ f -θ 0 , which will cause a great deviation between the faulty system ẋ = f (x, θ f , u) and its nominal model ẋ = f (x, θ 0 , u). θ f indicates the faulty parameter vector.

In order to detect, isolate and identify the faulty parameter, we use a FDI method based on interval observers [START_REF] Li | A new fault isolation and identification method for nonlinear dynamic systems: Application to a fermentation process[END_REF][16], the observers are constructed by the divided intervals of the possible faulty parameter. Then, all the intervals are checked to figure out whether or not one of them contains the faulty parameter value. Thus, the fault is isolated and estimated.

To design a bank of interval observers for the dynamic system (9), the practical domain of the possible faulty parameters is firstly divided into several intervals. The interval diving rule can base on the specific value change or the percentage change of the nominal value. For celerity, we take the ith interval of the jth parametere θ (j) as an example, the interval bounds are denoted by θ (i,j) and θ (i+1,j) .

Then, the isolation observers corresponding to each interval bound are given below:

     ẋ(i,j) = f (x (i,j) , θ ob(i,j) (t), θ ob(i,l) (t), u) + H(ŷ (i,j) -y) ŷ(i,j) = C x(i,j) e (i,j) y = ŷ(i,j) -y (10)            ẋ(i+1,j) =f (x (i+1,j) , θ ob(i+1,j) (t), θ ob(i+1,l) (t), u) + H(ŷ (i+1,j) -y) ŷ(i+1,j) =C x(i+1,j) e (i+1,j) y =ŷ (i+1,j) -y (11) 
where

θ ob(i,j) (t) = θ 0(j) , t < t f , θ (i,j) , t ≥ t f , θ ob(i+1,j) (t) = θ 0(j) , t < t f , θ (i+1,j) , t ≥ t f , θ ob(i,l) (t) = θ ob(i+1,l) (t) = θ 0(l) , ∀t, l = j
As presented in [START_REF] Thirumarimurugan | Comparison of fault detection and isolation methods: A review[END_REF] and [START_REF] He | Development of a Numerical Model for a Compact Intensified Heat-Exchanger/Reactor[END_REF], each bound of parameter intervals is used as a parameter of the isolation observer. For one parameter with n intervals in series, there are (n + 1) bounds, so, (n + 1) isolation observers are constructed.

To detect the occurrence of a fault, we only need to calculate the residual of a special observer that uses the nominal parameter value. Suppose that the kth observer is the particular one, then the residual is defined as:

r k = ŷ(k) -y , k ∈ 1, . . . , m. (12) 
where ŷ(k) and y represent the output vector of the kth observer and of the system, respectively. If, at some point of the system operation, the residuals become different from zero, then a fault in the open-loop system is detected. Remark 1: In the closed-loop system, the residual can be easily affected by the input signal change, which makes it difficult to identify the reason for the residual change. In this paper, we suppose that all the actuators are fault-free, which eliminates the possibility that the affected residual is caused by an actuator fault.

In order to identify the reason for residual change, input variation caused by the controller adjustment or a fault in the system parameter, auxiliary residual Dr k is introduced:

Dr k = d ŷ(k) -y dt (13) 
The auxiliary residual is used to evaluate the stability of the original residuals r k . Therefore, we check the value of the original residual r k and auxiliary residual Dr k at the first step, if they all leave zero then a state change is detected. Second, when the auxiliary residual Dr k goes back to zero, i.e. the original residual r k is stable, we evaluate its value. If r k goes back to zero, then the change is caused by an input adjustment. However, if r k stays at a nonzero value, then the change indicates the occurrence of a fault.

Once the fault is detected, we calculate the index of each interval to isolate the fault:

v (i,j) = sgn(e (i,j) y )sgn(e (i+1,j) y ) (14) 
v (i,j) = 1 indicates that this interval does not contain the faulty parameter value. In the contrast, v (i,j) = -1 indicates that the faulty parameter value is located in this interval.

If the ith interval of jth parameter contains the faulty parameter, the fault value can be obtained by the following:

θf(j) = 1 2 (θ (i,j) + θ (i+1,j) ) ( 15 
)
This estimation of the faulty parameter value do not rely on classic parameter identification methods but rely on the proposed fault isolation method. And the fault is identified the moment the fault is isolated. Therefore, the time of FDI depends on the convergence time of the original residual.

B. Fault recovery

As long as the fault on the jth parameter is diagnosed, we proceed to the calculation of the faulty value f (j) p , using the parameter estimation in [START_REF] Li | A new fault isolation and identification method for nonlinear dynamic systems: Application to a fermentation process[END_REF]:

f (j) p = θf(j) -θ 0(j) . (16) 
In order to recover the dynamic fault, the estimated faulty value f (j) p is used to redesign the control signal F u given by [START_REF] Punčochář | A survey of active fault diagnosis methods[END_REF], by replacing the faulty parameter θ f (j) by θ 0(j) + f (j) p .

V. SIMULATION RESULTS

A case study is developed to test the effectiveness of the proposed AFTC method. The objective is to make the measured process fluid temperature T p follows the desired value T p,d in presence of dynamic faults. In the simulation, the following data obtained from real experiment [START_REF] Theron | Characterization of the performances of an innovative heat-exchanger/reactor[END_REF] is used: In the fault free case, the measured temperature of the process fluid T p and the control input F u are presented in Figure 2. The desired temperature T p,d is firstly settled at 27 • C and then resettled at 25 • C at t = 400 s. A filter is applied to the reference temperature in order to get a smoothing input signal. According to the designed control law and physical restriction of the pumps, the flow rate of utility fluid F u is set either to the minimum value 0 L • h -1 or the maximum value 150 L • h -1 to track the desired temperature as fast as possible during the transition period.

F p = 10 L • h -1 , T p,in = 77 • C, F u = 62.2 L • h -1 , T u,in = 15.
The dynamic faults considered in this paper are the decrease of the heat transfer coefficient between the process plate and the plate wall h p caused by the fouling in the II and Table III.

The interval diving of h p is based on the percentages of its nominal value h 0 p , while the interval partition of T p,in is related to the specific values around its nominal value T 0 p,in . 

A. Dynamic fault on h p

At t f = 200 s, the heat transfer coefficient h p decreases 15% of its nominal value, i.e. f

(hp) p = -1.393 × 10 3 W • m 2 • K -1 .
Then, the heat transfer coefficient in the faulty case becomes h f p = h 0 p +f II, the first isolation observer is the special one that uses the nominal value h 0 p . Its original residual r 1 and the auxiliary residual Dr 1 , used for FDI, are represented in Figure 3. At about t = 72 s, the original residual r 1 and the auxiliary residual Dr 1 change. When the auxiliary residual goes back to zero, i.e. the original residual is stable, the original residual also goes back to zero. Then, this means that the change is caused by a simple change of the control signal and not by a fault.

(hp) p = 6.4852×10 3 W • m 2 • K -1 . According to Table
At 200 s, both original and auxiliary residual change. When Dr 1 goes back to zero, r 1 stays at a nonzero value. Therefore, a fault is detected in the system. To isolate the fault, we check the performance of the output error vector e y = e y,Tp e y,Tu T . Figure 4 shows the output error vector e y between the interval observers corresponding to h p and the real system, while Figure 5 presents the e y between the observers corresponding to T p,in and the real system. In Figure 4, the zero is sandwiched by the second and the third output error e 2 y and e 3 y . That is to say that the isolation index v (2,hp) = sgn(e (2,hp) y

)sgn(e (3,hp) y ) = -1, while others are equal to one. On the other hand, the isolation indexes v (Tp,in) corresponding to the parameter T p,in are all equal to one, because the output error e y is located in the same side of zero in Figure 5. According to the isolation rule, the fault is isolated in the second interval of h p . The value of the fault is therefore estimated immediately:

ĥf p = 1 2 (h (2) p + h (3) p ) = 1 2 (90%h 0 p + 80%h 0 p ) = 85%h 0 p ( 17 
) Finally, the fault information is used to redesign the controller. Figure 6 represents the process temperature T p under two different situations: when the AFTC method is applied and when it is not. It is clear that the process temperature T p cannot follow the desired value T p,d without the AFTC strategy. On the contrary, the fault on h p is recovered when the AFTC method is applied, and the system continues to operate safely. III, the third observer is the particular one because it uses the nominal value T 0 p,in = 77 • C. The residuals are shown in Figure 7. After t f = 200 s, and when the original residual r 3 is stable, it stays at a non zero value. Then, the fault is detected. With the help of the output error vector e y shown in Figure 8 and Figure 9, we can easily calculate the isolation index and find the special one: v (5,Tp,in) = sgn(e Therefore, the fault is estimated:

T f p,in = 1 2 (T (5) 
p,in + T and is used for the controller redesign procedure. Figure 10 represents the performance of the system with and without the application of the AFTC strategy. Obviously, the AFTC scheme eliminates the effect of the fault.

VI. CONCLUSION

In this paper, observer-based AFTC system is proposed to an intensified reactor. With the help of the interval observer construction, the fault is detected, isolated and identified. The backstepping based control law proposed in this paper is then redesigned by using the estimated fault information. The effectiveness of the interval observer-based AFTC method is validated by simulations. In the future, experiments will be conducted to verify the performance of the proposed AFTC strategy, this method will also be applied to recover the faults on the sensors and the actuators. 
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 1 Fig. 1: HEX reactor model, (a): utility plate, (b): process plate, (c) plate wall. Source [15].

  6 • C. Due to the physical limitation of the pump, the flow rate of both fluids ranges from 0 to 150 L • h -1 . The initial temperatures of process channel, utility channel and plate wall are [T p T u T w ] T = [77 15.6 15.6] T .
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 2 Fig. 2: Measured process fluid temperature T p and utility fluid flow rate F u in the fault free case.
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 345 Fig. 3: Original residual and auxiliary residual of the special observer: h p is faulty at 200 s.

Fig. 6 :

 6 Fig. 6: Temperature T p under different cases: h p is faulty at 200 s.

Fig. 7 :

 7 Fig. 7: Original residual and auxiliary residual of the special observer: T p,in is faulty at 200 s.
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 589 Fig. 8: Output error vector e y correspond to intervals of h p when dynamic T p,in is faulty at 200s

Fig. 10 :

 10 Fig. 10: Temperature T p under different cases: T p,in is faulty at 200 s.

TABLE I :

 I Physical data of the HEX reactor

	Parameter	Value	Units
	Vp	2.68 × 10 -5	m 3
	ρp, ρu	10 3	kg • m -3
	Cp,p, Cp,u	4.186 × 10 3	

TABLE II :

 II The value of interval bounds for h p

	No. of interval	1	2	3	4	5
	h (a) p	100% 90% 80% 70% 60%
	h (b) p	90%	80% 70%	60% 50%

TABLE III :

 III The value of interval bounds for T p,in

	No. of interval	1	2	3	4	5
	T p,in (a)	81 79 77 75 73
	T p,in (b)	79 77 75 73 71
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