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Fault tolerant control for energy power systems

In this paper, we investigate the problem of a fault tolerant control for an energy power system. The aim of our approach is to improve the availability and the reliability of the energy power system by taking into account the occurence of faults in the design of the control algorithm. Here, we propose an observer estimating simultaneously the state and faults of the system which will be injected in the controller to compensate the faults effects.

NOMENCLATURE

C p,r : heat capacity of the room air, C p,w : heat capacity of water in floor heating pipes, C p,f : heat capacity of the floor, T r : room air temperature, T f : floor temperature, T w : water temperature in floor heating pipes, T a : ambient temperature, T a : ground temperature, W c : heat pump compressor input power, φ s : solar radiation power, (U A) f r : heat transfer coefficient between floor and room air, (U A) wf : heat transfer coefficient between water and floor, (U A) ra : heat transfer coefficient between room air and the ambient air, Q f r : heat transmitted from the floor to the indoor air Q wf : heat transmitted from the water circulating in the floor heating pipes to the floor, Q ra : heat transmitted from the air in the room to the surroundings, p: fraction of incident solar radiation on floor, η: compressor coefficient of performance.

INTRODUCTION

Due to the global warming and climate change threating the world, the energy consumption has to make a transition and should look elsewhere. For this reason, a great interest has been given to renewable energy and low-carbon emission energy sources during recent years [10], [START_REF] Hepbasli | A review of heat pump water heating systems[END_REF], [START_REF] N L Panwar | Role of renewable energy sources in environmental protection: A review[END_REF], [START_REF] Angelis-Dimakis | Methods and tools to evaluate the availability of renewable energy sources[END_REF] and references there in. In Europe, buildings consume about 40% of the total energy use [START_REF]Energy Yearly statistics 2007[END_REF], where heating is the most important energy consumer. Gas boilers combined with radiators still be the most common heating system in buildings in Europe. However, unlike gas heating or wood burners, the heat pumps systems are environmentally friendly. Driven by electricity, those systems bocome one of the main source of heating [START_REF] Halvgaard | New developments in illumination, heating and cooling technologies for energyefficient buildings[END_REF], [START_REF] Han | Numerical simulation of solar assisted ground-source heat pump heating system with latent heat energy storage in severely cold area[END_REF], [START_REF] Hepbasli | A review of heat pump water heating systems[END_REF], [START_REF] Karytsas | Barriers against and actions towards renewable energy technologies diffusion: A principal component analysis for residential ground source heat pump (gshp) systems[END_REF]. A basic factor of its successful application is the availability of a cheap and dependable heat source. In this work, we show the importance of the automation contribution in the control of the energy demand of a building. Based on a model deducted from energy balances in a building [START_REF] Halvgaard | New developments in illumination, heating and cooling technologies for energyefficient buildings[END_REF], we design an optimal control law in order to minimize the energy consumed. Thus, the proposed optimal control law is based on an adaptive observer which allows the reconstruction of the model variables that are not measured. This control law takes into account the estimated state of the "building-actuator" system and the effects of the environment represented by the variations in the ambient temperature. This paper begins by giving the energy balances and the different parameters interfering in a heating buildings system. Then, we give the mathematical model of the system considered in this paper. To have an acess to all the parameters of the system, we design in the fourth section a Kalman observer, in order to design a suitable controller which compensate the effects of faults and ensure the stability in the closed loop. Finally, performances and efficiency of the proposed approach are shown through an example.

ENERGY BALANCES OF A HEATING HOUSE SYSTEM

In order to get a suitable model of the energy power system, we establish the energy balances in the considered building and we assume that:

• there is one uniform air temperature,

• there is no ventilation and not either an influence from the wind,

• the air humidity doesn't influence the energy balances,

• the heat due to the human presence in the room, is not taken into account.

As in [START_REF] Halvgaard | New developments in illumination, heating and cooling technologies for energyefficient buildings[END_REF], we consider here the presence of two heat accumulating data: the room air and the floor (see figure 1(a)). Note that in this figure, the additional variables T a and W c stand for the ground temperature and the heat pump compressor input power, respectively. These variables do not intervene in the model of the heating house).

28 Models sources for heating of buildings in Denmark will be heat pumps combined with water based floor heating systems. Heat pumps are very energy e cient as their coe cient of performance (COP) is typically 3 or larger, i.e. for each kWh electricity supplied, they deliver more than 3 kWh heat. As heat pumps are driven by electricity and supply heat to buildings with large thermal capacities, they are able to shift the electricity consumption and provide a flexible consumption.
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Residential heating using a heat pump and a water based floor heating system may be modeled by the energy balances

C r Ṫr = Q fr ≠ Q ra + " s (2.21a) C f Ṫf = Q wf ≠ Q fr (2.21b) C w Ṫw = Q c ≠ Q wf (2.21c)
where T r is the room temperature, T f is the floor temperature, T w is the temperature of the water in the floor pipes, and " s is the solar radiation on the building. The heat transfer rates are

Q ra = (UA) ra (T r ≠ T a ) (2.22a) Q fr = (UA) fr (T f ≠ T r ) (2.22b) Q wf = (UA) wf (T w ≠ T f ) (2.22c)
and the e ective heat added by the compressor to the water in the pipes is given by

Q c = ÷W c (2.23)
where W c is the compressor work. The compressor work is constrained by the hard constraints 0 buildings in Denmark will be heat pumps combined with water stems. Heat pumps are very energy e cient as their coe cient ) is typically 3 or larger, i.e. for each kWh electricity supplied, an 3 kWh heat. As heat pumps are driven by electricity and ings with large thermal capacities, they are able to shift the on and provide a flexible consumption.
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Figure 1: Building and heat pump floor heating systems.

The energy balance in a room is given by:

C p,r Ṫr = f r Q ra + (1 -p)φ s (1a) C p,f Ṫf = Q wf -Q f r pφ s (1b)
where C p,r , C are defined at the beginning of the paper, Q ra , Q f r and Q wf are given by:

Q f r = (U A) f r (T f -T r ) (2a) Q ra = (U A) ra (T r -T a ) (2b) Q wf = (U A) wf (T w -T f ) (2c)
where the product (U A) represents the heat conductivity multiplying the surface area of the layer between two heat exchanging media. The energy balance for the water in the floor heating system is expressed as follows:

C p,w Ṫw = Q c -Q wf ( 3 
)
where C p,w is the heat capacity of the water in the floor heating pipes. Q c is the amount of heat issued from the condenser to the water in the heat pump, such that:

Q c = ηW c ( 4 
)
with η and W c are defined in the first section.

Then, the theoritical model resulting from the energy balances equations and describing the heat dynamics of a house floor heating system connected to a ground source based heat pump, constitute the basis for the analysis given in this work. Here, we propose to estimate the state vector and the unknown parameter of the considered model using an adaptive observer in order to find a state feedback stabilizing the closedloop system using an H ∞ approach to guarantee the disturbance attenuation.

MODELIZATION OF A HEATING HOUSE SYSTEM

The residential heating system described before, can be modelled by the following statespace linear system,

ẋ = Ax + Bu + Ed + Df (5a) y = Cx (5b)
where x = T r T f T w T is the state vector with T r is the room air tempreture, T f is the floor temperature, T w is the water temperature in floor heating pipes. u is the input vector which represent the power used by the compressor in the heat pump W c . y is the output vector which corresponds to the room air tempreture T r . d = φ s is a disturbance vector with φ s is the solar radiation power. f is considered as an unknown input which represents the ambient temperature T a . The matrices A, B, C, D and E are known with constant values, given by:

A =    -(U A) f r -(U A)ra Cp,r (U A) f r Cp,r 0 
(U A) f r C p,f -(U A) wf -(U A) f r C p,f (U A) wf C p,f 0 (U A) wf Cp,w -(U A) wf Cp,w    E =   (U A)ra Cp,r 0 0   , D =   1-p Cp,r p C p,f 0   B = 0 0 η Cp,w T , C = 1 0 0
The main objective in this work is to synthesize a control law u = W c , in order to minimize the effect of the unmeasured perturbation f on the error between a setpoint reference temperature in the room, called T c by setting y c = T c and the measured temperature of the room given by y = T r . This control law is described by the diagram in the figure 2 and is calculated into two steps as follows:

• First step The design of an observer to estimate the state vector x and the unmeasured perturbation f , considered as a fault, via a Kalman filter. These estimates are called x and f .

• Second step Using the observer estimates, computation of the gains K x , K I and K f to generate the control u.

To obtain an asymptotic convergence between the setpoint y c and the measure y, an integrator is added in the control law. q and s are respectively the integration and the Laplace variable. In order to decrease the effect of the perturbation f on the control law, the estimate of this perturbation, f is used in the control law.

-
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OBSERVER DESIGN

The purpose in this section is to design an observer based on the Kalman filter, given in figure 2, in order to estimate the state x and the perturbation f using the measure y, the control u and the disturbance d. Thus, we suppose that the ambient temperature varies little bit slowly for a sufficiently long period of time, that is to say that it can be considered constant, which allow us to introduce the following artificial model

ḟ = 0 (6) 
Then, equations ( 5) and ( 6) are equivalent following augmented system,

ξ = Aξ + Bu + Ed (7a) y = Cξ (7b) where ξ = x f , A = A D 0 0 , E = E 0 and C = C 0 .
Before starting the design of the adaptive observer, we have to check if the system ( 7) is detectable (the matrices (A, C are detectable.) [START_REF] Reilly | Observers for linear systems[END_REF], which is the case for the considered system by satisfying the following rank condition

rank   sI 3 -A E 0 sI 1 C 0   = 4 ∀s ≥ 0
Notice that for most of the dynamical systems, as the heating building considered systems, the measurements are not totally accessible. To have access to all the states, the design of an observer becomes a necessity.

To estimate the states and the unknown inputs of the heating building systems modelled by equation ( 5), we propose the following Kalman observer:

ẋ = Ax + Bu + Ed + D f + L x (y -ŷ) (8a) f = L f (y -ŷ) (8b) ŷ = C x (8c)
where x and f are respectively the estimates of the states vector x and the unknown input f . L x and L f are the observer's gain.

Using the vector ξ, we rewrite the filter described by (8) as follows

ξ = A ξ + Bu + Ed + L(y -ŷ) (9a) ŷ = C ξ (9b) 
where

L = L x L f
, is obtained as follows:

L = P o C T R -1 (10) 
with P o is the solution of the Ricatti equation [START_REF] Reilly | Observers for linear systems[END_REF] described by:

AP o + P o A T + P o C T R -1 CP o + Q = 0
where R = R T > 0 and Q = Q T > 0 given by:

Q = Q 0 + µ 2 BB T
Q 0 is an appropriate noise intensity corresponding to the nominal Kalman filter gain, i.e for µ = 0. µ is a positive scalar choosing with a high value. The choice of this structure for the matrix Q is recommanded to improve the robustness of the filter [START_REF] Doyle | Robustness with observers[END_REF], [START_REF] John | Multivariable feedback design:concepts for a classical/modern synthesis[END_REF].

Then, the design of the Kalman filter is based on the choice of matrices Q and R, and the scalar µ.

OBSERVER-BASED FAULT TOLERANT CONTROL

In this section, sufficient conditions of asymptotic stability and H ∞ criterion of the heating systems in closed loop will be given under the action of an adaptive observer-based control. For that reason, we start by introducing the following assumption:

Assumption 1

• The pair (A, B) is stabilisable.

Since only the estimates of the states x and the unknown parameter f are available for the feedback control, we propose the following fault tolerant controller (see figure [START_REF] Alma | An H ∞ adaptive observer design for linear descriptor systems[END_REF]):

u = u I -u x -u f (11) 
where

u x = K x x (12a) 
u f = K f f (12b) u I = K I q (12c)
with q is defined by its following dynamics q = y c -y

Let ρ and w be two vectors expressed as

ρ =    x q e x e f    and w =   d y c f   ( 14 
)
where e x = xx and e f = ff . Then, the closed-loop system, given by ( 5) and [START_REF] Hepbasli | A review of heat pump water heating systems[END_REF], can be written as follows:

ρ = Aρ + F w (15a) z = Cρ + Gw (15b) 
where

A =    A -BK x BK I BK x BK f -C 0 0 0 0 0 A -L x C D 0 0 -L f C 0    (16a) F =    E 0 D -BK f 0 I 0 0 0 0 0 0 0    (16b) C = -C 0 0 0 G = 0 1 0
Then, the aim is to design a control law u which minimizes the impact of the vector w on the vector ρ. In other world, to find gain matrices K x , K f and K I such that the closed-loop system ( 5)-( 12) is stable. So, we propose to compute the gains K x , K f and K I using an H ∞ approach. The aim of calling the latter approach is to guarantee a mapping from w to ρ with an L 2 gain attenuation less or equal to the scalar γ, with γ > 0 called the level of disturbance attenuation [START_REF] Boyd | Linear matrix inequality in systems and control theory[END_REF], [START_REF] Karimi | Robust delay-dependent H ∞ filtering for a class of LPV state-delayed systems[END_REF], [START_REF] Alma | An H ∞ adaptive observer design for linear descriptor systems[END_REF], [START_REF] Gérard | Hinfinity filter for bilinear systems using LPV approach[END_REF], [START_REF] Zerrougui | H ∞ observers design for singular bilinear systems[END_REF], and satisfies the following criterion:

sup w∈L 2 ρ 2 w 2 < γ, w 2 = 0
Let us consider the closed loop system described by the equations [START_REF] Reilly | Observers for linear systems[END_REF], for which we apply the Bounded Real lemma given in the appendix, we obtain the following result:

   P c A + A T P c P c F C T F T P c -γ 2 I 3 G T C G -I    < 0 (17) 
The resolution of this inequality will permit to get the gains matrices which will ensure the stability and H ∞ performance of the closed loop.

NUMERICAL RESULTS

We consider the following numerical values of the different parameters used in the heating house systems:

Variable Value C p,r 810 kJ/ • C C p,f 3315 kJ/ • C C p,w 836 kJ/ • C (U A) ra 28 kJ/ • C h (U A) f r 624 kJ/ • C h (U A) wf 28 kJ/ • C h p 0.1 η 3 
The resolution of the inequality [START_REF] Zerrougui | H ∞ observers design for singular bilinear systems[END_REF], gives the following gains matrices: 

L x =   1 

CONCLUSIONS

Based on a modelisation of energy consumption of a given building in [START_REF] Halvgaard | New developments in illumination, heating and cooling technologies for energyefficient buildings[END_REF][START_REF] Halvgaard | Model predictive control for smart energy systems[END_REF], we proposed an observer based control law in order to generate a control law taking into account the environment effects represented by changes in ambient temperature and by radiation from the sun. The adaptive observer makes it possible to integrate into the control law, variables which are not measured, by their estimation. In future work, we intend to take into account several sources of energy, as well as the user's feel. This will require defining objectives to optimize in order to take into account the way energy is generated and the user's feels.
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  Building and heat pump floor heating system and its thermal properties. The dashed line represents the floor heating pipes. (b) Ground source heat pump.
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  = 0.5, µ = 100, γ = 526.97 and the Lyapunov matrix P c is given by (18) in the next page.