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The present study is dedicated to the estimation of internal temperatures within a foodstuff during microwave
tempering, in the presence of unknown dielectric properties. The solution consists of a software sensor based on a
model originating from the closed-form solutions of Maxwell’s equations coupled with the conduction heat equation
solved by finite differences. The algorithm implemented enables convergence towards acceptable dielectric property
functions while the temperature field is estimated simultaneously. This approach is carried out in simulation by
considering the tempering of a block of raw beef located in a rectangular wave guide in order to consider a
fundamental mode with perfectly known electromagnetic conditions.
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I. I NTRODUCTION
In the food industry, tempering consists of bringing a frozen foodstuff close to its transition temperature,
without thawing. Such an operation provides sufficient malleability to perform mechanical operations, such
as mixing and slicing. The main objective is for the whole product to reach this target temperature homogeneously, without partial defrosting, to protect it from a renewal of micro-organism activity. However,
microwave tempering presents a major drawback, inherent in the use of microwaves: the thermal runaway.
This phenomenon is characterized by the appearance of hot points within the food sample [16]. These
hot points are due to resonance phenomena occurring when the penetration depth of the electromagnetic
wave is greater than the thickness of the product [5]. This happens when the treated materials are low
dielectrics, as is the case for frozen foodstuffs. Moreover, the dielectric properties of foods usually evolve
with temperature, especially close to the thawing point. Consequently, the location of hot points can
change slightly during the treatment.
For the reasons mentioned above, microwave ovens are little used for thawing or tempering in the food
industry, despite their wide interest. To develop their use, good monitoring of the internal temperatures is
a preliminary step to perform a further closed-loop control procedure. Obviously, to carry out temperature
monitoring in an industrial context, invasive measurements are prohibited, and thermal measurements are
authorized only at the boundaries, without contact if possible (an optical pyrometer for example). To
reach such an objective, the use of state observers is mandatory. A state observer is an extension to a
dynamic state space model which provides feedback on the internal state. This is essential to control a
system. It is used on a system where direct access to the state is not possible, and estimates the state from
available measurements. In the case proposed in this work, the role of the observer is therefore to provide
as close an estimation as possible of the internal temperature field, from measurements located on the
surface. As mentioned above, a state observer requires the design of a dynamic state space model of the
system. Microwave tempering modeling leads to a complex parabolic partial differential equation (PDE)
system, composed of Maxwell’s equations and the conduction heat transfer equation, both with variable
parameters. Relatively few works are reported in the literature concerning the design of distributed state
†LUNAM, ONIRIS, GEPEA,CNRS, rue de la géraudière, BP 82225, Nantes. (Tel: +33 2 51785477 / Email: lionel.boillereaux@onirisnantes.fr)
‡CNRS-University of Grenoble. ENSE3, BP 46, Domaine Universitaire, 38402 Saint Martin d’Hères, France. (Tel: +33 4 76 82 63 26 /
Email: mazen.alamir@gipsa-lab.inpg.fr). This work has been supported by the French National Research Agency Project ANR-CLPP.
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estimators, except for first order hyperbolic or second order parabolic PDEs with constant parameters [21],
[6]. The most straightforward solution, and the only one for very complex systems, is thus to discretize the
PDEs to obtain nonlinear ordinary differential equation systems (ODE). For nonlinear processes, observer
design is a cumbersome task: indeed, on one hand, analytic observers [10], [22] are usually applicable
to a limited class of systems and require specific skills in mathematics; on the other hand, optimizationbased observers, which can be applied to complex systems, require some optimization-based approaches
which are time-consuming. In microwave thermal processes, the resolution of Maxwell’s equations and of
the heat equation cannot be performed separately. Indeed, the source term of the heat equation depends
on the magnitude of the local electric field, and the distribution of the electric field depends on the
dielectric properties, which are themselves temperature-dependent. The simultaneous resolution of these
equations can be performed thanks to numerical algorithms based on a finite-elements approach [7].
Unfortunately, such procedures require a large computational time, which is not compatible with a realtime procedure of state estimation. In [1], the authors suggest overcoming the resolution of Maxwell’s
equations by considering an exponential decay of the electric field. This work is proposed in the case
of thawing. Although this approach is relevant to control the thermal runaway in the defrosted area, the
resonance phenomena are not taken into account in the frozen one. In [5], the authors proposed closedform solutions of Maxwell’s equations,which avoid their numerical resolution while taking resonance into
account. Nevertheless, closed-form solutions have been developed, to the best of our knowledge, for onedimensional geometry, a normal and constant incident electric field, and constant dielectric parameters.
Even if an incident electric field is usually and arbitrarily considered as normal and constant in the
literature, it is well-known that the dielectric properties of foods vary with temperature, as illustrated in
Figure 1. The applicability of an approached expression of this relevant solution with variable dielectric
properties must be checked. This is precisely what we propose in this contribution by comparing simulation
results with a numerical resolution of Maxwell’s equations in different cases. The electric field computed
in this way is then implemented as a varying source term in the heat transfer equation, which is solved
using a one-dimensional finite-difference scheme.
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Another important point to mention concerning food tempering is the lack of knowledge about the
dielectric properties of frozen and complex foods. Indeed, in the literature, many studies are dedicated
to measuring the dielectric properties of food samples by using the open-ended coaxial dielectric probe
kit [9], [11], [12], [17], [19], [20], [23], but these measurements are mostly performed with defrosted
food products (T > 0 ◦ C) due to a lower accuracy below the freezing temperature. The microwave
cavity perturbation technique is also widely used to measure dielectric properties but few applications are
dedicated to food products [4]. This method consists of measuring frequency shift and change in cavity
transmission characteristics when a small dielectric object is inserted into a microwave resonant cavity [13].
Recently, this method has also been employed for permittivity measurement of low loss dielectric materials
[15]. This technique seems to be appropriate for frozen food due to their low dielectric characteristics.
However, the design of the cavity needs to be adapted to the sample dimension and also to the frequency
of the electromagnetic wave, i.e. 2.45 GHz. For these reasons, the dimensions of the cavity are of crucial
importance to obtaining accurate dielectric measurements and, in the case of solid foods, the sample
preparation and the design of the cavity are also very time-consuming.
The estimation of internal temperatures via a state observer during the tempering of frozen food materials
with unknown dielectric properties is therefore a real challenge. These unknown properties must be
estimated simultaneously with the state variables of the process. The French National Research project
ANR 1 - CLPP2 has thus been initiated based on the observation that many process researchers, when dealing
with their own works on the control, monitoring and/or the optimal design of their processes, are quite
1
2

Agence Nationale pour la Recherche
from the french ”Capteurs Logiciels Plug & Play”
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Some loss factor evolutions for food products [4]
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frequently faced with the problem of observer design. For non-specialists, this task is cumbersome because
analytic observers rarely apply while optimization-based approaches need some technicalities that may
be time-consuming and difficult to master. User-friendly software [2] has been developed to facilitate
the design of the state/parameter reconstruction. Such a tool seems particularly suited to the objective
described above. Indeed, it enables the temperature lacking within the foodstuff to be estimated, even
in the presence of unknown dielectric properties. It addresses systems that are described by ordinary
differential equations, as obtained from the combination of closed-form solutions with a finite-difference
scheme.

AC

In this work, we propose to evaluate the CLPP software from simulated data. Simulation is preferred
because it provides a better evaluation of the estimation errors of the internal temperatures. Indeed,
temperature measurement is very difficult due to the inherent approximation of the probe location,
especially in frozen foodstuff, and it would be difficult to distinguish clearly estimation errors from
experimental measurement uncertainties. The simulated data come from the numerical resolution of
Maxwell’s equations via a finite-element scheme performed with Comsol, by considering the tempering of
a block of raw beef irradiated by a monochromatic microwave at the upper surface, whereas the software
sensor is based on approached closed-form solutions coupled to a finite-difference scheme, as illustrated
in Figure 2.The finite-element scheme was validated in [7], and compared with the closed-form solution
in [8]. The paper is therefore organized as follows:
The closed-form solution developed in the software sensor is described in section II, and compared to
the numerical solution proposed in [7]. Section III presents the CLPP software briefly. The numerical and
physical conditions considered in both models illustrated in Figure 2 are described in section IV. Finally,
estimation results and related discussions are given in section V.
II. M ODEL D ESCRIPTION
In this section, we first give a brief reminder of the closed-form solutions developed by [5]. Then the
experimental device and the conditions with which the analytical solution has been validated in previous
works are described. Finally, the same experimental conditions are considered in simulation to verify the
applicability of the approximate solution we propose, by comparing different scenarios with the numerical
resolution of Maxwell’s equations.
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product is homogeneous and isotropic.
mass transfer is negligible.
problem is one-dimensional.
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A. Closed-form solutions and heat transfer
A one-dimensional finite-difference scheme to solve the heat equation is proposed. In order to fulfill the
conditions of applicability of the closed-form solutions, the following assumptions are necessary:

PT

Heat transfer is based on the generalized heat equation which depends on the thermophysical properties
of the product. With respect to Assumption 5, a one-dimensional problem can be considered by taking:
∂T
∂
∂T
=
(k(T ) ) + Qabs (z)
(1)
∂t
∂z
∂z
The source term Qabs quantifies the amount of power which is dissipated in the product by dielectric
losses. The source term is computed from the knowledge of the local electric field strength as follows
[14]:
1
Qabs (z) = ω · ε0 · ε”r · |E(z)|2
(2)
2
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0

This term depends explicitly on the loss factor ε”r and implicitly on the dielectric permittivity εr through
the local field E(z).
Let us denote by Dp the penetration depth of the wave in the material, namely:
#− 12
"


”  1/2
ε 2
C0
0
−1
2 · εr · 1 + r0
(3)
Dp =
π·f
εr
0

where εr and ε”r represent the dielectric permittivity and the loss factor of the material respectively,
2πf
C0 = 3 × 108 m/s, f = 2.45 GHz. In the sequel, κ0 =
= 51.3 m−1 is the propagation constant.
C0
In a thin layer of frozen material (L = 5 cm in this work), Dp is greater than L, and the authors in [5]
proposed a closed-form solution:
Qabs (z) =

8πf ε”r κ20 C −
× d × F0
C0
C

(4)
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C − = c1 cos(κ2a L(1 − z )) + c2 cosh(κ2b L(1 − z )) +
0
0
+c3 sin(κ2a L(1 − z )) + c4 sinh(κ2b L(1 − z ))
C d = (c23 − c21 ) cos(2κ2a L) + (c22 + c24 ) cosh(2κ2b L) −
−2c1 c3 sin(2κ2a L) + 2c2 c4 sinh(2κ2b L)
c1 = κ22a + κ22b − κ20 ; c2 = κ22a + κ22b + κ20
c3 = −2κ2a κ2b ; c4 = 2κ0 κ2a
2π
1
2z
0
; κ2a =
; κ2b =
z =
L
λm
Dp
#−1/2
√ " s

C0 2 0
ε”r 2
λm =
εr
1+ 0 +1
f
εr
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B. Numerical validation of closed-form solutions
In [7], a numerical tool, based on a finite-element scheme, was developed on Comsol software, coupling
the resolution of Maxwell’s equations with heat transfer. The experimental validation was achieved by
considering a 2-D geometry and variable dielectric properties. However, phase change was avoided by
considering either tempering of frozen food or heating of non-frozen food. The tests were performed
using methylcellulose, a food analog product with thermal properties close to those of raw beef. A
monochromatic wave was considered, in the fundamental mode, denoted T E10, and operating at a
frequency of 2.45 GHz, delivering a half-sinusoidal electric field along the large dimension (86 mm) of a
rectangular wave guide and a constant one along the smallest dimension (43 mm). The incident wave was
normal to the upper surface and the sample was placed on a polystyrene support, considered as a perfect
insulation. Temperatures at the lower and upper surfaces (inserted 1 mm under the surfaces) and at different
points of the sample were measured with optical fiber sensors (LUXTRON Fluroptic Thermometer, model
790, accurate to ±0.5 ◦ C, Luxtron Corporation, Santa Clara, USA). Once the simulator had been developed
and validated, the performance of closed-form solutions was evaluated in [8] by comparing them with
numerical results. This evaluation was carried out by considering low and high dielectrics but constant
parameters (oil and water), in 1D and 2D geometries. With high dielectric properties (typically as in
defrosted foods), it was shown that approached closed-form solutions, developed in 1D in the literature,
are still relevant in 2D. However, with oil samples (similar to frozen foods in terms of dielectric properties),
the approach could not be extended to the 2D geometry. Nevertheless, satisfying results were obtained in
a 1D configuration, with high or low dielectrics.
C. Extension to variable dielectric properties
In this section, we simply replace the constant dielectrical properties by functions of temperature in the
closed-form solutions presented above, in a one-dimensional problem. The results obtained, on one hand
with a finite-element scheme applied to Maxwell’s equations, and on the other hand with approximate
closed-form solutions are compared. The model is built by considering similar experimental conditions to
those used in previous works and described above. A sample thickness of 5 cm is considered, perfectly
insulated on the lateral faces. Without loss of generality, the lower surface is perfectly insulated, whereas
the upper one is irradiated by a normal incident wave. The thermal properties of methylcellulose (similar
to those of raw beef), measured in our laboratory, are considered, whereas the dielectric properties of raw
beef come from the literature and are plotted in Figure 3 for the considered tempering range.
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529T + 3784



 31785 · e0.231T
33278T + 103975
Cp (T ) =


−105920T
− 49140


3.7T + 3682.7
k(T ) =

if
if
if
if
if

T
T
T
T
T

1.4325
1 + e1.3794T +5.7945

< −10 ◦ C
∈ [−10 ◦ C, −2.6 ◦ C]
∈ [−2.6 ◦ C, −1.1 ◦ C]
∈ [−1.1 ◦ C, −0.5 ◦ C]
> −0.5 ◦ C
+ 0.5187

(5)

(6)

In Figure 4, the microwave tempering of beef is simulated during 130 s with a microwave power flux
of 25 000W/m. The temperature change within the sample is plotted as a function of sample depth.
The microwave power source term is computed either by using either Maxwell’s equations or closedform solutions. The irradiated upper surface is at position -0.025 m. Figure 4 clearly demonstrates that
Maxwell’s equations and closed-form solutions are able to predict temperature change in beef during
microwave tempering. The differences observed between both approaches do not exceed 1◦ C for every
simulated time. Closed-form solutions can thus be used to model microwave tempering with varying
dielectric properties from −20◦ C to −2.6◦ C in the case of a frozen beef sample.
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III. R EMINDER ON M OVING H ORIZON O BSERVERS
Let us consider a dynamic system that can be described by the following set of Ordinary Differential
Equations (ODE):
ẋ = f (x, u, q)

;

y = h(x)

(7)
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where x is the state, u is the control input while q is a vector of the model parameter and y stand for
the measured output vector. In order to reconstruct the state x and the parameter vector q, CLPP uses a
moving-horizon strategy [18] in which the measurements collected during the past observation horizon
[t − T, t] (where t is the current time while T is called the observation horizon) are used to recover the
values of the unknown variables. Typically, the latter include the value of the state vector at instant t − T
and the value of the parameter vector q, namely:


x(t − T )
p(t) =
q
More generally, CLPP enables a flexible definition of the parametrization by allowing the users to define
their own parametrization map according to:

MA

[x(t − T ), q]|tt−T = param(p(t))

(8)

(t)

ED

Namely, the user defines how, at each instant t, the current value of the parameter is used to compute the
corresponding estimation of the past state x(t − T ) and the vector of the physically meaningful parameter
vector q. More precisely, the resulting unknown p(t) is obtained by minimizing the following cost function:
J (p) :=

ny
X
 X


|yi (tk ) − ŷi (tk |p)|

(9)

PT

i=1 k∈κi (t)

AC

CE

in which ny is the number of output sensors, κi (t) is the set of indices of past instants tk ∈ [t − T, t] at
which a measurement yi (tk ) of sensor i is available. The notation ŷi (tk |p) denotes the output component
that would be expected if the state x(t − T ) and the vector of parameters q are those given by p in
accordance with (8). During each observer updating period [τj , τj+1 ] (where τj = j · τo ), a finite number
neval of function evaluations are allowed in order to look for a minimum of the cost function J (τj ) (·)
starting from an initial guess p+ (τj−1 ) that is compatible with the past estimate p(τj−1 ) leading to the
following updating process for the dynamic variable p:

p(τj ) := S neval p+ (τj−1 )
(10)
where S denotes an iteration of some optimization algorithm and S q denotes successive iterations of S
that involve neval function evaluations. In its current version, CLPP already implements several gradientfree direct search algorithms (Simplex, Torcszon, Trust-region, etc.). Such algorithms enable non-smooth
inverse problems to be tackled, avoiding asking the user to provide an analytical gradient or the numerical
problems associated with the computation of the sensitivity matrices. Moreover, recent results [3] on
singularities avoidance are implemented in order to enhance global convergence in situations where the
cost function shows strong non-convexity.
IV. S IMULATION AND ESTIMATION CONDITIONS
It has been shown in [8] that closed-form solutions are not relevant for 2D geometry in the case of low
dielectric materials. Moreover, it is obvious that a temperature measurement of the whole food surface,
requiring a temperature mapping by an infrared camera, would be necessary to meet the observability
conditions. These two reasons lead to a simple one-dimensional geometry being considered. Such an
assumption is usually proposed in the literature dedicated to continuous or batch multimodal microwave
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ovens. As illustrated in Figure 2, two different models are considered. The finite-element scheme, developed with Comsol software, is performed using the dielectric properties of raw beef [4] that are
depicted in Figure 3. This first model produces the measurements that are fed to the CLPP software. The
second model, implemented in the CLPP software, is composed of a 21-nodes finite-difference scheme
coupled with approached closed-form solutions. These 21 nodes are regularly spaced. Nodes 1 and 21
represent the upper and lower surfaces respectively. The distance between 2 nodes is therefore 2.5 mm.
The dielectrical properties are parametrized using piecewise functions as illustrated in Figure 5. For the
tempering application, we are mainly interested in negative temperatures. Therefore, the Ti ’s that are used
0
in the definition of the parametrization of εr and ε”r (Figure 5) are chosen as follows:
T1 = −40◦ C ; T2 = −10◦ C ; T3 = −5◦ C ; T4 = −1◦ C

(11)

0

SC

Once these temperatures are fixed, the temperature dependent profiles of εr and ε”r are defined by the
parameters v1 , . . . , v4 and v5 , . . . , v8 respectively.

NU

In order to introduce the constraints on the monotonicity of the profiles over the range of negative
temperatures, we consider the normalized parameter

such that:
0

MA

q ∈ [0, 1]8 ⊂ R8
0

0

v1 = εr,min + q1 · (εr,max − εr,min )
0

ED

v2 = v1 + q2 · (εr,min − v1 )

(13)

0

v3 = v2 + q3 · (εr,min − v2 )

(14)

0

PT

v4 = v3 + q4 · (εr,min − v3 )
v5 =

ε”r,min

+ q5 ·

(ε”r,max

−

(15)
ε”r,min )

CE

v6 = v5 + q6 · (ε”r,min − v5 )
v 7 = v 6 + q7 ·

0

(16)
(17)

− v6 )

(18)

− v7 )

(19)
(20)

AC

v 8 = v 7 + q8 ·

(ε”r,min
(ε”r,min

(12)

0

where εr,min , ε”r,min , εr,max and ε”r,max are a priori given lower and upper bounds. Based on the above
definition and provided that the system of partial differential equations represented by (1) is transformed
into a system of ordinary differential equations using an appropriate numerical scheme (finite differences,
for instance), the system model that is used in the estimation algorithm can be described briefly by the
following set of ordinary differential equations of the form:
ẋ = f (x, u, q)

;

y = h(x)

(21)

where x is the state representing the temperature at the spatial discretization nodes, u is the vector of
exogenous signals (power profile), q is a set of model parameters and y is the vector of the sensors output
that may be used in the reconstruction of the temperature profile inside the foodstuff.
For simulator and observer models, the same thermal properties are considered. As the power profile,
an arbitrary piecewise decreasing power flux from 50000 to 12000 W/m2 is considered. The sample is
assumed to be initially homogeneous in temperature, at −20 ◦ C. The simulation time is calculated in
order to cover the whole tempering range.
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Approximation functions for dielectric properties in the tempering area
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V. R ESULTS & D ISCUSSION
The bounds of the dielectric properties are taken as follows:
εr,min = 2.0 , ε”r,min = 0.1
0

ED

εr,max = 60 ,

ε”r,max

= 25

(22)
(23)
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In the remainder of this section, several configurations are considered according to the available measurements and to whether the model parameters are considered known or estimated by the observation
software.
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A. Two surface temperature measurements & unknown model parameters
Here, the measurements consist of the two surface temperatures, namely:
 
x1
y = h(x) =
∈ R2
x21

(24)

that are assumed to be acquired at some sampling period τs (20 seconds). Moreover, the model parameter
vector q is assumed to be unknown. As for the parametrization map (8), specific choices are made to
end up with a tractable optimization problem. Namely, the length of the prediction horizon is taken as
equal to the batch duration (in order to acquire identifiability). Moreover, since at the starting instant the
foodstuff is likely to have a uniform temperature T0 , the unknowns of the problem are represented by the
vector p given by:
 
T0
p :=
∈ R9
(25)
q
Figure 6 shows the change in the incident power flux used in the validation scenario.
The results are shown in Figures 7-9. More precisely, Figure 7 shows the temperature profiles at several
instants during the batch. The simulated profile is marked by blue squares, the estimated profiles using
CLPP are plotted in red stars while the open-loop evolution without measurement-based correction is shown
by black circles. Note that the correction begins at instant t = 20 sec when at least 4 measurements are
available (2 for each sensor). This explains why the estimated and the open-loop profile coincide at instant
t = 12.5 sec. The evolution of the parameter vector p during the scenario is shown in Figure 8 while
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Power flux (in W/m2 ) used in the validating simulation
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the computation time3 needed to perform the neval = 100 function evaluations is given in Figure 9. Note
that the computation time is almost always lower than the sampling measurement acquisition τs = 20 sec
which means that the proposed solution is real-time implementable. Note also that the computation time
increases as the observation horizon increases and so does the computational burden.

ED

Figures 10-12 show the same scenario when a shorter acquisition period τs = 10 sec is used. The
improvement in the estimation quality is noticeable: however, for the computational facility used here,
the scheme would have been only theoretical since the computation time largely exceeds the real-time.
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B. Only one surface temperature is measured with unknown model parameters
Here, only the upper surface temperature is measured with simultaneous estimation of the model parameters. The results are shown in Figure 13 where it can be noticed that, although the closed-loop
estimation gives better results than the simple open-loop simulation, the temperature profiles are not
correctly recovered due to the lack of observability when a single measurement is used.
C. Only one surface temperature is measured with perfect knowledge of the model parameters
Here again, only the upper surface temperature is used. However, perfect knowledge of the model parameter
vector is assumed. The resulting estimation performance is shown in Figure 14 where it can be seen that
the temperature profile is correctly recovered. This simultaneously shows that, in the scenario of section
V-B, it is precisely the non-observability that lies behind the estimation failure as the software combines
errors on the temperature profile estimation with those on the model parameter to interpret the upper
surface temperature measurements.
VI. C ONCLUSION
In this paper a method for the estimation of the temperature field during microwave tempering is proposed
for poorly known dielectric properties. This method enables the reconstruction of the temperature profile
using only the two surface temperatures. Moreover, the estimation scheme is based on discrete-time
measurement. It is shown, in particular, that a rather long inter-sampling period of 20 sec still enables a
good and real-time implementable reconstruction to be performed. The validation of the proposed approach
has been obtained using the generic software CLPP which enables the simultaneous estimation of the state
and the parameter of a dynamic system.
3

The computation was performed using a D ELL -L ATITUDE E6500 / 2.66GHz
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Fig. 7. Performance of the estimation scheme with a measurement sampling period of τs = 20 sec and using a maximum number of
function evaluations neval = 100. Simulated temperatures (blue squares) / CLPP-estimated temperatures (red stars) / open-loop estimation
without parameter updating (black circles). Note the initial error on the initial uniform temperature. The corresponding evolution of the
parameter during this scenario is given in Figure 8

Fig. 8. Evolution of the estimated parameter vector (25)
during the validating scenario depicted on Figure 7. Note
that the updating period is taken as equal to τs = 20 sec

Fig. 9. The time needed to perform the neval = 100
function evaluations for the validating scenario depicted
in Figure 7 where an acquisition period of τs = 20 sec
is used. The abscissa is the period number during which
the computation is performed.
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Fig. 10. Performance of the estimation scheme with a measurement sampling period of τs = 10 sec and using a maximum number of
function evaluations neval = 100. Simulated temperatures (blue squares) / CLPP-estimated temperatures (red stars) / open-loop estimation
without parameter updating (black circles). Note the initial error on the initial uniform temperature. The corresponding evolution of the
parameter during this scenario is given in Figure 11

Fig. 11. Evolution of the estimated parameter vector
(25) during the validating scenario depicted in Figure
7. Note that the updating period is taken as equal to
τs = 10 sec

Fig. 12. The time needed to perform the neval = 100
function evaluations for the validating scenario depicted
in Figure 7 where an acquisition period of τs = 10 sec
is used. The abscissa is the period number during which
the computation is performed.

13

ED

MA

NU

SC

RI
P

T

ACCEPTED MANUSCRIPT

Estimation scenario when only the upper surface temperature is measured with unknown model parameters.

Fig. 14.

Estimation scenario when only the upper surface temperature is measured with perfect knowledge of the model parameter vector.
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In this paper a method for the estimation of the temperature field during microwave tempering
is proposed for poorly known dielectric properties. This method enables the reconstruction of
the temperature profile using only the two surface temperatures. Moreover, the estimation
scheme is based on discrete-time measurement. It is shown, in particular, that a rather long
inter-sampling period of $20\ sec$ still enables a good and real-time implementable
reconstruction to be performed. The validation of the proposed approach has been obtained
using the generic software clpp which enables the simultaneous estimation of the state and the
parameter of a dynamic system.

