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Abstract Induction cooking has several advantages
compared to traditional heating system; however, to obtain
best efficiency, it is essential to have an inductor giving
homogeneous temperature on the pan bottom. For this aim,
we propose a structure of inductor with four throats
containing coils and optimize their distribution. In this
paper, first we model magneto-thermal phenomenon of the
system by a finite element method (FEM) for the mean to
determine the distribution of temperature on the pan
bottom by taking the nonlinearity of system. This study
shows that a temperature distribution is not homogeneous.
Second, with the aim to have homogeneous temperature
distribution on the pan bottom, the optimal determination
of throats distribution and their dimensions is obtained by
genetic algorithms (GAs). The optimized structure permits
to satisfy our aim.
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1 Introduction

Induction cooking has several advantages [1] compared to
traditional heating system (resistance, gas, etc.), particu-
larly direct heating of pan without thermal inertia. The
inductor generates an alternating magnetic field that causes

eddy current in the pan; in ferromagnetic pans, it also
produces magnetic hysteresis, where both mechanisms
heat up the pan [1,2]. The distribution of the temperature
on the pan bottom depends on many parameters:
– Geometrical structures of pan to heat and the inductor,
– Characteristics of materials (conductivity σ and

permeability μ), and
– Frequency that implies the skin thickness.

Classical inductor, consisted of insulated coils placed on a
support (Fig. 1) [3], induces eddy currents in magnetic pan
with high efficiency; however, the temperature is non-
homogeneous on the pan bottom. We cannot optimize this
structure because of the pancake structure of the inductor.
With the aim to have a homogeneous temperature on the

pan bottom, we propose a structure of inductor with coils
placed in throats (Fig. 2).
In this work, we optimize the structure of throats

distribution and their dimension of inductor is proposed.
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Fig. 1 Inductor with coils winding

Fig. 2 Inductor with throats
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The method of optimization with genetic algorithms
(GAs), which have been widely used mainly in connection
with the finite element method (FEM) for optimization of
electromagnetic devices [4–6], was restricted to the
magnetodynamic phenomena [7]. In this paper, we propose
to optimize inductor with magneto-thermal calculation
method and to determine the optimal temperature distribu-
tion on the pan bottom. This method consists of placing
coils in throats upon the support of the inductor and to vary
their distances di (Fig. 2).
This paper is organized as follows: Magneto-thermal

finite element analysis is presented in Section 2. In Section
3, the procedure of calculation without optimization is
studied; this section seeks the distribution of the
temperature with uniform repartition of the throats in the
inductor. In Section 4, the proposed method with GAs is
applied to obtain an optimal repartition of the throats in the
inductor. Finally, the conclusion is presented in Section 5.

2 Magneto-thermal finite element analysis

2.1 Descriptive equations

To develop an optimal system of induction-heating
cooking, it is necessary to know the distribution of
temperature on the pan bottom, which is the image of
distribution of induced currents. Physical phenomena in
studied system can be simulated by solving the coupled
Maxwell’s and thermal equations. For the reason of
axisymetric structure of the inductor, an axisymetric two-
dimensional (2D) solution is possible.
Using the magnetic potential A, electromagnetic phe-

nomena is modeled by the well-known magneto-thermal
equations [8,9]:
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where A is the magnetic vector potential defined such as
A ¼ rA�, Aθ is the azimuthal component of the vector
potential, υ is the magnetic reluctivity, σ is the electric
conductivity, ω is the angular velocity, J is the current
density, l is the thermal conductivity, T is the temperature,
q is the heat source density, ρm is the masse density, Cp is
the specific heat, and t is the time.
We notice that the constant time of the electromagnetic

problem in Eq. (1) is very small compared to the thermal
constant time in Eq. (2). In the resolution, we use the

harmonic time variation in the first equation and a transit
time variation in the second equation.

2.2 Boundary conditions

The magneto-thermal analysis is performed by FEM using
the governing Eqs. (1) and (2) and the following boundary
conditions (4) and (5):

DirichletðA ¼ 0Þ, (4)

– l
∂T
∂n

¼ hðT –TaÞ, (5)

where h is convection coefficient and T is ambient
temperature.
For the electromagnetic problem, we use Dirichlet

condition (A = 0) on sufficiently large boundary truncated
in the air. On the other hand, the thermal problem is
reduced to the container.
The heat transfer coefficient in Eq. (5) has a role in

determining the temperature distribution of the pan bottom
in the device. Because of axisymetric structure of inductor,
this makes h nonlinear due to the convection effect of the
air nearby [10]. Thus, we assume that h has a constant
value (see Table 1 below) along the radial direction of the
axisymetric structure in studied system.

2.3 Electromagnetic characteristics of material

The pan is made of stainless steel. The electrical resistivity
ρ(T) and the magnetic permeability μr(T) of the material at
temperature T are expressed as [9]

�ðTÞ ¼ �0ð1þ αTÞ, (6)

�rðTÞ ¼ �r0 1 – e
T – 750
150

� � – 1
, (7)

where T is measured in degree Celsius (°C), and

�0 ¼ 1=�0 ¼ 13:75� 10 – 8  Ω$m,

�r0 ¼ 1273, α ¼ 0:004:

The curves of ρ(T) and μr(T) are shown in Figs. 3 and 4,
respectively.

3 Procedure of calculation without
optimization

The proposed system inductor has four throats containing
coils (Fig. 5). First, we assume that the distances di have a
uniform distribution. The other parameters shown in
Table 1, except conductivity σ(T) and permeability μ(T),
can be assumed constant during the procedure of
calculation for temperature.
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The magneto-thermal calculation of our system running
is illustrated in the flow chart of Fig. 6. The thermal
problem is solved step by step in the time using a time step
of 5 s until the final temperature is reached.
The curves representing the distribution of the current

density and the final temperature on the pan bottom are
shown in Figs. 7 and 8. One can note that such a
distribution is not homogeneous.

4 Procedure of calculation with
optimization

The aim of the present optimization is to attain a
homogeneous temperature distribution on the pan bottom
by adjustment of the throats (coils) distribution. For this
reason, we define the objective function as

fobjðdiÞ ¼
XnT
i¼1

Ti – Tfj j
Tf

£ε, (8)

Fig. 4 Curve of relative permeability

Fig. 5 Geometry of the model used in the program

Fig. 3 Curve of resistivity

Table 1 Parameters of the simulated system

symbol description value

R radius of container 140 mm

ei inductor thickness 3.8 mm

eg gap thickness 4 mm

ec container thickness 3 mm

d1, d2, ..., di distances 16.25 mm

eq throats thickness 2 mm

μf ferrite relative permeability 2500

f frequency 20�103 Hz

J current density 1�106 A/m2

l thermal conductivity 26W/(m$K)

h convection coefficient 20W/(m2$K)

ρm masse density 7700 kg/m3

Cp specific heat 460 J/K

Fig. 6 Flow chart of magneto-thermal program
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where Ti is the temperature in each point of calculation at
the bottom of the pan, nT is the number of points of
statement of temperature along the pan, and Tf is the
desired temperature.
The optimization method is used to find the optimal

distribution of throats (di). For this aim, the objective
function (fobj) is minimized. However, as the evaluation of
such an objective function is based on the finite element
analysis of a nonlinear magneto-thermal problem, the
optimization methods based on gradient techniques cannot
be applied. On the other hand, we have no constraint about
the time optimization. In these circumstances, we have
chosen the use of GA as optimization tool. As a matter of
fact, such type of optimization has proven its robustness in
the case of complex and nonlinear systems [5,6].

� Algorithm optimization

The GAs have been widely used mainly in connection with
the FEM for optimization of electromagnetic devices. The
main advantages of the GAs are as follows: they can search
effectively in multivariable searching space and they are
able to pass the optimizing information from one

population to the following one. On the other side, GAs
are exploration algorithms based on the artificial creatures
that represent design configurations. The whole of
creatures constitutes a population. Each creature is
associated with a value of the objective function, which
we want to improve the performances. GA uses only this
objective function for optimization, not derivative, which
allows a better precision. The creatures are coded in the
form of a finite-length string according to one of the coding
methods, wherein the binary coding (0,1) is used. From a
first population of selected individuals in a random
manner, GAs generate new creatures in such a way that
new individuals inherit better information from their
previous population. GAs use random characters such as
reproduction, crossover, and mutation. Reproduction is a
process in which creatures associated to high value of
objective function have a higher probability to survive.
Crossover and mutation allow to introduce new genetic
parameters and to test new configuration [11]. The code of
GA used is shown in Fig. 9.

With the aim to have homogeneous temperature
distribution on the pan bottom, we optimize the system
to determine throats distribution and their dimensions by
GAs. From each step given of the process calculation, the
elaborated program reconstitutes the geometry starting
from the choice of distances di, carries out the new mesh,
and solves the magneto-thermal problem.
The computations are carried out using a P4, 3.4 GHz, 2

Go RAM. The result is obtained after 500 iterations
corresponding to about 14 h of CPU time. Results of
calculations are shown in Figs. 10–13, where Fig. 10
illustrates the optimal distribution of throats and Table 2

Fig. 7 Curve of current density at the bottom of the pan

Fig. 8 Curve of temperature at the bottom of the pan

Fig. 9 Flow chart of GA
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exposes their dimensions. In Figs. 11 and 12, respectively,
we can observe that a good distribution of the density of
current and homogeneous temperature along a ray of the
pan is obtained. The temperature evolution versus time in a
point situated at the middle of the pan is shown in Fig. 13.
Consequently, the optimal distribution of throats and their
dimensions are obtained.

5 Conclusion

To develop an optimal system of induction-heating
cooking,
1) A structure of inductor with coils placed in throats is

proposed.

2) A method of optimization using GA searching for an
optimal structure of the throats in the inductor is used.
3) A good distribution of the density of current and

homogeneous temperature distribution along a ray of the
pan is obtained.
4) The optimal distributions of throats and their

dimensions are obtained.
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