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Fixed-band hysteresis temperature control of induction cooking
system

Abstract. Induction cooking has several advantages: best security, pan heating without thermal inertia, etc.... To further improve the performances
of this system, in this paper we present a method that yields a better homogeneity of temperature on the pan’s boftom and a good regulation of the
temperature. Firstly we propose an inductor structure with four slots containing the coils and we will use the optimization method based on WIPSO
technique combined with the 2D FEM method in order to determine the optimal slots distribution and their dimensions -Secondly, a temperature
control technique based on the so-called Fixed-band hysteresis (FBHTC) method is used in order to limit the excess temperature on the pan’s
bottom and to get the desired value suitable for cooking (150-200°C). The optimized structure of the inductor and the regulation of the temperature
permit us to achieve our goal.

Streszczenie. W artykule zaprezentowano metode poprawy jednorodno$ci temperatury spodu podgrzewanego indukcyjknie naczynia.
Zaproponowano optymalizacje konstrukcjio dfawika wytwarzajgceo pole elektromagnetyczne. Poprawiono tez metode sterowania temperaturg
bazujgc na algorytmie FBHTC - Fixed-band hysteresis. Poprawa wiasciwosci grzejnych i mozliwosci sterowania temperatura w kuchniach

indukcyjnych

Keywords: Induction cooking, Finite element method, Fixed-band hysteresis method, Magneto- thermal, Optimization by PSO.
Stowa kluczowe: kuchnie indukcyjne, metoda elementéw skonczonych, induktor grzejny.

Introduction

Induction cooking provides faster heating, improved

thermal efficiency, and low pollution comparable to a gas
burner [1].
The principle of induction heating is based on three rules
(laws of lentz, lorentz and joule) where the magnetic field
created by the inductor induces eddy currents on the pan’s
bottom and these induced currents cause the heating of the
pan by Joule effect [2].

The plan of this work is twofold: Firstly, to obtain an
inductor geometry giving a uniform distribution of the
temperature on the bottom of the pan. Secondly we
propose a technique of control of this temperature. The
temperature distribution on the pan’s bottom is determined
by modelling the magneto thermal phenomena of the
system by a 2D finite element method (FEM) and taking into
consideration the nonlinearity of the system [3]. In order to
have a homogeneous temperature on the pan’s bottom, we
propose an inductor structure in which the coils are
optimally placed in slots (fig. 1).

The optimal inductor geometry giving a uniform
distribution of the temperature was obtained in previous
researches by using intelligent methods of optimizations
(Genetic Algorithms and Neural Networks) [3] [4], but by
varying distances di only (Fig.1).The goal of this work is to
find an optimal inductor geometry that gives a better
uniformity of the temperature distribution than that obtained
in [3] [4], by varying both parameters (di and zi)
simultaneously (Fig.1).

However to achieve such a goal, we model the magneto
thermal phenomena of the system by a finite element
method (FEM), combined with the improved weight particle
swarm optimization method (WIPSO). After obtaining the
best distribution of temperature (Fig.8). The latter figure
shows that the temperature increases up to 760°C (curie
point of pan's material) which exceeds the value of cooking
(150°C - 200°C). To have the desired temperature of
cooking, we used a regulation's technique of temperature
based on of Fixed-band hysteresis (FBH) method [11].

This paper is organised as follows: in section 2, the
mathematical modeling and finite element analysisare

presented. The temperature distribution from the use of the
uniform dimension of slots is determined in section 3. In
order to have a uniform temperature distribution, in section
4 the optimal dimensions of slots are calculated from the
use of WIPSO technique. The utilisation of the Fixed-Band
hysteresis to control the temperature evolution is given in
section 5. Finally the conclusion is presented in Section 6
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Fig.1. Inductor with four slots

Mathematical Modeling and Finite Elemente Analysis

The aim is to search for a uniform distribution of the
temperature on the pan’s bottom of the cooking device.
To achieve this aim, it is important to establish the
mathematical model of the system. The mathematical
modeling of induction cooking devises uses both the
magneto-dynamic and the thermal equations. The magneto-
dynamic formulation is useful for the determination of the
distribution of induced currents generated by the inductor
which represent the image of the temperature distribution
on the pan’s bottom. The eddy current density and the heat
source density can be calculated by solving the coupled
magneto-dynamic and heat equations. Since the system
possesses an axial symmetry, a 2D solution is possible.

Using the magnetic vector potential A, the
electromagnetic phenomena are modeled by the well-
known magneto-thermal equations ,which are giving by
equations (1) to (3) [5-6].
(1) oA a[v aK] a{vaij —

jo———— |- ——— | =1
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(3) q= %U Q)ZKE
r
where: A - is the magnetic vector potential; r,t -are the

radial distance from the axis and the time respectively;
v,o,o - are the magnetic reluctivity, the electric

conductivity, and the angular frequency, respectively; J ,T -
is the current density and the temperature respectively;
Aiprm-Cp~ are the thermal conductivity, the mass density,

and the specific heat, respectively .

It remains to achieve the magneto-thermal model to give
boundary conditions. The finite element method 2D-FEM
was used for the numerical modeling of both the governing
equation (1) and (2) using the following boundary
conditions Eq. (4) and (5):

. The boundary conditions in the borders of the pan
are of Neumann type conditions equation (4).
4) or _
- }“ain - h(T -T n)
. The boundary conditions for the electromagnetic
problem are of :Dirichlet type according to equation (5).

(®) (A=0)

where : h - is the heat transfer coefficient; Tn
ambient temperature.

- is the

In this work, we propose that h has a constant value
along the radius of the pan[7].
The pan is made of a material of stainless-steel the
properties of which are given in [3].

Calculation and Determination of the Temperature
Distribution before Optimization

The numerical model is an induction heating pan. The
inductor has four slots containing the exciting coils. For the
first step we consider that the dimensions (distances di and
thicknesses Zi ) of the slots and distances between the slots
have a uniform distribution as shown in (Fig.2), where
di=15.55mm and zi=2mm.The other parameters are
shown in table.1, except the value of the current density
which is equal to (2.5 *10° A/m?) in this work.
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Fig.2. Dimensions of system used

Table 1. Parameters of system

Symbole Magnitude Quantity

R Radius of pan 140mm

e Inductor thickness | 3.8mm

€ Gap thickness 4mm

e Container 3mm
thickness

dy,dy,.d; Distances 15.55mm

€q Throat thickness 2mm

Mg Ferrite relative 2500
permeability

f Frequency 20*10°Hz

J Current density 2.5*10° A/m’

A Thermal 26 W/m*°K

conductivity
h Convection 20 W/m™C
coefficient
Om Masse density 7700Kg/m®
Co Specific heat 460 J/Kg.°C

The magneto-thermal calculation
given by following steps :
» Step 1: initialization of the electric conductivity, the
magnetic permeability, and the temperature

of our system are

G0 Mg>To
» Step 2: calculation of the magnetic vector potential (A)
by use of equation (1).

» Step 3: calculation of the heat source density is given by
equations (2) and (3).

» Step 4: calculation of the temperature T where we use a

time step of 10(sec). If (

T <650 é]go back to step 2 or else

gotostep 5
» Step 5 : display of the results

|
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Fig.4.Temperature distribution on pan’s bottom

The simulation results obtained are shown in Fig. 3 and
Fig. 4. It is clear from Fig. 4 that the temperature distribution
on the pan's bottom is not uniform.

Fig. 3 shows that the temperature evolution in the center of
the pan’s bottom is stopped at the value of 760 C°(curie
point of pan's material) [4-6].

Temperature Distribution with Optimization

The objective is to have a homogeneous temperature
distribution on the pan's bottom. In this work we suggest the
use of The PSO Algorithm to determine the best
dimensions of slots (coils) in the inductor by modifying
simultaneously the slots' distances (di) and their thickness
(zi). This type of optimization is widely used in nonlinear
and complex systems [8].

Problem Presentation

The problem is to find an objective function equation (7)
which gives better results. For that, several iterations k of
calculation tests must be done in order to determine the
optimal geometry of the inductor. The diagram is
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summarized in Fig 5. The optimization problem can be
formulated as the following equations (6) and (7).

(6) MIN fobj (d i’Zi): fohj (d »d 2""d9’21’22""24)

@) Ti-T
fobj (dh Zi): Z|N:T1 N
Tt
where: ¢, - is the distances of the slots and the space

between the slots; ;; - Is the thiknesses of slots; Tt - is

the calculated temperature at each point in the bottom of
the pan; 1,- is the desired temperature; NT - Is the

number of points in along the bottom of the pan in which the
temperature is calculated.

Searching parameters
d1,d2,....d9
z1,22....24

4

Create the geometry and carry out the mesh

Y

Calculation of temperature Ti by solving
magneto-thermal problem

Y

Calculation of objective
function using Eq. 7.

Fig.5. Diagram steps of evaluation objective function

Particle Swarm Optimization

PSO Algorithm has been developed by Kenedy and
Eberharet in 1995, and it is based on the movement of a
group of animals like a school of fish or a swarm of bees [8-
9.

In this technique a swarm (population) comprises a
number of particles (individuals) and each particle is
represented by a number of parameters to be optimized.
Each particle position represents a candidate solution of the
optimization problem.

In PSO, each particle in the swarm moves in a D-
dimensional space searching for the best position which is
defined by an objective function.

In this work, there are thirteen parameters, d1, dz, d3, d4, ds,
de, d7, ds, do, and Z1, Z2, 73, Z4, to be estimated, which is equal to
the dimension of each each particle.

WIPSO Technique
The PSO Algorithm begins with a randomly generated
position of the swarm and each particle moves in the search
space with a randomly generated velocity [9].
In this work, the i particle is defined as:
{dl’d 2s~-d9’21>227~~~24}

The position and the velocity vector of each particle at
iteration k in the thirteen dimensional spaces are given by
the equations (8) and (9) respectively.

(8) ld1i-d 2iv-- dois Z1is Zai-- 24i =

Mk k k k k k
din d2i - dor zni zn1 v Za
k k k k k k
dip dx do i Zn I
k k k k k k
_dlm dom dom Zim Z2m * Z4m

9) V a1V g2ie-V goiV 21V 221V 24l =

[\, k k k k k

lel Vd21 ) Vd91 Vle V221 : VZ41
k k k k k k

Vd12 Vd22 ) Vd92 V212 V222 : VZ42
k k k k k k

_lem Vd2m Vd9m Vzlm V12m Vz4m

The positions of each particle are randomly generated,
and we need to control them by the following equations (10)
to (12).

(10) dlmin < dl < d]max
dZmin < d2 < dZmax
d3min < d3 < d3max
d4min < d4 < d4max
dSmin < dS < dSmax
d6min < d6 < d()max
d7min < d7 < d7max
d 8 min < d 8 <d 8 max
domn = do < domax

(11) Z1 min < Z) < Z1 max
Zomin S Z2 S Zomax
Zimin S Z3 = Z3max
Z 4 min < Z4 < Z 4 max

(12) min < Sum(d lA..~~9)S Rmax

The position giving the best fitness value at iteration (k)
of the each particle is saved and represented as:

{pbestdﬁ, pbestdgi ... pbestd gi , pbestzi‘i , pbestz‘;i yoen pbestzﬁi}

The best position giving the best values among all particles
in the swarm at iteration (k) is represented by:

{Gbestdi‘i, Gbestdgi > ..Gbestd'éi , Gbestzi‘i , Gbestzgi 5 ...Gbestzﬁi}

To improve the quality of the solution and the convergence
characteristics, the standard PSO technique is modified by
the use of the time varying acceleration coefficient, and the
time varying inertia weight factor [10].the updated position
and velocity of each particle of WIPSO can be expressed by
equations (13) and (14).

(13) Vi‘}ﬂ:Wn(-zw*V:(j*Cl*randl*(pbea:;7Xi‘})+
C»*rand 2*(Gbest‘}* X.‘j)

(14) X=<j+1= X§}+Vﬁ“

where: V:} - is the velocity of particle i at iteration k; » - is

the inertia weight; ¢, ¢, - are the acceleration

coefficients; rand, » rand, - are random numbers between
0 and 1; XE - is the position of particle i at iteration k;
pbestikj - is the Best position of particle i at iteration k;

Gbest’} - is the Best position of the swarm until iteration k.

At each time step, the position and the velocity of each
particle i are updated by evaluating the objective function
and comparing between the new solution (best position)
with the old Pbest (the best position for the i particle at
iteration (k-1)) and Gbest (the best position of the swarm at
iteration (k-1))[9-10].

The weighting function is calculated as :
(15)

_ Wmax ~ @ min

o=@ .
max iter ma
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(16)

@new = @min +@*rand 3

(17) CI:C]maX’ClTHX7C1min*iter
iter max
where: - are the maximal and the minimal weight

@ max @ min

values respectively; - are the maximum

ietr max ietr min
number of iterations and the current iteration number
respectively; Cime Clmin - are the maximal and minimal

cognitive coefficients respectively, ¢, .. Comn - a@re the

maximal and minimal social coefficients respectively; ran ,
-is a Random number between 0 and 1.

Proposed Work Implementation

To determine the optimal slots distribution and their
dimensions, PSO algorithm has been used and the
following steps have been followed for implementation.

» step 1: initialize the population size m , set the
maximum iteration itermax, inertia weight « , acceleration
constants C1, C2 and the number of parameter n to be
optimized set the parameters of the simulated system as
shown in table (1).

» Step 2: randomly generate the initial position and
velocity of each particle in swarm as shown in equations (8)
to (12).

» Step 3: for each particle parameter, solve the magneto-
thermal problem and then evaluate the fitness function (the
process of calculation of the fithess function for each
particle parameter is shown in Fig.5.)

» Step 4: assign ‘Pbest’ as the best fitness values of
particle position; assign ‘Gbest’ as the best fitness values
among all particle

» Step 5: the steps 5-1 and 5-2 are repeated until the
termination criteria are achieved , or until the number of
iteration reaches its maximum limit

e Step 5-1: At each iteration k, the updated velocity
and position of i particle are given by equations (13) and
(14).

e Step 5-2: for each particle i evaluate a fithess function
(similar to step3). Assign the new ‘Pbest’ and ‘Gbest’
(similar to step4)

» step 6 : produce the Ghest of particles

{Gbestdﬁ,GbestdEi s -Gbestdgi ,Gbestz'fi ,Gbestzéi »ee .Gbestz;k;i}

and then take them as optimal dimensions of the slots in
the inductor which give a uniform temperature distribution
on the pan’s bottom.

Simulation and results

The proposed method is developed in matlab , and the
simulations were done on a computer with Intel (R) Pentium
(R) CPU @2.16 GHz 2.16 GHz 2 GB RAM .The
parameters of the WIPSO algorithms are shown in table 2.

Table 2. Parameters setting of WIPSO technique

Algorith Inertia Acceleration | Population
me weight Coefficients size
w Oy O3
Wipso @max = 0-4] Clmax =2 24
@min — 0.9 Cimin = 0.1
Comax = 0.1
Comin = 2

The numerical results are achieved after 40 iterations
corresponding to about 10 h. with an acceptable error of
€ =0.025. The temperature distribution is represented in Fig.
7. After convergence, the WIPSO method gives a

homogeneous distribution of the temperature along a ray of
the pan. The best dimensions of the slots are shown in
table .3, whereas the optimal geometry of the inductor is
shown in Fig 6. The evolution of the temperature as a
function of time in the centre on the pan’s bottom is shown
in the Fig 8.

Table 3. Optimal dimensions of slots

Parameters (mm)
di,zi
d1 16.7
d2 18.1
d3 15
d4 16.7
d5 15.5
dé 17.8
d7 10.8
ds 23.1
d9 6.3
Z1 3.2
Z2 25
Z3 21
Z4 25
0.35
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Fig.6. Geometry of the inductor obtained with WIPSO
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Fig.7. Temperature distribution on pan’s bottom

Fig.8. temperature evolution as a function of time in centre of pan

From figure 8, We can see that the temperature
obtained exceeds the desired temperature of cooking
(150°C-250°C) and increases up to 600°C and more. For
this reason, we suggest a control method of temperature
based on Fixed-Band hysteresis.
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Fixed-Band hysteresis temperature control ( FBHTC)
The purpose of using a controller is to control the
temperature on the pan’s bottom around the value of
cooking temperature ( 150°C -250°C ) .In this section we
have used the optimal geometry obtained with WIPSO
technique to control the temperature evolution versus time.

After regulation

To control linear systems, a mathematical model
(transfer function) is used; for example PID controller.
Concerning nonlinear systems, such as a thermal system,
it's difficult to model or represent them by a linear model. In
this case, the nonlinear systems may not be properly
controlled.

In this work, the induction cooking is complex nonlinear
system so, it's not easy to obtain an accurate mathematical
model that can be used to adjust the temperature of the
pan. For this reason, we use a control system based on the
fixed-band hysteresis control [11-12] ,which is represented
in Fig 9. and Fig 10, to control the temperature evolution in
the pan bottom.

TC
dk ; Tm é

fined-band
hystarasis
control

Fig.9. General Scheme of A fixed-band hysteresis temperature
control of system

In each time step, the obtained temperature (Tm) on the
pan's bottom is returned to be compared with the reference
desired temperature (Tc).

The difference between the temperature obtained and
the reference temperature is called the temperature error
(Te). The latter is compared with the upper band and the
lower band of the hysteresis controller to determine the
sequence of switching dk, as shown in Fig. 11.

Te(t) dk
-

Tm(t)  HB

Telt) Tm(t)
Induction -

cooking

Fig.10. Model used of A fixed-band hysteresis temperature control
of system

e in the case where the value of the temperature error
reaches the upper value of the band, the switch dk will be
activated
e if the value of the temperature error reaches the lower
value of the band the switch dk will be deactivated

In this algorithm the band width is kept constant during
all the calculation process of the temperature. The algorithm
for this technique is given as:

(19)  Upperband 1. (t)=T, +H8 if T.()-Ty® )HB
then dk OFF

(20) Lowerband 1 (t)=T, -HB if T (t)-T ) (HB
then dk ON

Tc - the reference temperature; Tm - temperature obtained;
HB - is the band width

— before regulation
[ after regulation FBHTC

temperature mean ]
——desired temperature

temperature (C°)

Fig.11.Temperature evolution as a function of time after
regulation

The results of the regulation are shown in Fig 11, where
we see that the use of Fixed-Band hysteresis control
assures a good regulation, and limits the temperature
variation within the band used for cooking, which oscillates
between 160 C° and 220 C°.
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Fig.12.Temperature distribution after optimization and regulation

Figure 12, shows that after optimization and regulation
of the temperature, we have the desired homogeneous
temperature on the pan's bottom corresponding to the
cooking temperature range.

Conclusion

In this paper we presented a way to achieve a uniform
distribution of the temperature of an induction heating
cooking system. A finite element method is used to analyse
the magneto-thermal problem and a PSO technique is
employed on the induction-heating cooking device, to
optimize the structure of the slots in the inductor.

A technique of regulation has been adopted for the
work using the Fixed-Band hysteresis temperature control
to find out the adapted temperature for the induction
cooking system.

The main feature of this FBHC method is the simplicity of
implementation, and its robustness.

This study shows that the proposed technique
(FBHTC) gives a good regulation of the temperature which
is in the cooking range, i.e. between 150-250 C.
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