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In this study, we perform the control of the temperature evolution versus time
of induction cooking system using a super twisting sliding mode control (ST-
SMC) based on Dynamic Particle Swarm Optimization (D-PSO). First, we
will determine the evolution of the temperature in the middle of the pan
bottom using the FEM method. The found temperature exceeds the limit of
the desired cooking temperature (150-200°C). Second, to limit temperature
increase, a (ST-SMC) method combined with a (D-PSO) algorithm is used to
get the desired temperature. Particles Swarm Optimization (D-PSO) method
is used to optimize the parameters of the gain of (ST-SMC) and improve its
performance. The simulation results show that the use of the optimized super
twisting sliding mode controller helps to achieve a desired value of cooking.

Finite element method
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1. INTRODUCTION

Nowadays, Domestic induction cookers (IC) are more and more used due to its heating rapidity,
safety and energetic efficiency. The mechanism of (IC) contains an inductor which is placed on a support
with a material of ferrite, and the pan which is a ferromagnetic metal disc, as depicted in Figure 1. The
current density generated by the inductor produces a varying magnetic field, which induces eddy currents on
the pan bottom cause it heating by Joule effect. [1].

On the other hand, the variation control of the temperature in the pan's bottom is difficult because
of the nonlinearity of the characteristics magnetic and electric of ferromagnetic material of the pan [2], and
the high frequency current of the inductor ,that's why it's not easy to obtain an accurate mathematical model
that can be used for our studied device [3], For this reason, our work focuses on controlling the cooking
temperature by implementing a technique called super twisting sliding mode control (ST-SMC), the aim of
this technique is to select an appropriate input current which can give suitable cooking temperature.

The super-twisting sliding mode algorithms is one of the most important approaches and the most
widely used Sliding mode control (ST-SMC) designed to work and control of nonlinear systems having an
important uncertainty conditions [4, 5]. The principal idea of the super-twisting sliding mode control is to
force the sliding variable and its derivative to zero in a finite time in order to be able to remove the chattering
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effect due to the discontinuous control action while retaining the key benefits of the classical sliding mode
control [6, 7].

The choice of gain parameters of the super twisting sliding mode control has an influence on the
controller performance, where optimal gain parameters guarantee the stability and robustness of the system
and give a fast response. Various optimization techniques are used to optimize gain parameters of the sliding
mode controller, such as the genetic algorithm and particle swarm optimization [8-11]. In this paper, the
super twisting gain parameters are optimized using Dynamic Particle Swarm Optimization (D-PSO) [12].
This algorithm is chosen due to its easy implementation, speed, and because it is a promising tool for
designing optimal controllers over other optimization techniques. The simulation results of uncontrolled and
controlled models are compared, where the use of (ST-SMC based D-PSO) method is shown to give good
results in terms of reliability, and stability performance.

This paper is organised as follows: in section 2, modelling and finite element analysis are presented.
The evolution of temperature in the pan’s bottom is determined in section 3. A suitable cooking temperature
using super twisting sliding mode (ST-SMC) and (D-PSO) technique is presented in section 4 and the results
of simulation are shown in section 5. Finally, the conclusion is presented in Section 6.

2. MAGNETO-THERMAL FINITI ELEMENT ANALYSIS

To further enhance the performance of the induction cooking hob, it is primordial to determine the
evolution of the temperature as a function of time which is at the same time the image of the evolution of the
induced currents generated by the inductor. The mathematical model of the induction heating is composed of
two parts: the first part is the equation of magneto-dynamics which is based on harmonic time variation,
whereas the second is the thermal equation with a transit time variation.

The mathematical model of the physical phenomenon of the induction cooking system is 2d
axisymmetric. Using the magnetic potential A, it can be modelled by the coupled magneto-thermal
formulation [13] given by:

gA 9 (vOA d (voA =
wF -5 () %05 =T )
ZV2T+q:mepal (2)
ot
q= Lz o ptdd (3)
-
Where:
A is the magnetic vector potential
r,t are the radial distance from the axis and the time respectively.
V,0,w are the magnetic reluctivity, the electric conductivity, and the angular frequency,respectively
] is the current density and the temperature respectively.

A,p,.C, A€ the thermal conductivity, the masse density, and the specific heat, respectively

The resolution of these last equations with the finite element method requires the use of the
boundary conditions in the borders of the pan which are of the Neumann type (4), and the boundary
conditions for the electromagnetic equations are of the Dirichlet type (5).

7121: Wr-T,) “)

(A=0) ®)

where :
h is the convection coefficient
Tn is the ambient temperature
The pan material is made of stainless-steel the properties of which are given in [13].

The convection coefficient h in the pan bottom has a nonlinear value due to the convection effect of
the air nearby. In this work, in order to simplify the latter phenomenon we assume that h has constant value
along of radius of the pan [14].
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3. PROCEDURE CALCULATION AND DETERMINATION OF THE TEMPERATURE
EVOLUATION
The proposed model is an induction cooking system, which is composed of three parts. The first one
is the pan which is the part to be heated. The second part is the air gap, and the last part is the inductor which
has four slots containing the exciting coils as shown in Figure 1 and Figure 2. The geometrical and physical
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.

Table 1. Parameters of system

Symbole Magnitude Quantity
R Radius of pan 140mm
el e Inductor thickness 3.8mm
€3 Gap thickness 4mm
e Container thickness 3mm
d;, i=1...9 Distances 15.55mm
€ coils thickness 2mm
e Ferrite relative 2500
permeability
f Frequency 20*10°Hz
] Current density 2.5%10° A/m>
A Thermal 26 W/m*°K
conductivity
h Convection 20 W/m?°C
coefficient
Pm Masse density 7700Kg/m?
Cp Specific heat 460 J/Kg.°C
!
i 0.35 ‘ ‘ ]
1 1 1 1 \
:‘ i i i : £
il 1' : : ] > 0.3 E— — — —
— | g -
i M + : e3 5
| [ ] ™. H 2
el 0.25 4
4Pt P = = = = —— - - <+
. 0  0.05 0.1
di distance from center(m)
Figure 1. Dimensions of system used Figure 2. Model system used in the Program

The magneto-thermal calculations of the induction cooking system are given by following steps:

a. Step 1: initialization of the magnetic réluctivity, the electric conductivity, and the temperature
co0sHo>To

b.  Step 2 : calculation of the magnetic vector potential (A) by use of (1).

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

Step 4 : calculation of the temperature T where we use a time step of 10 (s) .

e o

If (T < 750C)go back to step 2 or else go to step 5.

e. Step 5 : display of the results.

The simulation results obtained are shown in Figure 3 and Figure 4. It is clear from those Figures
that the temperature evolution on the pan’s bottom exceeds the appropriate value of cooking. This is caused
by the variation of the electromagnetic properties of the system such as the electrical resistivity p(T) and the
magnetic permeability ur(T).
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Figure 3. Temperature evolution versus time Figure 4. Temperature distribution on pan’s bottom

4. TEMPERATURE REGULATION

Because the induction cooking system is a coupled nonlinear uncertain system, it's not easy to have
an accurate mathematical model that can be used to control the temperature of the pan [3]. For this reason,
and in order to control the temperature of the pan and to get an appropriate temperature of cooking, a solution
by the use of D-PSO technique is applied to select optimal gain parameters of super twisting sliding mode

controller, where the optimized ST-SMC is employed to control the temperature of the device which is
shown in figure 5.

Ti

St ST-SMC |/ IH-COOKING

-
D-pso | 1K

Figure 5. Block diagram of the ST-SMC based D-PSO for the cooking induction

4.1. Super-twisting sliding mode control

super-twisting sliding mode algorithms is one of the most important approaches and the most used
among the family of HOSM algorithms ,and it is designed to work and control nonlinear uncertain systems
[15]. The principal idea of this algorithm is to drive the sliding variable and its derivative to zero in finite
time, in order to be able to remove chattering effect due to the discontinuous control action.

The super twisting sliding mode control has been developed to work only with systems with relative
degree equal to one, with the purpose to reduce the chattering while conserving the properties of a traditional
sliding mode. One more advantage of this latter is that their implementation needs only the knowledge of the
sign of the sliding variable (s) [16] which is given by

-1 if s(0
sign(s) =4 0 if s=0 (6)
+1 if s)0

This latter algorithm has been represented by the control law, u(t), which is composed of two parts.
The first one is a discontinuous time derivative (ul) and the second part is a continuous function of the
sliding variable (u2).The trajectories of the super twisting algorithm in the phase plane are characterized by a
spiral movement around the origin of the sliding variable [17].

Let’s Consider a nonlinear system given by (1) where a, b, ¢ are unknown functions, x is the state,
and u, y are the control input and the controlled output respectively

dx

i a(x,t) +b(x,Hu,y = c(x,t) 7
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The purpose is to get a control input function 5, = f(y, y*) which forces the system trajectories to the
origin on the phase plane of sliding variable , - ,* = ¢ in a finite time.
The standard form of the control law to control the output y in super-twist algorithm can be given by:

u = Kls| sign (s) +u ®)
ui = K sign (s)

Where the sliding variable is is defined as:
s = y* -y (9)

k1 and k2 are controller gains » = 0.5.
To drive the trajectories on to the sliding manifolds s* = 0 in finite time, the gains k1 and k2 must verify the
following inequality:

p® 2,40yt (10)
Tm F,Z,l T'm a-o

When using the super twisting control law, it is not necessary to know the time derivative
information of the sliding variable [17]. Moreover, it is not necessary to know the information relating to the
other system parameters. The latter allows the simplification of the computation of the controller and also the
reduction of the number of sensors.

4.2. Particle swarm optimization

In 1995, Eberhart and Kennedy, developed an algorithm called pso, the idea of which was extracted
from the movement of a group of animals such as a school of fish or a swarm of birds...etc [18].

The definition of this algorithm is similar to that of the genetic algorithm where the population is called
"swarm" which includes a number of "individuals" called particles [19]. Moreover, each particle position is
represented by a number of parameters to be optimized.

Furthermore, each particle of the swarm explore D-dimensional space in order to search the best position
which give the best fitness function [20].

The best particle position that gives the best fitness value, named as (best), is known as the personal
information of each particle [20]. On the other hand the best particle positions that give a best fitness function
among all particles (pbest) is named as (gbest) [21].

D-PSO is one of the family of pso algorithms, and it is characterised by the use of a Time Varying
cognitive (cl) and a social component (c2).This is developed for the purpose of improving the performance
of standard PSO algorithm [12].

Let’s consider N is number of particles, and D is the dimension of each particle, which represent the
number of variables of the system.

The position and the velocity vector of the N particles at iteration k are respectively represented as

Xk =Dk xka, xkp) an
vE=lrk vk vk, (12)

Where i=1....N J=1,2...D
At each iteration (k)
a. A particle updates its position and velocity by the following equations[22-24]
Vﬁ}” =W *V§}+C1*rand1*(pbest,l-;*Xf})+ Cz*rana'z*(Gbesté’v*Xf}) (13)
X{_c[+l — X{FI+V4/'€/'H
(14)

b. The best position that gives the best fitness function of it particle is given as:

pbest{f = (pbestf{l s pbestf.‘QA s pbestﬁD)
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c. The best particle that gives the best fitness function among all particles is given as:

Gbest§ . (Gbest{{,GbestéA ,Gbestlz))

vk is the velocity of particle i at iteration k
w is the weighting function
Ci15Ca are the acceleration coefficients

rand | » rand 2 are random numbers between Oand 1

xk is the position of particle i at iteration k
phest is the Best position of particle i at iteration k
g

Gbest is the Best position of the swarm until iteration k

Where cl, c2 and W are computed by the following :

C1+Cr,24.0 (15)
C1 = (Cimax = Cimin )% (ite%nax iter )+ Cimin (16)
C2 = (Camax = Camin )% (ite%lax iter )+ C2min a7
W= o~ W o % ((max iter — iter)/nax o ) W (18)
Where:
jetr »Mmaxiter are the current iteration number and the maximum number of iterations respectively
Cimax > Clmin are the maximal and minimal cognitive coefficients respectively

Coma » Camn Aare the maximal and minimal social coefficients respectively

Womax W min are the maximal and minimal weighting function respectively

At each iteration (k), the position and the velocity of each ith particle are updated using (13-14),and
then we evaluate the objective function [25]. The results are compared between: the new pbest (best position
for the particle I at the current iteration) with the old Pbest (the best position for the particle i at iteration (k-
1)), then we select the optimal pbest. In the same way we compare the new Gbest with old Gbest, then we
select the optimal Gbest . The flow chart of proposed technique is given in Figure 6.

4.3. Application of D-PSO for ST-SMC gain parameters to induction cooking

The induction cooking system is modeled by finite element analysis and the temperature was
calculated in the bottom of the pan, as explained in section 3

A particle swarm optimization is used in this work in order to choose the optimum gain parameters
of super-twisting sliding mode controller (K1, K2).Thereafter, at each iteration step, the optimized controller
has been used to control the evolution of temperature on the bottom of the pan, as shown in Figure 5.
In this work:

a. the optimization problem can be formulated by Minimizing the following fitness function

. T.-T1"
foyp (K15K2)= Z,‘XTI[‘Ti,‘JS €

(19)

Where:
NT Is the total of number element of mesh
b. Each particle is represented by two parameters which, for the dimension of system (D=2), are

Ki={K1. K2}
c. The best position that gives the best fitness function of it/ particle is defined as
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pbestl’.( = (pbestfiKl,pbestiKz)
d. The best particle that gives the best fitness function among all particles is defined as

Gbest' = (Gbestlfq > Gbestlf(z)

A super twisting control algorithm is employed to control the output temperature of the system to the
desired value, which need only the measurement of the temperature on the pan's bottom. For that purpose,
The ST-SM temperature controller is given below:

J = Ki|S 7| sign(s7)+ 1 (20)
J1 =K sign(St)

Where the current density J is considered as the output of the ST-SMC controller. The sliding
variable of the proposed controller is the temperature error

Sr=T"-T; @n

Where:
r* is the desired temperature.

r; is the measured temperature in the middle of the pan’s bottom
K1, K, Are gains parameters determined by D-PSO method

The structure diagram of the proposed methods (ST-SMC based D-PSO) and (ST-SMC based PSO)
for the induction cooking system is summarized in Figure 7.

Initialize parameters of ¢
algorithm B TOMO Searching new gain |~ |
parameters k1, k2.  [7] [:I,,ao
Initialize random position and T
velocity of particles J_'
Compute the new value
l{ of siding variable (3T)
Evaluate fitness function of using Eq .21
each particle then select pbest T
and gbest

Compute the new value
of current density using
[Update position and velocity of g .20

each particle using equations

(13-14) i
Read physical data, create

geomiry mesh and determination
I Select new pbest of each I of the temperature by solving the

particle magneto-thermal problem using
FEM ( step shown In section 3)
ain g ; comparing l,es

new \mh old gbest

Termination time n
achleved (6CCs)

—- ]
Calculation of fitness

SIect a gbest 1s the best b Ll
solution I yes

Termination criterls | |
Figure 6. Flow chart for PSO and D-PSO BRI

Figure 7. Flow chart for ST-SMC based D-PSO and
PSO for the cooking induction

Super-twisting sliding mode controllers based on D-PSO optimization for ... (Abdeldjalil Abdelkader Mekki)



1062 O3 ISSN: 2088-8694

5. RESULTS AND DISCUSSION

To prove the effectiveness of the ST-SMC controller method based on D-PSO algorithm designed to
enhance the performance of the induction cooking system, we have used the MATLAB software. The
simulation results of uncontrolled and controlled system are compared in terms of reference tracking,
temperature evolution and robustness against the physical parameter variations (relative permeability,
resistivity, Thermal conductivity....). The parameters of the D-PSO and PSO algorithms are shown in table 2.

Table 2. Parameters seting of D-PSO and PSO

Parameters of algorithms PSO D-PSO
Population size 12 12
Max iteration number 45 45
Clmin,Clmax X 2.075,2.025
C2min,C2max X 2.025,2.125
W min, W max X 04,09
Cl 2.05 Fromeq 16
C2 2.05 Fromeq 17
Weighting W X From eq 18

Before the implementation of the controller, Figure 3, and Figure 4, shows that the temperature
versus time on the pan’s bottom exceeds the appropriate value of cooking, which is up at the Curie
point (760°).

After the implementation of the proposed controllers (ST-SMC based D-PSO), and (ST-SMC based
PSO), the optimum values obtained for super-twisting sliding mode gain parameters (k1,k2), by both D-PSO
and PSO algorithms, which maximizes the performance of methods are shown in Table.3, whereas the
controlled temperatures are shown Figure 8.

Table 3. Gain parameters obtained by D-PSO and PSO

Algorithms k1 k2 Value of fitness function
ST-SMC -D-PSO -0.001e5 -1.1959¢5 0.0793

ST-SMC -PSO -0.0008e5 -1.2e5 0.0794

ST-SMC 500 -12.03¢4 X

N
A
S

200
)
P 150
2
] | | ——— ST-SMC based D-PSO
(93
2-100 ””‘V””‘V””‘r temperature desired
e ‘ ‘ ‘ ST-SMC based PSO
50 - —-—-—-F--—-—-F—-———F{——8T-SMC 1
| | | T T
| | | | |
0 1 1 1 1 1
0 100 200 300 400 500 60C

time (s)

Figure.8. Temperature evolution versus time

From Figure 8, we can observe that the desired temperature value is reached, where the tracking
error between the controlled temperature and desired are almost zero from 200s at 600s. This means that the
chattering phenomenon becomes zero. It can be noted that the proposed method (ST-SMC based D-PSO),
provides results that have a good accuracy and a more stable temperature than the other methods (ST-SMC
and ST-SMC based pso).

The best fitness function value that gives the optimum gain parameters at each iteration step, for the
two proposed methods, are shown in Figure 9. We can note from this figure, that the convergence by D-PSO,
is more promising and faster than PSO algorithm, in term of minimizing fitness function value.

Int J Pow Elec & Dri Syst, Vol. 11, No. 2, June 2020 : 1055 — 1064



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 1063

o

1 R S O —
[ |
E | —— D-PSO
S 0.06} - J
2 | PSO
2 ]
E 0.04f ]
] |
2 |

0.02f ]

o
o -

.
5 10 15 20 25 30 35 40 45
number of iteration

Figure 9. Best fitness value versus number of iterations

Figure.10 shows the comparison between simulation results before and after the application of the
proposed controllers. From this figure we can see that the proposed methods give a good regulation of
temperature versus time, despite the presence of large variations of physical parameters. We can see also
from Figure 8 until Figure 10, that the ST-SMC with D-PSO give better resultants of temperature than the
ST-SMC with PSO and ST-SMC, in term more accurate results, which significant that the ST-SMC-D-PSO
is more performance then ST-SMC-PSO.

800 ;

before regulation
—— ST-SMC based D-PSO

600

400 - A -t - —m - — 2 - -

temperature (C°)

200

|
|
|
|
|
| |
| |
1 1
0 100 200 300 400 500 600

Figure 10. Temperature evolution versus time before and after applied ST-SMC based D-PSO

6. CONCLUSION

An optimization technique has been adopted for this work using the D-PSO to select the appropriate
gain parameters, which improve the performance of the ST-SMC controller, where the improved ST-SMC is
employed in order to control the temperature of the induction cooking device.

The main feature of this ST-SMC technique is the simplicity of implementation, and its robustness.
This study shows that the proposed method (ST-SMC based D-PSO) gives a stable performance with a good
temperature regulation, despite the presence of large variations in the physical parameters of the system, and
also it gives a constant output cooking temperature (150°C) which is the desired temperature.
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