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1.  Introduction
Nowadays, the numerical modeling is increasingly used both in the designing and optimization activities of the induction heating equipment and in the process control  [1, 4, 5, 11, 12].

Preliminary studies shown that the conventional temperature control (on/off or PID auto-tuning) can not achieve a satisfactory heating time and leads to overheating and material loss. 
From this reason, in this work has been proposed another numerical control method of volume induction heating process of the steel semifinished products (based on FDM modeling), by the hypothesis of supplying the crucible induction furnace through static frequency converter. 
2. Numerical modeling using FDM and FEM of the electromagnetic and thermal fields from the steel heat 
2.1 Physical model for study

The physical model for study is a crucible induction furnace of ICI 100/2,5-PR type (Fig.1). The furnace is supplied from a mean-frequency rotative generator, GEF-AV 125/2500 type. Inductor (1) has 10 turns and is made from copper pipe, with external diameter of 38 mm. Outside the quartzite crucible (3) there is an azbestos cylinder (5); in order to limit the thermal losses, the furnace is provided with a cover (4). 

It’s been analyzed the heating of a steel semifinished product OLC 45 (2) having the diameter d2 = 180 mm and height h2 = 375 mm, in case of inductor’s supply at a constant current (I = =1810 A,  rms,  f = 2500 Hz). 

For measuring the temperature inside the steel semifinished product, was used a ADAM-4018 module, supplied from the mains through a ADAM-4520 [13] converter.
Inside the steel semifinished product were made 8 longitudinal holes (Fig. 2) to locate chromel-alumel thermocouples, at the following (r, (, z) cylindrical co-ordinates:


 (1) r = 0, ( = 0, z = 37 mm;   


(2) r = 30 mm, ( = (/2 rad,  z = 37mm;


(3) r = 60 mm, ( =  2(/3 rad, z = 37 mm;   


(4) r = 75 mm, ( =  (/3 rad, z = 37 mm;  


(5) r = 18 mm, ( =  4(/3 rad, z = 87 mm;   


(6) r = 45 mm, ( =  ( rad, z = 87 mm;


(7) r = 18 mm, ( =  5(/3 rad, z = 107 mm; 

(8) r = 45 mm, ( = 0,  z = 107 mm,
where z = 0 corresponds to h2/2.

2.2 General hypothesis for study

The study of the electromagnetic field coupled with the thermal one from the ferro-magnetic steel heat of the crucible induction furnace was achieved in the following hypothesis:
(   the displacement currents are neglected;
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Fig. 2  Holes location  for introducing                 
    Fig. 1 Physical model  for study.                                                 the  thermocouples.

(   the magnetic hysteresis phenomena is neglected;

(   there are no internal electric field and permanent 
     magnetization;

(   the regime is considered as sinusoidal;

(   the analyzed domain has cylindrical symmetry;

(   the materials are isotropic;
( the processed material’s resistivity depends on temperature (and implicitely on time and space co-ordinates) and its magnetic   permeability depends on the intensity of the magnetic field generated by the inductor, respectively on temperature (and  implicitely on time and space co-ordinates).

2.3 Mathematic  model  of  the  electromagnetic field coupled with the thermal one [6; 8; 11]
The electromagnetic field produced by the  inductor  in  the crucible furnace’s heat can be determined based  on Maxwell’s equations for cvasi-stationary regime in imobile bodies, and the thermal field from the heat will be described by Fourier’s equation (in the hypothesis that there are no phase transformations, and the thermal transfer is made by conduction) [6; 8; 11]:
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       (1)
In the equation system  (1):
H[A/m] – represents the magnetic field’s intensity; ([W/m(grd], ([(m]-1 - thermal, respectively electrical conductivity, of the processed material; ([H/m] - magnetic permeability of the processed material, ([kg/m3], c[J/kg(grd] – density and specific massic heat of the processed material; p[W/m3] – volume density of the dissipated power through the foucault currents induced in the heat, T[grd] – temperature in the processed material. 
The equation system (1) admits a uniques solution in the following conditions:

-  at  
[image: image3.wmf]0

t
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 are known T(0,P), H(0,P), for any point P
   from the analyzed domain;

-  are known the boundary conditions;

-  are known the dependences ( = ((T)  and   (r = 
   = (r(H,T) for the processed material.
2.4 Results of the numerical modeling using FDM and FEM
For calculation of thermal and electromagnetic fields from the steel semifinished product, it was elaborated a program in C++ language, based on FDM.
The numerical modeling by FEM was performed by means of the professional program FLUX 2D [14]; both modelings do not include the melting and heating in liquid phase of the processed material.
In Fig. 3 ÷ 10 is presented the variation in time of the temperatures measured at diverse cylindrical co-ordinates and the ones resulted by numerical  simulation.  

Fig. 3  Time-variation of the material’s temperature,

measured (r=75 mm, z=37 mm) and simulated values.
Fig. 5 Time-variation of the material’s temperature,

measured (r=30 mm, z=37 mm) and simulated values.
Fig. 4  Time-variation of the material’s temperature,

measured (r=60 mm, z=37 mm) and simulated values.
Fig. 6 Time-variation of the material’s temperature,

measured (r=0, z=37 mm) and simulated values.
     Fig. 7 Time-variation of the material’s temperature, 
      Fig. 8 Time-variation of the material’s temperature,
   measured (r=18 mm, z=87 mm) and simulated values.             measured (r=45 mm, z=87 mm) and simulated values.

  Fig. 9  Time-variation of the material’s temperature,                    Fig. 10  Time-variation of the material’s temperature,

measured (r=18 mm, z=107 mm) and simulated values.              measured (r=45 mm, z=107 mm) and simulated values.
The results of the numerical modeling of the induction heating process allow the knowledge of the temperature in any point within the processed material, if there are information related to the temperature (measurable) on its side surface. This information is essential for the automatic control of the process according to the pre-established technological requirements.
3.  The volume heating process control of the steel semifinished products in the crucible induction furnaces
3.1 General issues of the volume induction heating of the steel semifinished products
The volume heating process of steel semifinished products concerning the further hot processing should ensure the obtaining of a more uniform temperature on their entire section, in a minimum time, without causing  internal thermal strengths. 
This imposes the following restrictions from technological viewpoint (especially to the steel semifinished products with high carbon content or alloyed steels):

· variation in time of the temperature from semifinished product’s core should follow a prescribed curve, depending on the steel’s chemical composition and on the semifinished product’s geometrical dimensions;
· the temperature difference between the side surface of the semifinished product and its center should not exceed a certain maximum value (specified by the technological people for each steel type), during the entire heating.
The program  (written in C++)  based  on  FDM was provided with a special module, dedicated to volume induction heating of the steel semifinished products. 
In Fig. 11 is presented the main window of the module dedicated to the volume induction heating of steel semifinished products and in Fig. 12 is presented the window for data input.


Fig. 11   The main window of the module dedicated to the   

           volume induction heating of steel semifinished products.



Having as  initial data:

·  the processed material type;

·  geometrical dimensions of the semifinished steel
     product and of the inductor;

· final temperature of the processed material;

· maximum   difference   (admissible)   of 
     temperature between the semifinished steel
     product’s side surface  and center, 
this module allows the determination of the optimal values of electric current’s intensity through the inductor and of its frequency, that should ensure the heating within a minimum time of the steel semifinished product, in the imposed technological conditions. 
To determine the values of the electric current intensity through the inductor, it was used the LMS algorithm (Least Mean Square) [7, 10]. The current through the inductor at iteration  k  is established according to relation:
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In the relation (2):


[image: image5.wmf]1

k

I

-

 – is the current through the inductor at the
           previous iteration,  k-1;
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           steel product’s side surface at iteration  k-1;
· – is an adaptation constant, [A/grd].
The desired temperature on the side surface (
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) in the heating period is determined depending on the core temperature at the previous iteration, Tk-2(0) and on the maximum temperature difference admitted between the side surface and core,  (Tmax:
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having in view the fact that the temperature variation at core between two successive iterations is neglectable, the time step at temporal discretization being small (1...5 s).

In the holding period, the temperature on the side surface should be as closer as possible to the final one:
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The frequency of the current through the inductor within the heating period and within the period of keeping constant  the temperature of the side surface of the semifinished steel product (necessary to homogenize the thermal field from its core) could be chosen by the user. 
The user can impose the initial value (I0) of the electric current through the inductor and a maximum value of this one (Imax) during the heating.
The temperature variation on the semifinished steel product’s side surface, obtained by numerical simulation, will provide the temperature’s prescribed 
values for each moment in time of the heating. 
The temperature’s prescribed values on the semifinished steel product’s surface will be stored further in the computing system’s database, for more steel types. 
Also, in the computing system’s database will be stored the frequency values and electric current’s intensity values through the inductor, depending on the processed material’s type and its geometrical dimensions.
 Further are presented the results of the numerical simulation  for  volume  heating  of  an  OLC 45 steel  
semifinished product (d2 =180 mm,  h2 = 375  mm, Fig. 1) from the initial temperature  Ti  = 20ºC to the final temperature Tf = 1200ºC, in conditions of a maximum temperature difference between the side surface and core  (Tmax = 200ºC. It was imposed I0 = = 0,  Imax = 1450 A,  f = 2500 Hz.

In Fig. 13 is presented the temperature variation in the center/core of the semifinished steel product and its side surface during the heating process, and in Fig. 14 is presented the current’s time-variation through the inductor.


 Fig. 13 Temperature variation in the center of the
               semifinished steel product and its side 
               surface during the heating process.
3.2  The structure of the control system of the 
      volume induction  heating process of steel 
       semifinished products

The block structure of the system proposed for control of the volume induction heating process of steel semifinished products for further hot processing is presented in Fig. 15.
The temperature transducer sends  information related to the side surface temperature of the steel semifinished  product  towards the computing system
(PC), by  means  of  ADAM-4018  and  ADAM-4520
modules (specialized for temperature measurements).
The ADAM-4018 module amplifies the signals from the thermocouples and also realise the analog-numerical conversion, as for these to be processed further by the numerical calculation system.

In the computing system, the measured value (Tmas) of the semifinished product’s side surface temperature will be compared with its reference value, resulted by numerical simulation (Tref). 
Depending on the difference (T = Tref  -Tmas,  the calculation   block   will   determine   the   values   of electric current’s frequency and current intensity through the inductor (or of the supply voltage), thus the  measured  temperature  will follow the reference
curve. 
If during the technological process are found deviations  of  ±  1% of the measured temperature (at

intervals dt = 10 s)  against  the reference values, the values of the electric current’s frequency and intensity through the inductor will be allocated  according to the computing system’s database.

Fig. 14  Time-variation of  the  current through the 
              inductor.
If the measured temperature’s deviations against the reference values, in the moment n-1,  are within the limits of ± 5%, the value of the electric current’s intensity through the inductor at the moment n will be determined according to the relation (5).
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Iref (n)  - is the reference value of the current through

              the inductor, provided in the database at the

              moment  n;
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	Fig. 15  The block structure of the proposed control system.

CI  – induction furnace in which is heated the steel semifinished product;  Tr – temperature transducer (thermocouple);  
ADC  – analog-digital converter;  SN – numerical system;  C –  comparator;  BC – calculation block;  
SFC  –  static frequency converter;  BA – block which makes an adaptation between the numerical signal from 
the BC output and analogic input of  SFC.
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        - is an adaptation coefficient, of  which exact 

              value is determined at the commissioning of 

              the installation.

The frequency values will be allocated according to the computing system’s database.
Taking into account that the heating process is slowly in time, the dynamic performances of the thermal regime’s control system should not be very high. We consider that, based on the data from literature [2, 3, 7, 9, 10], a control system achieved by the proposed algorithm ensures these performances.

Moreover, by modification of the adaptation coefficient 
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 could be changed the system’s performances regarding the temperature’s adjustment error, the stability of the temperature’s control system and the tracing speed.
The proposed control system has the advantage that it has a great generality, being applicable in all induction heating technologies.

4.  Conclusions
It is to be noticed a good concordance between the numerical simulation results and the experimental data. Thus, between the temperature’s simulated values and the ones experimentally determined we found differences of maximum 11% (FEM), respectively 14% (FDM).

Based on the simulation with FDM, it was proposed a performant numerical control system of the  volume  induction  heating  process  for different 
steel semifinished products regarding the further hot processing. 
The control of the volume induction heating
process of the steel semifinished products will be made depending on the temperature on their side surface. 

During the technological process, the calculation block from the control system’s structure will determine the necessary values for frequency and intensity of the electric current through the inductor (or the supply voltage) and will control (through the adapting block) the static frequency converter which supplies the induction furnace, in such way that the measured temperature to follow the reference curve imposed by technological reasons. 
By modification of the adaptation coefficient 
[image: image15.wmf]'
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 could be changed the system’s performances regarding the temperature’s adjustment error, the stability of the temperature’s control system and the tracing speed of the reference temperature.

The proposed control system has the advantage that it has a great generality, being applicable in all induction heating technologies.

The proposed control method is based on the advantages of LMS algorithm in comparison with other adaptive algorithms, such as low calculation volume, in conditions of keeping the convergence [2, 3, 7, 9, 10]. These advantages make that nowadays the LMS algorithm to be the most used adaptive algorithm [2, 3, 7, 9, 10].

The proposed control system allows both the temperature adjustment and the monitoring of the main energetical indicators of the induction furnace (power factor, efficiency, energy consumption, productivity), wear of the refractory lining and displaying of the cooling circuit’s temperatures, of the emergency messages and diverse statistics.
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Fig. 12  Data input window.
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