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Abstract  In design of a parallel resonant induction heating system, choosing a proper capacitance 
for the resonant circuit is quite important.  The capacitance affects the resonant frequency, output 
power, Q-factor, heating efficiency and power factor. In this paper, the role of equivalent series 
resistance (ESR) in the choice of capacitance is significantly recognized. Optimal value of resonance 
capacitor is achieved by using genetic algorithm method under voltage constraint for maximizing the 
output power of an induction heater, while minimizing the power loss and inverter switching 
frequency at the same time. Based on the equivalent circuit model of an induction heating system, the 
output power, and the capacitor losses are calculated. The effectiveness of the proposed method is 
verified by computer simulations. 
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القائی رزونانسی موازی، انتخاب خازن مناسب برای مدار تشديد دارای اهميت ه در طراحی يک کور چكيده
، راندمان حرارتی و ضريب توان اثر Q اين خازن بر فرکانس رزونانس، توان خروجی، ضريب.زيادی ميباشد 

مورد توجه قرار   (ESR)دراين مقاله انتخاب مناسب خازن و اهميت نقش مقاومت سری معادل . می گذارد
فتن محدوديت ربا استفاده از آلگوريتم ژنتيک مقدار بهينه خازن تشديد کوره القايی، با در نظر گ. گرفته است

ولتاژ خازن و سوئيچها، به منظور افزايش توان خروجی و کاهش فرکانس کليدزنی اينورتر و کاهش تلفات توان 
 القائی محاسبه  ةازنی بر مبنای مدار معادل يک سيستم کورتوان خروجی و تلفات خ. خازنی بدست می آيد

 .عملکرد روش پيشننهادی با شبيه سازی کامپيوتری مورد بررسی قرار گرفته است. شوند می

 
 

1. INTRODUCTION 
 
Induction heating is nowadays the most commonly 
used method in commercial production 
applications, especially in semi-solid metal 
processing, because it is a non-contact, clean, 
compact and fast method and the input power can 
be easily controlled. However, induction heating 
has its inherent drawback of non-uniform heating 
due to the so-called skin effect, end effect and 

electromagnetic transverse edge effect [1]. 
Usually, high-power induction heaters consist of a 
thyristor converter functioning as a current source 
and a load-commutated thyristor H-bridge inverter 
carrying a parallel resonator at the output terminal. 
For the load commutation, the current phasor 
should lead to the voltage phasor. Hence, with the 
parallel resonant circuit, the load must supply the 
capacitive vars to the inverter. This implies that the 
operating frequency must be higher than the LC 
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resonant frequency [2-3]. A typical parallel 
resonant inverter circuit for induction heater is 
shown in Fig. 1. 
In the parallel resonant inverter, if the switching 
frequency is closed to the resonant frequency, 
higher voltage is generated at the capacitor bank 
[4]. However, due to the limit in the voltage 
tolerance of the capacitor bank, the inverter output 
voltage VC needs to be limited below the rated 
voltage maxV . Also, the inverter costs and losses are 

increased by increasing the switching frequency.  
One method of limiting CV  is to reduce the DC-

link current dcI  by increasing the firing angle of 

the rectifier, however, the reduction of dcI  

decreases the output power.  
      For example, at the mini-mill in a POSCO steel 
plant, eight induction heaters of load commutated 
type were installed to heat thin slabs for next 
milling process in the continuous casting plant. 
The rated output power of each induction heater is 
1.5 MW. However, there were two problems: One 
was the insufficiency in the output power, and the 
other was the frequent damages of the capacitor 
bank. Insufficiency in output power was caused by 
a poor power factor of the inverter. On the other 
hand, the damage to the capacitor bank was due to 
a little voltage margin between CV  and maxV , and it 

resulted in a large power dissipation in the 
capacitor causing a high temperature rise. 
Several attempts have been proposed to solve these 
problems such as optimal design of power devices 
[5], and proper control of the inverter switches [3] 
[6]. 
     Various optimization methods, such as direct 
search method, evolution strategy (ES) and 
simulated annealing method (SAM) were applied 
to the optimal design of induction heater [6]. 
Several different Artificial Intelligence (AI) 
techniques, such as expert system (ES), fuzzy logic 
(FL), neural network (NN) or biologically-inspired 
(BI) genetic algorithm (GA) have recently been 
applied in power electronic applications [7-11]. 
 In [12], an optimal value of the capacitance under 
the voltage constraint was found based on the 
Lagrange multiplier. In the mentioned method the 
switching frequency was not considered as an 
important parameter in the capacitance selection. 
As well as, calculating the optimum capacitance 

needs to solve two nonlinear complex algebraic 
equations. 
    The GA as well as the evolutionary computation 
techniques is based on principles of evolution [13, 
14]. Basically, the GA method solves optimization 
problem by a search process resulting in best 
solution. 
 

     A few researches have been proposed for 
genetic algorithm in induction heating [15-17]. 
In [15], a method for designing optimal passive 
and active shields for axisymmetric induction 
heaters. Such shields are needed to protect human 
operators and external electronic equipment from 
stray magnetic fields. The method uses a genetic 
algorithm to minimize an objective function in 
order to optimum shield designing.  
 

     In [16] and [17], based on the analysis of the 
characters of genetic algorithm and particle swarm 
optimization, a new hybrid genetic algorithm was 
presented for transverse flux induction heating. 
It is known, the capacitance value of the capacitor 
bank affects the overall operating factors of 
induction heater such as resonant frequency, Q-
factor, efficiency, and power factor [18]. So 
another approach for optimization of induction 
heater operation is the selection of LC capacitance. 
 In this work, we propose a method to choose an 
optimal capacitance value optC , which maximizes 

the output power, and at the same time, minimizes 
the capacitor loss with attention to switching 
frequency considerations. 
 

     An optimal value of the capacitance is found by 
defining an objective function that contains the 
output power, power loss, switching frequency and 
efficiency. At the first approach an equivalent 
model of the induction heater is developed based 
on previous works [12], [18]. The heating coil and 
slab is modeled as an inductance plus a series 
resistance, and the capacitor bank. Where Real 
capacitors have loss components such as dielectric 
loss and resistances of electrolyte and foil [19]. 
These loss terms are summed to be an equivalent 
series resistance (ESR), and capacitors are 
modeled roughly as a series combination of a 
capacitor and an ESR.  
    The paper is organized as follows. In Section II, 
we review the direct induction heating modeling. 
In Section III, the optimization problem is 
formulated by a classical method. In Section IV, an 
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introduction of GA and its equations are presented; 
in continue simulation results is investigated in V 
section. 
 
 
 

2. PROBLEM FORMULATION 
 
A.Equivalent Circuit 
In general, the heating coil and the load are   
modeled as a transformer with a single turn 
secondary winding as shown in Figs. 2 and 3(a). 
Almost all magnetic flux generated by the 
induction coil (primary winding) penetrates into 
the slab (secondary winding). Hence, in the 
secondary circuit no leakage inductance appears 
and the coupling coefficient is equal to one. The 
secondary circuit can be moved to the primary part 
as shown in Fig. 3(b). The slab resistance RL for 
one turn coil is given by:  
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Where L and A are the length and area of eddy 
current, l is the effective length of the slab 
occupied by one turn coil and b and w are defined 
in Fig. 2, δ and ρ are skin depth almost distributed 
over the surface of slab and electrical resistivity of 
the material. Simplified equivalent model for a 
transformer can be represented in Fig. 3(c) by an 
equivalent inductance eqL and resistance eqR .                                                                                                                 

These equivalent parameters depend on several 
variables including the shape of the heating coil, 
the spacing between the coil and slab, the electrical 
conductivity, the magnetic permeability of the slab, 
and the angular frequency of the varying 
current S .  

 

,2
2

1 LALLeq                                                   (2) 

,2
1 Leq RARR                                                  (3) 

 

Where 1R  denotes the resistance of the heating 

coil, LR denotes the resistance of the heated slab, 

and 22
2
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.It must be noted 

that the inductance of heating coil 1L  is not ffected  

 
by the existence of the slab in the heating coil, 
since at about 1100 oC temperature the 
permeability of the iron slab is equal to that of air, 
i.e.,  μ = 4π × 10−7 (H/m). 
To represent the power dissipation in the capacitor 
bank, it is modeled by a pure capacitance C and an 

 

 

 

 

Figure 1. a)  A model of Induction heater, b) Block diagram of 

 induction heating system. 

 

 
Figure 2. Model of slab for one turn coil. 
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equivalent series resistance (ESR) ESRR  The 

rectifier and H-bridge inverter of the induction 
heater are represented by a square waved current 
source whose magnitude is equal to the DC-link 
current dcI . Therefore, the current source expanded 

in a Fourier series is described as follows: 
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The first harmonic amplitude is equaled as follows: 
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The current through eqR  and ESRR  are represented 

by Li  and Ci , respectively. The phasor expression 

of Li  and Ci are described as follows: 
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Where CV    and sI are the phasors of Cv  and  si   

and  stC IZV   . In Fig. 3(c), the power 

consumption is accomplished by equivalent 
resistor eqR  and ESR ESRR of the capacitor bank. 

Therefore, the output power of the induction heater 

outP  and the capacitor loss lossP  are given by: 
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Where CL II , denote the peak of CL ii , respectively. 

It is noted that outP  and lossP  are function of 

capacitance C, since all the parameters except 
capacitance are known values in (9) and (10).  
 

 
 
 

 
 
 
Figure 3. (a) Based circuit of the induction heater. (b) 
Equivalent circuit of the induction heater on a transformer 
concept. (c, d) Simplified equivalent circuit of the 
induction heater. 
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3. OPTIMAL CAPACITANCE FOR 
INIMIZING DEFINED OBJECT FUNCTION 

USING AN ANALYTIC METHOD 
    
 In the load commutated inverter, the switching 
frequency of the inverter must be higher than the 
resonant frequency of the L-C load to guarantee 
commutation of the thyristors [20]. Hence, for 
more suitable value for the inverter while working 
close to the resonant frequency, we 
let 01.1  a , and then the voltage constraint is 

given by 

,
4

)1.1()( max0 VIJZIjZV dctsstC 


         (11) 

Where maxV  is rated voltage of the capacitor bank 

and tZ  is total impedance of capacitor bank and 

heating parts. One can see that )1.1( 0jZt is also 

a function of capacitance, since WW CL/10  . 

 The aim is to find an optimal capacitance value 
that maximize the output power of the induction 
heater and minimize the capacitor losses 
simultaneously under the voltage constraint (11). If 
the object function is selected as lossout PP  , 

maximizing lossout PP  is equivalent to maximizing 

outP and at the same time minimizing lossP . 

     Maximizing lossout PP  , with the (11) constraint, 

it leads to apply Kuhn-Tucker theorem [21]. The 
cost function is defined by 
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Where 0  is Lagrange coefficient. 

Maximum point is defined by:  
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Finding the solution Copt for nonlinear algebraic 
(13) and (14) is too complex to be handled by 
hand. Therefore, Copt was found for a specific 
example by symbolic manipulation and numerical 
approach provided by MATLAB.  

Finally in [12], using the mentioned method, the 
resulting capacitance was obtained as ,126 FC   

with HLeq 3.8
 

 

 
 
4. OPTIMAL SELECTION OF APACITANCE 

USING GENETIC ALGORITM  
 
Select of a suitable performance index or objective 
function is extremely important for the design of 
induction heating. The present research work 
considers a performance index that can be written 
in the general form as (15) and the optimal 
induction heating parameters shall be obtained by 
minimizing J. The optimization problem is 
selection of suitable capacitance, in order to 
increase the output power, decrease the ESR losses 
under the capacitance voltage and switching 
frequency constraints.   
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  is the efficiency and 

)(PUp
out

 is the per unit output power.  

The capacitance voltage limitation is the same as 
(11). 
The objective function J is defined based on the 
following subjects: a) lower switching frequency, 
since higher switching frequency causes to higher 
switching losses of inverter switches, b) higher 
efficiency, c) increase the output power, d) lower 

 
Figure 4- converge object function in GA. 
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 power losses of ESR and e) lower capacitance 
value. 
So, minimization of J is equal to maximizing of 

lossout PP  ,output power and defining suitable and 

minimum values of Sf and eqC , maximum and 

suitable efficiency.  
     Optimization starts with a randomly generated 
population of individuals. Then, entering in a loop 
over the generations, one needs to evaluate the 
objective value (i.e., performance) of each 
individual, and attributes a fitness ranking that will 
drive the selection process. The evaluation of the 
objective value is typically the most time-
consuming step of the GA procedure as it involves 
several simulations (one for each individual).  
Selection determines the individuals that will 
reproduce, with better chances attributed to fitter 
individuals. Three commonly used methods for the 
selection are the roulette wheel, the stochastic 
universal sampling strategy and the binary 
tournament. After the reproduction population is 
determined, a crossover operator combines couples 
of parents to create offspring. A low-probability 
mutation operator then modifies randomly some 
characteristics of children produced by the 
crossovers. In order to avoid regression in the 
performance through the process, many authors 
use elitism. After verifying the stopping criterions 
of the loop over generations, the offspring becomes 
the new initial population and the process 
continues. A maximum number of generations 
and/or a maximum number of generations without 
improvement of the best individual generally act as 
stopping criterions. 
 
 
 

5. SIMULATION RESULTS 
 
Simulation was performed with MATLAB 
software. The parameters of POSCO induction 
heater were utilized in this simulation are given in 
table (1). 
With the use of GA, the optimal capacitance value 
is found to be ][144.9 FCW   by minimization 

(15) under the voltage constraint of (11). GA 
parameters are given in table (2). The result of GA 
performance is show in Fig. 4, that leads to 
minimum value of object function J. 

 
 

Figure 5- altering output power with frequency. 
 

 
 

 
 

Figure 6- d( Pout)/d(fs). 
 

 
 

 

 
Figure 7- cv voltage of capacitance with C=9.144e-6. 
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Curve of output power outP versus switching 

frequency Sf  is indicated in Fig. 5. By attention to 

this Figure, increasing to switching frequency, 
decreases the output power, such that the end of 
curve, with increasing the frequency, there will not 
any change to output power. Therefore optimal and 
suitable frequency in order to increasing the output 
power is depicted in Figs. 5 and 6. In Fig. 6, the 
derivative e of outP versus Sf  Figure is shown. 

After the characterized point on the curve, the 
output power will not acceptable changes with 
frequency increasing. As swell as the capacitance 
voltage of induction heater is shown in Fig. 7. 
The induction heater simulation parameters are the 
same as used in [12].  
In compared to achieved results in [12], the 
optimum capacitance was obtained 

fC 126 with  kw 64.287  outP , 
1.0882%9 , and our cost function with those 

results was 1.0183  J   
But the achieved results in this paper are 

fC 9.1439   with kw 74.479  outP , 
%9718.79 , and minimum cost function is 

1.01615  J  . 
As well as, finding the solution Copt needs to solve 
two nonlinear complex algebraic equations by 
MATLAB. Furthermore the proposed method is 
very sensitive to induction heater parameters.   
 
 
 

6. CONCLUSION    
 
This paper suggests a new method to select the 
optimal value of resonance capacitor for the 
induction heater. The optimal solution is found 
with genetic algorithm using a new objective 
function that includes output power, loss power, 
efficiency and switching frequency of inverter 
switches under the capacitance voltage constraint. 
This optimal choice is thought to contribute to 
increasing the life time of the capacitor bank and 
generating a maximum output power with higher 
efficient. Results of simulation are emphasized the 
improve efficiency and decreasing switching 
frequency in comparison with analytical method 
which is very complex and parameter dependent 
technique. 
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