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ABSTRACT:

In designing 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, heating efficiency and power factor. In
this paper, with consideration to function of the equivalent series resistance (ESR), optimal capacitance is calculated.
The induction heating resonance capacitor is achieved using Smart Bacteria Foraging Algorithm (SBFA) under
voltage and frequency constraints for minimizing cost function that is including: increasing the output power and
efficiency of an induction heater, while decreasing the power loss of the capacitor. The proposed algorithm mimics
chemotactic behavior of E.Coli bacteria to optimize parameters. The proposed algorithm enjoys individual and social
intelligence, so that it can search influx ways among hidden layers of the problem. 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, also improving the obtained results using SBFA are
compared to classical bacteria foraging algorithm BFA.

KEYWORDS: induction heating, capacitance, bacteria foraging, resonant frequency, equivalent series resistance.

1. INTRODUCTION

Because of the high efficiency, precise control and
low pollution properties, the induction heating is
widely used not only in the industrial fields, but also in
the home appliances. One of the interests is its
applications is in metal industry for melting or heating
of thin slab in a continuous casting plant because of
good heating efficiency, high production rate, and clean
working environments. A typical parallel resonant
inverter circuit for induction heater is shown in Fig.
1[1,2].

In the parallel resonant inverter, if the switching
frequency is close to the resonant frequency, higher
voltage is generated at capacitor bank [3]. However,
due to the limit in the voltage tolerance of the capacitor
bank, the inverter output voltage V¢ needs to be limited

below the rated voltage V.. . One method of limiting

V. is to reduce the DC-link current /. by increasing

the firing angle of the rectifier. However, the result is
decrease of the output power. At the mini-mill in a
POSCO steel plant, there are some induction heaters,
which were installed to heat thin slabs in order for next
milling process continually. However, there were two

problems: One was the insufficiency in the output
power and efficiency, and another 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 Ve

V.. »and it resulted in a large power dissipation in the

capacitor causing a high temperature rise [3].

Several attempts have been proposed to solve these
problems such as optimal design of power devices [4],
and proper control of the inverter switches [5] [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].

In [7], an optimal value of the capacitance only
under the voltage constraint was found based on the
Lagrange multiplier. In the mentioned method, the
switching and resonant frequency were not considered
as an important parameter in the capacitance selection.
As well, calculating the optimum capacitance needs to
solve two nonlinear complex algebraic equations by the
method [7].
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Fig. 1. a) Block diagram of induction heating system, b) a small sample of the induction heater.

As well as the evolutionary computation techniques

the GA 1is based on principles of evolution [8]. Based
on its demonstrated ability to reach near-optimum
solutions to large problems, the GA technique has been
used in many applications in science and engineering
[8]. Despite their benefits, GA may require long
processing time for a near optimum solution to evolve.
Furthermore, its operation is included by alternative
motion around the optimal point [9].
In a research article, GA was used to calculate the
capacitance of an induction heater. Although that has
shown improvement of the result than a classical
method, resonant frequency restriction hasn’t
considered properly [9]. Actually, either studied
articles haven’t taken into account this limitation,
which can make more complex the problem than past.

One of the optimization methods that recently that
has been used for different applications is the bacterial
foraging algorithm (BFA) which was proposed in 2002,
by Prof. K. M. Passino. It is based on the foraging
strategies of the E. Coli bacterium cells [10]. After
introducing the algorithm, a few successful applications
have been done in power systems specially [10-14].
But in order to modify and improve the classical BFA,
smart bacteria foraging algorithm SBFA was
introduced in [11]. The proposed algorithm SBFA
considers both social and individual intelligence of
bacteria, so that bacteria can conduct at a smart
direction by performing tumble with a unit of length
smartly. This approach leads to have a more decrease in
cost function and a higher speed convergence than
BFA.

The capacitance of the capacitor bank affects the
overall operating factors of the induction heater such as
resonant frequency, efficiency, and power factor [9].
Hence, in this work, we propose a method of choosing

optimal capacitance value Copt using SBFA, which

begets a trade-off between the maximum output power,
and efficiency with consideration to user’s aims by
selecting cost function. The capacitance is found by
defining an objective function that includes output
power, power loss, switching frequency and efficiency.

Heated Slab
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Fig. 2. Model of slab for one turn coil.

At the first step, an equivalent model of the induction
heater is developed based on previous works [7]. The
heating coil and slab are modeled as an inductance plus
a series resistance, and the capacitor bank is modeled as
a pure capacitance with an equivalent series resistance
(ESR). In next section, proposed algorithm SBFA is
outlined. Then optimal capacitance is achieved by
select of proper objective function.

2. TECHNICAL WORK PREPARATION
2.1. Equivalent Circuit

In general, the heating coil and the load are
modeled as a transformer with a single turn secondary
winding as shown in Fig. 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 Rz for one turn
coil is given by:

L 2(w +2b)

Ry=p==p——05— (M
where L and A4 are length and area of eddy current, / is
the effective length of the slab occupied by one turn
coil and b and w are defined in Fig. 2, J and p 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 a same inductance L, and resistance

R, [1]. These equivalent parameters, depend on

several variables including the shape of the heating
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Fig. 3. a) Equivalent circuit of the induction heater.
b) Simplified equivalent circuit of the induction heater.

coil, the spacing between the coil and slab, the
electrical conductivity and magnetic permeability of the
slab, and the angular frequency of the varying
current e, .

L,=L—-AL,, ©)
R,=R+ AR, 3)

where R, denotes the resistance of the heating coil, R 2
denotes the resistance of the heated slab,

andd=w.lL,, / wa§+RZ. It is noted that the

inductance of heating coil L, is not affected by the

existence of the slab in the heating coil, since at about
1100C" temperature the permeability of the iron slab is
equal to that of air, i.e., p =4z x 10e—7 (H/m) [7].

To represent the power dissipation in the capacitor
bank, it is modeled by a pure capacitance C and an

equivalent series resistance (ESR) R g, It is noted that
R

the Capacitance, hence, it is modeled as Ry, =k/C,

inversely proportional to

ESR 18

where k is a coefficient of ESR ranged from
12x10° <k <1.5x10°Qf .

2.2. Power Equation

A useful variable to calculate the power is total
impedance seen from the impedance of the equivalent
circuit in Fig. 3(c). The total impedance is given by:
(Ze+Zpw) (£, +Zy)

VAR VA VAR A
“4)
(a)kR +a)AL(q)+j(a)L k—R,)

o (CR,, + k) + j(@’L,C - 1)

s Teq

where Z,=jol,.Z.=1 joC,Z, =R, and

é‘q’

Ly = Ry =k/C.

Z, =

5
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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/
Therefore, the current source expanded in a Fourier

series is described as follows:
) 41,
it)=) —«
-3
The first harmonic amplitude is equaled as follows:

I =41,/ (6)
The current through R, and R

sinna,t n=1,3,5... )

oo are represented

by i, andi_., respectively. The phasor expression of

I, and i are described as follows:
V Z.+Z

__'c _ C T ESR
L= Z,+2, B ZL+ZR+ZC+ZESR1S’ )
I/C ZL +ZR
= = o (8)
ZetZpw Z,+Zp+Z-+Zpop
where V. and [ are phasors of v, and i, and
Vo=Z,-1, .In Fig. 3(c), the power consumption is

accomplished by equivalent resistor R, and ESR
Rgp of the capacitor bank. Therefore, the output

power of the induction heater P

out
loss P,

loss

PM(C){%J Z,=3

and the capacitor

are given by:

2

ZC+ZESR
2, + 2+ 2+ Loy

2
s “eq

2
)
% k-] R
2 k ] e’
T eCR, + D+ i@ICL, D
2
I 1 Z,+7Z,
le-.;(c):[cj ZESR ~ 5 5 5 | sz ZESR
NG 2|2, +Zy+ 2o+ 7
h (10)
81 o,C(RR,, +jo,L,) k
— i
4

. c
o,C(R,, +E)+J(wx CL, —l)‘

where [,/ denote the peak of i, ,i. respectively [5].
and P

ss are functions of

It is noted that P ,

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

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 [2-4]. Hence, for more
suitable value for the inverter while working close to

the resonant frequency, we let@, =1.1®,, and then

the voltage constraint is given by
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Ve=lzZ (o)

4
-, :\Z,(Jl.lwo)\«;Idc <V, (11)

where V. stands for voltage peak of the capacitor v,

V.. is rated voltage of the capacitor bank, and Z, is

max

total impedance of capacitor bank and heating parts.

3. SMART BACTERIA FORAGING
ALGORITHM
This supposed that we want to find the minimum

of 7(6),0 e RP.

3.1. Initialization

1) Number of parameters (p) to be optimized,

2) Number of bacteria (S) to be used for searching the
total region;

3) Swimming length Ns after tumbling of bacteria will
be undertaken in a chemotactic loop;

4) The number of iterations to be undertaken in a
chemotactic loop Nc¢ > Ns ;

5) Ner The maximum number of reproduction to be
undertaken;

6) Ned The maximum number of elimination and
dispersal events to be imposed over the bacteria;

7) P.q The probability which the elimination and
dispersal will continue;

8) The location of each bacterium P(i, j,k) which is

specified by P (i, j,k) = {0"(j, k., D|i =1,2,..., S} ;
9) The value of basic chemotactic step size " ¢ (i) " for

i=1,2,...,5 is assumed to be constant in our case for all
of the bacteria to simplify the design strategy;

10) To represent a tumble, a random direction unit
length between (0,1), say @ ( j) , is generated. This
will be used to define the direction of movement after a
tumble by wusing (). The value ofe () is

represented by:
A(D)

p(i) = pi) = 12

AT (DHA) (12)
where (i) : {f,, (i) |m =12,., pyis 1 or -1 and
A()e RP, {A,()|m=12,., plis a
number on (0,1]. Furthermore, (i) at first is chosen

random

randomly and then changes with attention to the cost
function smartly. The classical BFA algorithm is
rewritten with this new @(i) for smart bacteria

movement after a tumble.

3.2. The Iterative Algorithm for Optimization
This section presents models of the bacterial population
chemotaxis, swarming, reproduction, elimination and

Vol. 6, No. 4, December 2012

Start Tompute value of
cost function for
Intialization of each bacterium as
variables J{B,0.0) Elhmination &
o Dispersalloop
i Counter, E=E+1

Where B is
bacterium
number, B=B+1

Reproduction
loop Counter,
R=R+1

Chemotactic

loop Counter, 4—@

K=K~+1

Comp. J.
JBEN) <IBXN-1)

Sw(B) < Ns

No

Dispersal

Fig.4. The flowchart of SBFA.

dispersal (initially j=k=/=0 andé@ ' are chosen
randomly).

Step 0) Initialization of variables A (i) , B, (i) and
64 randomly. Fori =1,2,.., S, calculate the cost

function value for each bacterium using initial variables
(j=k=I1=0), as follows.
* Compute the value of the cost function J (i, j, k,/)

that:

J o, 7ok, 1) = J(i,j,k,l)+JCC(0i(j,k,l),P(j,k,l)) (13)
(J . (6)1s used to model the cell-to-cell signaling

via an attractant and a repellent of bacteria swarming).

* Let Jj,y =Jgy.jk.handJ,  =min_ , (J,,)t0

save this value since a better cost via a run may be

found.
* End of for loop

last

Step 1) Elimination-dispersal loop / = + 1.
Step 2) Reproduction loop k =k +1.

Step 3) Chemotaxis loop j = j +1.

a) Fori=1,2,...,§ calculate the cost function value for
each bacterium 7 as follows.

« Compute the value of cost function J (i, j, k,[) .
*LetJj, = Jgy (i.j.k.1) and

J = min( Jhy ) i=12,..5 to save this value since
we may find a better cost via a run.

* End of for loop

b) Fori=1,2,., S, take the tumbling/swimming
decision.

e Tumble: Generate a random vector A (i) with each

element.
* Move: let
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AP
VAT ()A (@) (14)
The fixed step size in the direction of tumble for

bacterium is considered.
s Compute J (i, j+1,k,1).

0 (j+1,k,))=T=0"(j k,1)+C>H.B().

* Swim:

1) Let N = 0 ; (counter for swim length);

2) While N < Ns (have not climbed down too long).

eletN = N +1

U gy (i, j+ Lk D)< Jhy, let Jho, =Ty (ivj+1,k,0)

And then:

0 (j+2,k,D)=0"(j+Lk 1)+C(i)ﬂ(i)$

o o VAT (DA (15
And use this@'(i, j+1,k,l) to compute the

newJ (i, j+1,k,1) .

* Else, let: g (i) = - g (i) and

i i N ag AD)
O (j+L,k,)=0"(,k,01)+2C>3H).4@). Tr(i)A(i) (16)
s Compute J _ (i, j+1,k,1).
I gy (i, j 10D < Jjage 10t Jjoq = Ty (i j +1,k,1) and
let:
AG)
VAT (A an
And use the ¢i(i,j+2,k,7)to compute the
newJ (i, j+2,k,1).
. Else letN = Ns,0(i,j+1,k,1)=T and
Jowl, j+1,k,[)=T. This is the end of the while

statement.
¢) Go to the next bacteriumi =i+1if i # S (i.e, goto
b) to process the next bacterium.

0 (+2,k,0)=0'(j+1,k,01)+ C(i).BG).

Step 4) If j < Nc , go to Step 3). In this case,

continue chemotaxis since the life of the bacteria is not
over.

StepS) If/ > Ned , The algorithm stops.

Step 6) Reproduction
a) For the

eachi =1,2,..., S, let
Fhearn =min{ J gy (i, j,k,D)}, je{l,..Nc} be the
health of the bacterium (a measure of how much
nutrients received over its lifetime and how successful
it was at avoiding noxious substances). Sort bacteria in
order of ascending cost J,,;, (higher cost means

lower health).

givenk and/ , and for

Vol. 6, No. 4, December 2012

b) TheS, = S/2 bacteria with the highest values
Jheann die and other S, bacteria with the best value

split (and the copies that are made are placed at the
same location as their parent).

Step 7) If k < Nr , go to 2. In this case, we have not
reached the number of specified reproduction steps, so
we start the next generation in the chemotactic loop.

Step 8) Elimination dispersal: after sorting bacterium
in order of ascending cost J,,,;;, (higher cost means

lower health), for i=S8eg,8eq +L., S,
(S, 4 =nS,{n<1}) with probability p, ; , eliminate and

disperse each bacterium (this keeps the number of
bacteria in the population constant) to a random
location on the optimization domain. After that, go to 1
[10-11].

4. IMPLEMENTATION OF SBFA ALGORITM
FOR OPTIMIZATION

Select of a suitable performance index is extremely
important for the design of induction heating. The
optimal induction heating parameters shall be obtained
by minimizing J, and the aim is selection of suitable
capacitance, such as increase of output power, decrease
of loss and also voltage and switching frequency
constraints are satisfied. Where desired of parameters:
1-Ferequence f,(that with attention to industrial

making constraints of high frequency inverters can't
increase to each value specific for high powers.) 2-
efficiency 3- output power 4- difference output power
with power loss 5- capacitance value (with attention to
this pattern that higher capacitance is more expensive
and larger than other, therefore must is used less
capacitance within possible limit). Now, coefficients
and weights must be imputed to functions of mentioned
parameters that show its importance rate.

1

JE
(P (€) = P (€))

Pout H

+ 0.995(7563’ f 0.0005

: (18)
1 (Lo 1y 1
+C +100 +0.87 %3 —
P.(©)
— out ]00
Po(©+Bp() (19)
iz w21, <V,
T
2 2 20
(CR ~L,)(CR, ~L,))>0 (20)

Minimization of J that is equal to maximization of

the output power(P , — P, ), defines suitable and

ut
minimum values of f; andC , and maximization

efficiency. With attention to the said subjects about
mentioned parameters, frequency value
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generation

Fig. 5. BFA and SBFA objective functions amount
variation with iterations.

has to decrease in high powers. Therefore, in this
position must have upper weight, and effect of
minimizing was more than position of low power. The
weights numerical values are achieved by trial and
error proportional to a few optimal characteristic
models. Parameters of the POSCO induction heater are
given as following:

L, =83[uH]>R,,=0.053[Q].¥,, =1700/, s =13004 ,

K=135x10°[Qf] [7].

Table 1. Parameters of the Induction Heating

Pou fS Ce
] kW 77 kHz M [qu]

SBFA | 1.0182 | 469.94 | 76.76% | 5.492 | 1226.6 | 117.76

BFA | 1.0196 | 477.07 | 76.18% | 5.665 | 1273.5 | 110.96

5. SIMULATION RESULTS

Simulation was performed with MATLAB
software. With the use of SBFA, the optimal
capacitance value is found to be C =117.76[uF] by

minimization (18) and attention to (20). SBFA
parameters are given in table II. Results of SBFA
performance is shown in fig.4, which move to
minimum value of objective function J (18).
Additionally, the process is done by using classical
BFA for compared to the proposed algorithm. Using
SBFA improve optimization process than classical
BFA Fig. 5.

Curves of output power P, power loss P, and

Loss
difference between both of them p

ot — P VErsus

Loss

capacitance C of the mentioned system are indicate in

Fig.(6), which shows by decreasing the capacitance C ,

output power is increased, but only in the allowable
area (with consideration to the constraints (20)).
Values of cost function and switching frequency are
given in figures 7, 8 versus variations of capacitance
value, respectively.

Although the type of the cost function depends on
user’s aims, for example, if rate of power output is
more concerned than efficiency, weigh of the
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term p - p, is increased more than the others. Also,

according to Fig. 9, capacitance voltage is lower than

600

'S
o
=)

Power [kW]
N
o
o

mic-f
Fig. 6. courves of output power, power loss and
diffrence between both of them.

12
10

©

Cost function J.
(-]

Fig. 7. Cost function J respect to the capacitance
values C .

voltage rate V... Just as was said this place is same
optimal point.

6. DISCUSSION

This paper presents a novel method for optimal
select capacitance and suitable switching frequency,
with considerations of tolerance of voltage and
frequency, ESR of capacitance, maximum output power
and high power factor. Parts of unallowable that are
shown on figures resulted from equation (20).

As one of the main achieved results, the proposed
procedure is based on a multi-objective function. In this
regard, several aspects, including economic and
technological limitations are taken into account. The
economic aspect is related to the ratio of energy cost to
profit from the production of the induction furnace. In
other words, in areas with cheaper energy, induction
furnace output power is more important. The second
factor in the design objective function, constraints
related to semiconductor technology and electric
devices. At higher power, the inverter switches operate
at lower frequencies. Furthermore, due to restrictions in
industry, capacitors with higher power values are
smaller.

Another point that should be mentioned, it can be
used effectively to optimize pre-fabricated and installed
induction furnaces with minimum cost.
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Fig. 8. switching frequency respect to the
capacitance values (C .
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Fig. 9. The capacitace voltage.

Table 2. PARAMETERS OF SBFA

N. of iterations S=16

N. of
bacteria
N. of
parameters

N,=8 N. of reproduction . N Of.
elimination
I?ro}:)ab}hty of ds=0 .0002 swimming
elimination & p. step

117.76 uf
1.0182

NC:]O

Ns=10 Swimming length P=1

Nea=10

P,id:j()%

Optimal capacitance

Final value of C. Function

7. CONCLUSION

This paper suggests a new method in choice of
capacitance and operating frequency for an induction
heater, with considerations on voltage tolerance and
ESR of the capacitor, maximum output power, high
power factor, and switching frequency. The optimal
solution is found by SBFA and defining an objective
function that includes output power, loss power,
efficiency and switching frequency. Taking into
account the frequency and voltage constraints, the
optimal value is obtained, which increases the life time
of the capacitor bank and generates a suitable output
power. Simulation results confirm better tradeoff
between improvements of efficiency and decreasing the
switching frequency. In one hands, raising power
output in the other hand in comparison with the
classical BFA. The proposed method can be use in
industrial scales usefully.
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