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A new approach to working coil design for a high frequency full
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Abstract. High frequency full bridge series resonant inverters have become increasingly popular among
power supply designers. One of the most important parameter for a High Frequency Full Bridge Series
Resonant Inverter is optimal coil design. The optimal coil designing procedure is not a easy task.. This paper
deals with the New Approach to Optimal Design Procedure for a Real-time High Frequency Full Bridge
Series Resonant Inverter in Induction Heating Equipment devices. A new design to experimental modelling
of the physical properties and a practical power input simulation process for the non-sinusoidal input
waveform is accepted. The design sensitivity analysis with Levenberg-Marquardt technique is used for the
optimal design process. The proposed technique is applied to an Induction Heating Equipment devices
model and the result is verified by real-time experiment. The main advantages of this design technique is to
achieve more accurate temperature control with a huge amount of power saving.
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1. Introduction

Due to high efficiency, precise control and low pollution properties, the induction heating is
widely used not only in the industrial fields but also in the domestic appliances. In both cases, the
need for the optimal design is increased to achieve more accurate temperature control for the
compact packaging and the power saving demand at the present time (Kantar et al. 2016, Pitchai et
al. 2016, Wang et al. 2014, Chakravorty et al. 2014). A lot of theoretical approaches have been
reported. But, in the real applications, there are still some divergences between the theoretical and
the real-time experimental results. The foremost whys and wherefores can be summarized as
followings (Shin et al. 2016, Althaher et al. 2015, Kantar et al. 2015, Xu et al. 2015). Primarily,
the physical thermal-parameters of the heating plates are not constant even in a physically linear
range due to the structural disposition. When the usual axisymmetric coils are used, the parameters
of the plates are varied due to the diameters and positions of the coils (Panigrahi et al. 2016). The
values should be settled by the experimental modeling. Secondly in minor applications, such as
domestic appliances, the devices should have a simple structure and should be compact (McKenna
et al. 2015, Wang et al. 2014, Schweizer et al. 2013). To get a high frequency power for the
induction heating from the 50 Hz home electric power, the high frequency full bridge series
resonant inverter is commonly used, which produces an envelope waveform. It is quite different
from the sinusoidal waveform, which is assumed in the theoretical analysis, both in the induced
heat source amount and skin depth (Arteconi et al. 2013, Goéttmann et al. 2013). The real-time
design tool has to handle both properties. This paper describes an accurate optimal design
procedure taking into account the experimental modeling and the practical power source
simulation (Naar et al. 2013, Dev et al. 2013). The design sensitivity analysis with Levenberg-
Marquardt method is adopted for the optimal design process. The proposed method is applied to
the design of a Real-time High Frequency Full Bridge Series Resonant Inverter in Induction
Heating Equipment devices (Pitchai et al. 2012, Richardson et al. 2010, Feng 2016).

2. Governing equations

The co-ordination to be solved is given by

joo (T)A+Vx(u'VxA)=0 (1)
C, % VAT =Q(T,A) @)
Where
p=Density

C,=Specific Heat Capacity

x=Thermal Conductivity

Q=Inductive Heating

The electric conductivity of copper o is assumed by the expression

B 1
o [po(L+a(T-T,))] (3)
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Where po the resistivity at the reference temperature is To=293K, a is the temperature
coefficient of the resistivity and T is the actual temperature in the domain.
The time average of the inductive heating over one period, is given by

1 2
Q—E|E| 4)

The coil inductor is cooled by a turbulent water flow in an internal cooling channel. This is
matched by a combination of a high effective thermal conductivity and a homogenized out-of-
plane convective loss term

dMm
—C (T. -T
Q. =-dt (T T) (5)
¢ 27crA

Where
dd—l\t/l =The Water Mass Flow

Tin=The Water Inlet Temperature
r=The Radial Coordinate
A=The Cross Section Area of the Cooling Channel.

3. Orbital stability analysis of coil design system

Considered the system defined by the following equation

X =%9(r)-x,

(6)
X, = X, +X%,9(r)
g(r)=r?(A-r)
Where
r=x2+Xx,’
This system has a unique closed trajectory i.e., a limit cycle.
A cost
C:x(t)= _
A sint (7)

X’ (t)=x"(t—27)

It represents an oscillator stabilized at an amplitude A>0; and its equation of first variation
about x°(t) are

(8)

(ylj= —~A’cos’t (—1— A3sintcost) [ylj
(

Y, 1— A3sintcost) —A¥sin®t Y,
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It can be verified by substitution into Eq. (8) that a fundamental matrix for this system is
cost —sint)( £t 0
#()=| . 9
sint  cost 0 1
The characteristic multipliers

—27zA°
=&
A (10)
A, =1
As expected one multiplier is on the unit cycle. The above equation satisfies the orbital stability
theorem. So the Coil Design system is stable.

4. Conservation of energy in coil design system

Consider the system shown in Fig. 2 consisting of two parallel current-carrying conductors of
length 1. One is fixed and the other is constrained by springs with total spring constant k.
Neglecting firing effects, equation can be written with the total force f on the movable conductor
as.

_ ,uoliz
f(x)= kx+—27r(d—x) (11)

Ho=Permeability of free space
According to following equation

d
LP ¢ (x)dx (12)
m
Becomes
pdp Holi’
—= =] —kx+——"——|dx
m { 27(d —x)} (13)
And can be integrated to yield
2 :2
P e B 1 (g —x)=h (14)
2m 2 2
Which is the total energy in the system.
2
The term 2"; can be identified as the kinetic energy and the remaining terms on the left-hand
m

side of equation 14 comprises of the potential energy w«(x) stored in the force field. This is actually
a combination of energies stored in the spring and the magnetic field.

5. Error analysis in energy conservation using FEM
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2
—d—L;:Z for O<x<1
dx
With 1(0)=u(1)=0
The exact solution is
#(x)=p(1-x)

While the finite element solutions are for N = 2

hz(%j for 0<x<h

h
h{z-%j for h<x<2h

N=3
2h? Gj for 0<x<h
1, = 2h2(2—%j+2h2(%—1) for h<x <2h
ZhZ(B—EJ for 2h < x<3h
N =4
3h? Ej for 0<x<h

Hy =

3h? Kz—ﬁj +4h? (5—1j for h<x<2h

4h? 4—%)+3h2(%—2j for 2h < x < 3h

3h2(4—%) for 3h<x<4h
For the two-element case h = 0.5, the errors are given by

e Jh'(x x? —hx)” dx+(x—x2 —2h® +hx) " dx=0.002083

dﬂ dlLlh
dx dx

T1 2x—h?) dx+(1-2x+h?)  dx =0.08333
0
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(15)

(16)

(17)

(18)

(19)

(20)
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Table 1 Error in the energy conservation

h log, h lell, logy, [e], el log,o el
1
E -0.301 0.04564 -1.341 0.2887 -0.5396
1
g -0.477 0.02028 -1.693 0.1925 -0.7157
1
Z -0.601 0.01141 -1.943 0.1443 -0.8406
Glebal s @
e

| | | } | == Voltage across device VIN
= || —&— Voltage across device X1
! ! ! —&— Valtage across device RL

Volage (V)

L L L 1
a6 a7 48 49 x10

h H L s L
40 41 42 43 44 45
Time (s)

Fig. 1 The approximated shape
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Fig. 2 The shape of the induction heating equipment devices

Similar calculations can be performed for N = 3 and N = 4 Following Table gives the errors for
N=2,3 4.
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Fig. 3 The design parameters in the optimal design process(3D)
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Fig. 4 The design parameters in the optimal design process (2D)

Table 2 Error in the energy conservation

Description Expression
Supply Voltage 240 V
Wire Conductivity 5483.165792 S/n
Wire Radius in Coil 0.05 mm
Frequency 55 Khz
Turns in coil 40
Time for Stationary Solution 1 sec

6. The practical power input simulation results and analysis

In the real-time analysis of the eddy current system the input current was time harmonic
sinusoidal wave but the actual power input of the cooker is an envelope waveform as shown in
Fig. 1.

7. Optimal design procedure for a real-time high frequency full bridge series resonant
inverter in induction heating equipment devices
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The Optimal Design model for a Real-time High Frequency Full Bridge Series Resonant
Inverter in Induction Heating equipment devices is shown in Fig. 2. The design parameters of the
induction heating equipment devices considered here are the width and location of the gap
between exciting coils mainly is shown in Fig. 3. The size of the central hole and the end diameter
are fixed in the design. The design parameters in the optimal design process is shown in Fig. 4.
Table 1 give the results of error in the Conservation of Energy in the coil Design System and Table
2 give the error in the Optimal Design Procedure for a Real-Time High Frequency Full Bridge
Series Resonant Inverter in Induction Heating Equipment Devices and Fig. 4 shown the design
parameters in the optimal design process (2D).

8. Conclusions

An optimal design procedure for a Real-Time High Frequency Full Bridge Series Resonant
Inverter in Induction Heating Equipment device is proposed. Temperature distribution of the pan
after optimization is modelled through an experiment. Also, non-sinusoidal exciting current is
taken into account by the inverter simulation program and the actual power input waveform of the
induction cooker is to be considered. The temperature distribution of the system is computed by
finite element method and compared with experimental determinations. The Levenberg-Marquardt
technique is used for the optimal design with real-time limitations. The new experimental and
simulation data are similar, proving the validity of the proposed technique.
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