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ABSTRACT

This paper presents a 3-leg full-bridge resonant inverter configuration for different material vessel induction
cooking application. The proposed 3-leg full-bridge resonant inverter configuration features simultaneous
heating of three different material vessels, and independent output power control of each load. In this proposed
configuration, three different induction heating loads are simultaneously operated at their 1.05 times of
respective resonant frequencies to achieve ZVS. Iron, steel, and aluminum material vessels are used as
induction loads. The output powers are independently controlled by using an asymmetric duty cycle control
technique. The proposed 3-leg full-bridge resonant inverter configuration is designed and simulated in
MATLAB / Simulink.
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I. INTRODUCTION

Now a days utilization of electrical energy is a basic necessity of human life for wide use of electrical
appliances. Induction heating has several applications. Induction heating operates on high frequency AC
supply. Induction cooking is one of the main applications of induction heating. Recent times have shown
development of semiconductor devices and research in high frequency inverter circuits. There is progress in new
control schemes and circuit modifications by the use of power semiconductor devices such as MOSFETS,
IGBTs, MCTs and SITs having high efficiency and high reliability. The power semiconductor devices offer
reduced switching losses by using soft switching techniques at high frequency operation. Induction heating
method is a far better approach than other conventional methods because of generation of magnetic flux to
inducing eddy currents in load based on Faraday’s law of electromagnetic induction principle and there by
producing heat by Joules heating principle [1]. In conventional methods the heat is transferred from heat source
to load by conduction or radiation. But in induction heating method the heat is developed inside the load
due to generation of eddy currents. The heat generated by eddy currents in the heating load is concentrated in
a peripheral layer at skin depth (3) [2], which is explained by
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where, p is electrical resistivity, L is magnetic permeability and . is relative magnetic permeability of
the load material and f is switching frequency of the inverter circuit.

Generally using topologies in induction cooking application are quasi resonant inverter, half bridge
inverter and full bridge inverter. Full bridge inverter supplies a peak to peak voltage across the load which is
twice the source voltage. So it leads to high power transfer to load from the source. Full bridge inverter has
become very popular over other topologies and is widely used in high power applications [2].

Full bridge resonant inverter is generally used to energize the induction heating coil with high
frequency current to generate high frequency magnetic flux between the induction heating coil and the cooking
vessel. Consequently, high frequency eddy current is induced at a peripheral layer of skin depth level, inside the
vessel and finally heat is developed in the bottom area of the vessel. The full bridge inverter takes the energy
from the input source and converting into the dc voltage by diode rectifier. This dc supply is fed to inverter and
converts into a high frequency ac voltage, supplying a high frequency current to the induction heating coil. The
general series resonant inverter circuit for induction cooking application is shown in Fig. 1.
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Fig. 1. Typical circuit of high frequency induction cooking application

Induction cooking applications use Variable Frequency scheme, Pulse Frequency Modulation (PFM),
Pulse Amplitude Modulation (PAM), and Phase Shift Modulation (PSM) to control the output power. In
Variable Frequency scheme for constant load to control output power, varying the normalized switching
frequency. In case of below resonance operation, filter components are large for the low-frequency range. In
PAM control for constant load amplitude of the source voltage is varied to control the output power. In PFM
control the resonant frequency is tracking, when load changes by using PLL circuit. PFM control has ZVS soft
switching operating region is relatively narrow. PSM control gives high efficiency at higher duty ratio [3]-[4].
To overcome these problems, PWM technique is used.

This paper proposes full bridge resonant inverter configuration with two parallel loads for induction
cooking application. The characteristics of full bridge series resonant inverter and proposed output power
control scheme are explained in detail. In this configuration, synchronization of load switch switching pulse
with inverter output voltage used for control the output power of each load independently. This configuration
can be extended to multiple loads.

Il. FULL-BRIDGE SERIES RESONANT INVERTER
A high frequency full bridge series resonant inverter is used to energize the IH coil. It generates high
frequency magnetic flux and linking with the load. Consequently high frequency eddy current induces at skin
depth level in the vessel bottom area. Finally heat is developed inside the vessel due to eddy currents. The full
bridge series resonant inverter for induction cooking application is shown in Fig. 2.

le} D1 QAF} D4

Cil Leg Res
Vae T —_1
1

st} D, QsF} Ds
itchi
Q1 Q2 Q3 Qq :;Iglrt]c;lslng

Fig. 2. Full bridge resonant inverter for IH cooking application

A. Operating Principle of Induction Heating

Operating principle of IH is that when induction heating coil is energized by high frequency current, it
produces magnetic flux. It causes eddy currents that occur in heating load and this result in heating effect. The
induced eddy currents are concentrated in the vessel bottom layer at skin depth (8) level [2]. The load surface
resistance (R.) is determined by the load skin depth and its material specific resistance is shown in below
expression,

R = 2= ko @
where k is constant = 0.00198692
The load parameters depends on several variables including the shape of the heating coil, the spacing between

the heating coil and cooking vessel (load), their electrical conductivity and magnetic permeability, and the
inverter switching frequency.
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B. Equivalent Circuit of IH Coil and Load
A linear equivalent model of the IH coil and load represented by the effective equivalent inductance
(Leg) in series with effective equivalent resistance (Reg) is referred to the input side of IH coil.

Ry Ly Lo Req

Fig. 3. Equivalent circuit of IH coil with load

Fig. 3, shows the equivalent circuits for IH coil with load parameters. Load parameters are taken as single turn
short circuited secondary winding.
The circuit elements are represented as:
1) R_ surface resistance of the load
2) Lo inductance of the load
3) R; resistance of IH coil
4) L; inductance of IH coil
5) o, I Load current and IH coil current
6) Mjio, Mg, the mutual inductance between IH coil and load.
The voltage equations for the above equivalent circuit:

d d
Vo=1Ry + Lzﬁ + Mloﬂ—lf (3)
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From (3) and (4) equations,
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C. Characteristics of resonant tank
The resonant tank circuit in class-D/E inverter shown in Fig. 3 can be described by the following
parameters:
The resonant angular frequency is
1

e 9)
The normalized switching frequency is
Wg
0 =22 (10)

where wg = switching angular frequency = 2n X f
f, = switching frequency
The characteristic impedance is

Le__1 _
Zy = /C—r b w, L, (112)
The IH load quality factor is

) S S— (12)

Req wrCrReq  Req
The resonant tank circuit impedance is given by

Zeq = Req + j((‘)er - mslcr) (13)
= Req (1 +iQ(w, - min)) (14)
|Zeq| = Req\/1 - Q2 (mn - an)z (15)
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The phase angle between output voltage and current is
¢ = tan™?! (Q (wn - i)) (16)

Wn

The voltage across the resonant tank circuit Vg is

( Vae, for0<omgt <m
Ve = {—Vdc_ form < wgt < 2m (17)
The fundamental component of V4 can be found from Fourier analysis,
Vg (0)=Vnsinwgt, for 0 < wgt < 1 (18)
where
Vi = 3 Ve & 1.273 Ve (19)
The load current through the series resonant tank circuit is derived by
I; = I sin (wgt — @) (20)
where
= Ym  _ Vac
™ |zeql 7|Zeq|
_ 4Vg4ccosd
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= 21
— (21)
TReq |1+ Qz(fn—f_n )
The output power can be derived as following by using eg. (21)
2
POUt = %mReq
_ 8VZ.cosp?
B 72Req
— 8dec (22)
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From the eq. (22) the output power can be controlled by varying the load current by the duty ratio of
the inverter. The output power also depends on load quality factor and normalized switching frequency. The
inverter operates at switching frequency above its resonant frequency to ensure inverter switching devices are
operating in ZVS region.

I1l. PROPOSED 3-LEG FULL-BRIDGE RESONANT INVERTER CONFIGURATION

The output power of multiple loads are individually controlled is the main aim in full bridge series
resonant inverter [5]. We propose a 3-leg full bridge series resonant inverter configuration with different
material vessels and independent output power control achieved by asymmetric duty cycle control technique.
The 3-leg full bridge series resonant inverter operates at three different switching frequencies of each leg are
30kHz, 150kHz, and 450kHz respectively. The inverter switching frequency is chosen above their resonant
frequency of 1.05 times for ZVS operation of inverter switching devices.

One leg of the inverter is switched at low frequency (LF) and the second leg of the inverter is switched
at medium frequency (MF) and the other leg is switched at high frequency (HF). They are marked as LF leg,

MF leg, and HF leg respectively. ADC control technique is used with each leg. Resonant frequencies of load-1,

load-2 and load-3 are f,, = Tlncn y fom = WL;W_Cn,and fon = m respectively. Controlling the output

power of each load is done individually, with asymmetric duty cycle control technique. This configuration can
be extended to multiple loads.
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Fig. 6. Proposed 3-leg full bridge series resonant inverter configuration

V. SIMULATION AND RESULTS
To verify theoretical predictions of proposed 3-leg full bridge series resonant inverter configuration
simulated in MATLAB/Simulink. ZVS operation for inverter switching devices is achieved by choosing the
switching frequency more than its resonant frequency. The proposed inverter configuration is simulated with the
parameters as shown in Table I.

TABLE I
Parameters of 3-leg series resonant inverter configuration
Item Symbol Value
Source voltage Voc 50V
Equivalent resistance of load-1 Req1 1.95Q
Equivalent inductance of load-1 Ly 68uH
Equivalent resistance of load-2 Reqz 2.6Q
Equivalent inductance of load-2 L, 68uH
Equivalent resistance of load-3 Reg 3.6Q
Equivalent inductance of load-3 L3 50.7uH
Resonant capacitor of load-1 Cn 0.44pF
Resonant capacitor of load-2 Cr 0.02uF
Resonant capacitor of load-3 Cps 2.7nF
Low resonant frequency fu 29.07kHz
Medium resonant frequency fim 142.41kHz
High resonant frequency fen 430.16kHz
Low Switching Frequency fi 30kHz
Medium Switching Frequency fm 150kHz
High Switching Frequency o 450kHz

Fig. 7, shows the admittance curves of different material of induction heating resonant loads. From these
characteristics, each load can be allowed only respective frequency current only. In general, the duty ratio is
defined as

Duty ratio (D) = :L/’Zl
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Fig. 7. Admittance curves of different induction heating resonant loads
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Fig. 10. Simulation results for D\=1, D=1, Dy=0.3
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Table-11
Current magnitudes with different duty-ratios
Simulation (Load currents in
Amps)
D Dm Dn lig It (rms) | Ins(rms)
(rms)

1 1 1 10.11 4.1 1.62
0.6 1 1 7.92 4.1 1.62
0.3 1 1 5.16 4.1 1.62

1 0.6 1 10.11 3.18 1.62

1 0.3 1 10.11 1.69 1.62

1 1 0.6 10.11 4.1 1.34

1 1 0.3 10.11 41 0.85
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Ti R
me x 10~

Fig. 8. ZVS at LF leg for D=1, D=1, D=1

Current magnitudes of each load at different duty-ratios are tabulated in Table-2. From the above table,
it is observed that the each load currents are controlled independently with respective inverter leg duty-ratios.

In Figs. 4.11(b) and 4.11(c), it can be observed that for certain cycles, ZVS for leading leg devices only
is possible. During this zone, ZVS for lagging leg devices is not possible and vice-versa. Hence ZVS is not
ensured in every cycle for both leading and lagging leg devices of MF and HF legs of inverter. ZVS operation of
LF leg of inverter is not significant due to low switching frequency and hence low switching losses. In MF and
HF legs of inverter there is difficulty in achieving ZVS for both legs simultaneously in every cycle.

V. CONCLUSIONS

In this paper, a multi-load 3-leg full-bridge resonant inverter topology is proposed for different material
vessel IH loads. The inverter first leg is operated at low frequency and second leg is operated at medium
frequency of 30kHz, and 150kHz suitable for iron and steel vessels. The third leg is operated at high frequency
of 450 kHz suitable for aluminum vessel. Independent power control is achieved using asymmetric duty cycle
control. The proposed inverter topology is designed, simulated in MATLAB / Simulink. This topology provides
advantages of compatibility with ferromagnetic and non-ferromagnetic material vessels, independent load power
control with ZV'S operation.
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