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Abstract-This paper presents the comparison of different 

fixed frequency control strategies for Induction Heating (IH) 

applications. Phase shift control method (PSM), Asymmetrical 

duty cycle control (ADC) method, and Asymmetrical voltage 

cancellation (A VC) methods are used to control the output 

voltage in IH applications. The performance analysis of the 

control methods is discussed in this paper. The MATLAB 

simulation results are given to validate the control schemes. 

Keywords-Induction Heating; phase shift control 

metllOd;asymmetrical duty cycle control; asymmetrical voltage 

cancellation method; etc. 

I. INTRODUCTION 

In recent years the metal heat treatment applications such as 
surface hardening, brazing, forging, annealing, tube welding, 
tempering, melting and soldering with the help of induction 
heater [1], [2] have special interest in industrial 
electromagnetic heat processing plants due to its much more 
excellent characteristics such as cleanness, safety, quick 
warming, high temperature heating, maintainability, 
controllability, high efficiency, high reliability, and low cost 
[3], [4]. The operation of IH is based on Faraday's law of 
electromagnetic induction. When the induction coil is 
energized with high frequency power supply it generates 
alternating magnetic flux in the coil with the same frequency of 
the current. When the magnetic flux links with the metal piece, 
the eddy currents are developed on the surface of a metal piece 
[5] -[8]. Mainly the heat producing factors in IH applications 
depend upon the frequency and magnetic field intensity. The 
requirements of IH appliance are high switching frequency, 
power factor nearly equal to one, high efficiency, low cost, 
wide power range, and reliability [9], [10]. 

Power circuit 
r----------------------------------------------
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.------1� 
50Hz: 
AC : 

Source : 

Fig.l. Typical arrangement for IH application 
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The typical arrangement of IH is shown in fig. 1. The 
available AC supply is converted into DC with suitable 
rectifier, and then DC is converted into a high frequency power 
supply, it is fed into the IH coil [7], [11]. 

In IH applications inverters play a major role in delivering 
power to the load. Here inverter is operating with a high 
switching frequency. But due to higher switching frequency 
switching loss also increase, which leads to decreased 
efficiency of the inverter. So, by reducing the voltage across 
the switch to zero during turn on and off transition, the 
switching loss can be minimized, which can be achieved by 
using resonant inverter. 

When switching frequency is less than resonant frequency 
load acts as capacitive load and there is more turn on switching 
loss due to 

• Reverse recovery effect 

• Miller's effect 

• Discharging of internal capacitance 

When switching frequency is equal to resonant frequency, 
its power factor is unity, and inverter switching loss becomes 
zero. But this case is not occurring in practical conditions. For 
obtaining high efficiency, the inverter is to be operated at 
switching frequency greater than the resonant 
frequencY,resulting in zero voltage state during the switching 
on and off transitions [12], [13]. 

For control over the output voltage or power in inverter 
application frequency is the traditional factor. By the variable 
frequency operation, the inverter has the several disadvantages 
such as a wide noise spectrum, which creates problems during 
control of electromagnetic interference (EMI) and it becomes 
more complex while filtering of the output-voltage ripple [14] -
[17]. 

The variable frequency operation disadvantages can 
overcome by fixed frequency operation. In the process of 
operation, the inverter is to be operated with a fixed frequency. 

To control the output voltage in fixed frequency operation 
in IH applications the following control techniques are applied. 
Those are phase shift control (PSC), asymmetrical duty cycle 
(ADC) method and asymmetrical voltage cancellation (A VC) 
method. In spite of the advantages of the fixed frequency 
control strategy, it has some disadvantages also. There may be 
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loss of soft switching operation during large variation of load 
or output power [18], [19]. So operation within a narrow 
frequency range is preferred. 

This paper presents the analysis and comparison of 
different control strategies to obtain the optimum ZVS control 
for reducing switching losses in the switches of the inverter for 
obtaining high efficiency. 

II. OUTPUT VOLTAGE CONTROL USING 
DIFFERENT CONTROL METHOD 

The full bridge inverter (FBI) is offering more control 
possibilities [1 I], due to that in this paper FBI is considered. 
The load is consisting of IH equivalent load parameters. Where 
R, L, and C are load equivalent resistance, inductance, and 
resonant capacitor. Fig.2 (a), (b) shows the FBI, and its 
uncontrolled output voltage and current. 

v 

Fig.2.(a). Full bridge series resonaut inverter. 

Vo 

Fig .2.(b). Uncontrolled output voltage 

The controlled output voltage can be achieved using the 
following control techniques. Those are PSC, ADC, and A VC. 
The output voltage can be controlled by varying the: u

+
, u·, and 

� control angels. 

Fig.3.0utput voltage and current with controlled variables 

The quasi square output voltage and load current waveforms 
are shown in fig .3. The quasi-square wave voltage is applied 
to the IH equivalent load circuit. 

The output voltage is represented with the help of Fourier 
analysis. Where Voh is amplitude and (/)vh is phase of hth 
harmonics. 

(1) 

(2) 

Where V is DC input voltage. 

bh=l - cosh(f3 - a+) - cosh(f3) + cosh a- (4) 

The THO is obtaining as 

The average output power Pout determined as 

P _ 
R Voh 

L
oo 2 

o�- i* 1 2 h=l R2+(hw L---) S hwsC 

Where Q= � is quality factor, 
R 

Voh = output voltage. 

wn = 
Ws normalised switching frequency . 
Wo 

Ws = angular switching frequency 

1 
Wa = rT7' angular resonant frequency 

v LC 

(5) 

(6) 

The high frequency harmonics are neglected, assuming that 
filtering is provided by the resonant tanle So the output power 

(7) 

The phase lag (/)1 between a fundamental component of 
output voltage Vol and output current io is 

(w L _
_ 1 ) 

(/)1 = tan-1 s 
R 

WsC (8) 
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Nonnalized voltage amplitude Voln 

V - Val 
(9) oln - Val (max) 

Nonnalized output power 

2Rl1+Q2(wn- r:n/] 
2 P, - _P - - (V ) n -

Pmax - Pmax 
= oln 

Where Vol (max) and Pmax are corresponding 

maxImum magnitude obtained with u+,u- =Oo,and 

P=180o. 

4V Vol (max) =­IT 

The output current expressed as 

Where 10 is the amplitude of output current 

ZVS can be achieved at 

/).cp > Oas presented in [19] 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

The /).cp can be increased by two ways. One is by 
increasing 010r by reducing 0V1• The traditional approach of 
increasing 01 is by increasing switching frequency. But 
increase of 01leads to low power factor, so for same power 
appliances more current circulates in circuit which results in 
an increase of conduction losses and tum off switch losses. So 
increasing 01 is not a suitable option and better approach is to 
reduce 0V1 which depends upon control angels a+, a-, and p. 

rh _ -1 ( sin(p-a+)+sin p+sin a- ) 
..... vl-tan 

1-cos(p-a+)-cos p+cos a-
(15) 

The optimum control strategy is that one which gives 
required output voltage and power with minimum0v1. The 
variation of voltage with minimum 0V1 can be achieved by 
varyin� individual control angles u+ or u- and maintaining 
P=180 [19]. 

The different control strategies are defined as below. 

A. Phase shift control method 
In PSC method [20]-[23] control variable is sigma (0) it 

varies between 0-180°. Where (j" = (180° - a+), P=180° and a+ 

=u- = u. The amplitude and phase of the fundamental voltage 
Vol are respectively. 

where V is DC input voltage. 

FigA shows the output voltage and current waveform 

obtained by PSC voltage control strategy. 

Fig.4.output voltage and current in PSC control method 

B. Asymmetrical duty cycle control method 

(16) 

(17) 

In ADC method p is the control variable [20],[23]-[25]. It 
varies between 0-180°. In addition, the following condition is 
also used: u+=u-=O°.The output voltage and current is obtained 
by ADC method is shown in fig.5. 

The amplitude and phase of the voltage Voare respectively. 

(18) 

(19) 

Fig .S.Output voltage and current in ADC control method 

C. Asymmetrical voltage cancellation control method 
The AVC control strategy [19],[20],[23],[26] offers more 

control possibilities with minimum losses as compared to PSC 
and ADC, as it uses three control variables u+, u-, and p. The 
control variables a+, a-, and p are vary between 0-180°, and 
always u + < p. The output vo Itage and current wavefonns 
obtained by A VC method is given in fig. 6. The amplitude and 
phase of the voltage Vo are respectively. 

(20) 
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rh _ -1 ( sin a ) 
'l'v1 -tan ---

3+cos a 

Vo 

Fig.6.output voltage and current in AVC control method 

(21) 

III. COMPARISONS OF CONTROL METHODS FOR LOW POWER 

IH APPLICATIONS 

In this section comparison of control strategies is made 
such that, which strategy is having the best performance in the 
fonn of less switching losses and % THO. 

[n all control strategies voltage is controlled such that ZVS 
must be achieved. For getting ZVS operation it is essential to 
operate at a frequency greater than resonant frequency. Thus, 
the main objective is to find out the optimum control strategy 
such that it controls the voltage within narrow frequency range 
with ZVS operation, by considering the load variation. From 
the equations (18), (20) and (22) it is observed that all the 
control strategies cannot maintain ZVS operation in the same 
way. 

A. First comparison: 
By substituting (8), (18),(20), and (22) in the condition (15) 

produces: 

W2 -1 tan� _n_ > _2 
Wn Q 

For PS and AOC controls, and 

2 � wn-1 
> 3+cosa 

wn Q 

For A VC control, 

(22) 

(23) 

Using the equations (23) and (24) the plot drawn between 
nonnalized switching frequency (ffin) and control angle (a) for 
different Q-factors which is shown in fig.7. Minimum ffi" is 
required for the variation in the load for obtaining minimum 
losses. The A VC is having the minimum ffin compared to the 
other PSC and ADC methods. 

1.4 

1.3 
Wn 

1.2 

1.1 

0.5 1.5 2 2.5 
U(inradjan) 

Fig.7.Plot between 0)" and a with different Q-factors 

[t is observed from the plot that for obtaining the same 
value of output voltage with ZYS, PSC and ADC requires 
higher nonnalized frequency, when compared with A VC. The 
AYC is having a minimum normalized frequency, so that 
conduction loss and tum off losses are also less in A VC 
method as compared with PSC and ADC [19], [23], [27]. 

B. Second comparison 
By substituting the equation (17) and (19) in equation (10) 

nonnalized power (P n) from PS and AOC method can be 
obtained as 

5: = cos-1 'R 
2 '\I'n 

(24) 

(25) 

Substituting equation (26), in equation (23) normalized 
frequency for PS and AOC can be found at 

(tan( cos-1 JPn))+ J(tan( cos-1 JPn))2+4Q2 
W = -------'---------n 2Q 

(26) 

Similarly substituting the equation (21) in equation (10) 
nonnalized power (Pn) for AVC method can be obtained as 

(S+(3*COS a)) Pn 
S 

a = cos-1 SPn-S 
3 

(27) 

(28) 

Substituting (29) in equation (24) nonnalized frequency can 
be obtained as 

,j9-(SPn -S)2 +Jg-(SPn -S)2 +Q2 (S+16Pn)2 
wn Q(S+16Pn) 

(29) 

Using the normalized switching frequency (ffi,,) and 
nonnalized power (Pn) the plots is drawn for different Q­
factors. Q-factor variation is represented for variation of the 
load. From the equation (28) the minimum nonnalized power is 
limited to 0.25 because the minimum normalized output 
voltage is limited 0.5. 
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Fig.8.Plot between Pn and u with different Q-factors 

From fig (8) it is observed that for obtaining the same value 
of output power with ZVS, ADC and PS method requires more 
normalized frequency as compared to A VC method. In A VC 
method power control can be achieved within a narrow 
frequency range. Thus, with A VC method higher efficiency 
can be achieved reducing losses [19]. 

C. Third comparison 
The ZVS is achieved when the switch current is negative 

while turning on the switch. The ZVS occurrence is compared 
in PSC, ADC, and A VC control methods with fixed frequency 
operation and under equal load conditions[19],[23] which is 
presented in fig.9. It is observed that for same frequency and 
load condition ZVS is attained by A VC method but it is not 
obtained in PS and ADC methods. 

(a) 

(b) 

(c) 

Fig.9.simulation waveforms of output voltage and current: (a) PSC 
method (ZVS is lost) ,(b) ADC method (ZVS is lost) ,(c) A VC method 
(ZVS maintained) 

D. Fourth comparison 
The fourth comparison is based on the total harmonic 

distortion (THO), which is a measure of closeness in shape 
between a waveform and its fundamental component. The 
purpose is to find, which control method causes less THO in 
output voltage. For this comparison substituting the equation 
(3),(4) in equation (5) 

For PSC method (with a+ =a-= a and �=180o) 

%THD=100* 
co 

Lh=
2 

(sin(h(180"-a))+sin(ha))2 +( I-COSe h(180"-a) )-COShI80"+COSha )2) 

«2 sin(a))2+(2+2 cos(a))2) 

(30) 

For AOC method(with a+ =a- =0 and a=1800-�) 

%THD=100* I�_/(2 sin(h(180"-a)))2+(2-2 COS(h(180"-a)))2) 

«2 sin(a))2+(2+2 cos(a))2) 

For AVC method (with a+=a,a- =O ,�=180o) 

%THD=100* 
�co 2 
L...h=

2 
(sin(h(180-a)))2+(2-COS(h(180"-a) )-cos (hI80") ) 

«sin(a))2 +(3+cos( a))2) 

(31) 

(32) 

%THD is a function of control angle a. Using the equations 
(31 ),(32) and (33) the plot between a and % THO is presented 
in fig. 1 0 for different control strategies. It is observed from the 
fig. 10, the %THO increases as a control angel a increases. In 
PSC and ADC control method % THD increases more rapidly 
than the A VC method with increase of control angel. It can 
conclude that A VC is having less harmonic content in output 
voltage. Therefore, A VC is having the better performance in 
different operating conditions. 

Q 
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0 L-�0�.5�-��-��.�5��2��2� .5��3� 
a/pha(in radian) 

F ig.lO. Comparison of % THD in output voltage 

From the above four comparisons A VC is the better control 
method compared with the PSC and AOC. 
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IV. CONCLUSION 

In this paper, three control methods are compared for IH 
applications; those are PSC, ADC, and A YC. The control 
methods are applied to the series resonant FBI. For the purpose 
of optimum control strategy four comparative measures are 
taken, the ZVS is considered in first three comparisons, % THD 
is considered in fourth comparison. The series resonant FBI is 
having higher performance, better control in output voltage 
without losing ZYS operation with A YC method only. 
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