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In induction heating (IH) system, it has been observed that, due to load variation, the effective voltage across the load changes. 
Owing to this, resonance condition is affected and also the desired output power across the load starts to vary. It is essential to 
maintain resonance condition and constant output power to IH load in order to enhance its heating quality. Regarding this 
requirement, this paper approaches a design of fuzzy logic controller (FLC) using pulse density modulation (PDM) technique for 
full bridge series resonant inverter (FB-SRI) to maintain constant output power irrespective of load variation for IH 
applications. The proposed technique has been validated in MATLAB/Simulink environment under different load parameters. 
The results are obtained through simulation and this shows the uniqueness of the FLC using PDM to maintain the constant 
output power across the load. 
 

1. INTRODUCTION 

In the past few years, it has been observed that for 
industrial as well as domestic applications, IH system is the 
most popular choice as compared to other classical heating 
methods such as convection, conduction, and radiation. IH 
techniques offer many advantages like high efficiency, 
more reliability, both environment and user-friendly [1, 2]. 
In this type of system, power should be accurately and 
smoothly controlled in order to get uniform temperature 
across the load of IH [3]. The power across the load of IH is 
controlled by means of resonant converter.  

For designing of an IH system, resonant converter plays 
a vital role to generate a high-frequency (HF) current [4, 5]. 
There are numerous topologies relating to this converter 
that have been developed such as a class D resonant 
inverter, series resonant inverter, single switch resonant 
inverter (Flyback inverter), modified single switch resonant 
inverter, half and full bridge topology [6–9]. Among all 
these topologies, generally FB-SRI is being employed due 
to its capability of sustaining high voltage or high current 
and its high switching frequency (Fig. 1) [10, 11]. All the 
resonant inverters operate at the resonant frequency 
(switching frequency) or nearly around (more or less than) 
the resonant frequency in order to get zero voltage 
switching (ZVS) or zero current switching (ZCS) [8, 11]. 
Along with these resonant converter topologies, also there 
are lots of power control techniques that have been created 
[13, 14]. Each has its own advantages and disadvantages. 
However, no single method is able to improve the dynamic 
behavior of the resonant converter topologies along with 
the consideration of variation of the load in IH system or 
input voltage for the inverter. As an example, in rural areas 
of India or other developing countries, power 
quality/supply to the consumer is not so good. Because of 
this, input supply for the resonant converter always varies, 
as a result of this, uniform heating across the load does not 
occur [15]. The variation in equivalent impedance of load 
and coil is the other reason which leads us to study the 
dynamic behavior of IH system. Due to this, effective 
voltage which is applied to work coil automatically 
decreases. It has been found that the cause of decrement in 
effective voltage is a change in steady state temperature, 

change in resonant frequency or change in alignment 
between work coil and load [16, 17]. To maintain the load 
voltage constant without disturbance in resonant 
frequency/operation of the resonant inverter, closed loop 
designing will be the better choice. For the designing of 
closed loop system to maintain constant load voltage 
regardless of variation in input voltage or change in load 
parameters, fuzzy logic plays a vital role [18]. So many 
methods for designing of closed-loop system like 
proportional integral (PI), proportional integral derivative 
(PID) etc have been developed but these methods don't 
seem to be able to maintain constant output voltage/current 
for non-linear load. Also its accuracy is less and takes more 
response time. 

In this work, a FLC for FB-SRI has been developed 
which improves the dynamic behavior of the converter. 
This proposed system using artificial intelligence (i.e. fuzzy 
logic), has been verified using MATLAB/Simulink 
environment under different loading conditions. Also, this 
proposed system is able to maintain constant output average 
power (Pave) at the variations of load within some 
acceptable range. For analyzing the dynamic behavior of 
this converter, transient response equation for voltage, 
current and power have been derived. 

The rest part of this work is as follows: in Section 2, the 
proposed FB-SRI using FLC and its transient analysis have 
been described. Design of FLC for IH applications 
associated with PDM technique has been analyzed in 
Section 3. Various simulated results and its analysis have 
been presented in Section 4. Finally conclusion for this 
work is drawn in Section 5. 
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Fig. 1 – FB-SRI for IH applications. 
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Fig. 2 – Block diagram of proposed fuzzy logic based FB-SRI for IH applications.

2. PROPOSED FUZZY LOGIC BASED FB-SRI 

The block diagram of proposed fuzzy logic based FB-
SRI is shown in the Fig. 2. This is basically a two-stage 
converter for converting grid frequency ac (50 Hz) to high-
frequency ac (HF ac) to satisfy the desired criteria for IH 
applications. From the block diagram, it can be seen that, in 
the first stage, 1-ø ac supply is converted to dc supply. Then 
dc link capacitor (Cf) and inductor (Lf) is used to remove 
the ripple content in the output of bridge rectifier. IH needs 
a HF ac, so for this in the second stage, the pure dc supply 
is again converted to HF ac with the help of FB-SRI. This 
HF ac flows through the load coil of IH which is shown in 
Fig. 3, so that pot or work piece gets heated. 

For analyzing the electrical behavior of the IH system, 
IH coil is modeled as the series connection of equivalent 
resistance (Req) and equivalent inductance (Leq) which is 
shown in the Fig. 3. Also, resonant capacitor (Cr) is used to 
create resonance condition which is either connected in 
series or in parallel having the combination of Req and Leq. 
M1 to M4 are the MOSFET switches which is used in 
designing for FB-SRI (Fig. 1). These switches i.e. M1, M4 
and M2, M3 are alternately turn ON and OFF according to 
the pulse applied through PDM technique using FLC 
scheme. By using FLC, the variation in dc supply for 
resonant inverter or change in load, output power remains 
constant as reference power (Pref) set by the user. 

 

IH COIL Req Leq Cr

 
Fig. 3 – Electrical modeling of IH coil. 

2.1. TRANSIENT ANALYSIS OF INDUCTION 
HEATING SYSTEM 

It is already aforementioned that, HF ac is applied to the 
IH coil. So to analyze the electrical behavior of the IH 
system, detailed modeling is shown in Fig. 4. In this circuit 
(Fig. 4a), Rc is the coil resistance which is very small as 

compared to load resistance (RL). Lc, Ls, and M are the coil, 
self, and mutual inductance. Req={RC+RL(n1/n2)2} and 
Leq={LC+LS (n1/n2)2 } are the equivalent resistance and 
capacitance which is obtained by referring secondary value 
to primary side shown in Fig. 4b. I is the total load current 
(secondary referred to primary) flowing through the circuit 
which might be the eddy current (responsible for generating 
heat in the pot). 

 
(a) 

 
(b) 

Fig. 4 – Equivalent electrical modeling of IH load. 
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On putting the value of equation (5) in equation (3) 
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Roots of denominators can be calculated as 
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On putting the values of denominator roots in equation (7) 
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Normally, it has been seen that IH system need 
underdamped response to create ZVS condition in order to 
reduce switching losses across the power electronics 
switches. So for this, switching frequency (fs) should be 
kept at somewhat higher than resonant frequency (fr). 
Because of this, all these equations are analyzed on the 
assumption of underdamped response i.e. 
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is directly related to power transferred to the load by the 
resonant converter. So for maximum generation of heat, 
maximum power should be transferred and it can happen 
when switching frequency (fs) will be equal to the resonant 
frequency (fr). Owing to this, for further analyzing of 
transient equations, ω*= ω has been taken. 
Now again 
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On solving equation (10) using partial fraction and some 
Laplace inverse manipulations, 
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From the equation (11), it can be concluded that with the 
variations in input voltage (Vm) or load i.e. Req or Leq, the 
magnitude of the output voltage across the IH load will 
change. So to maintain constant output or effective voltage 
across the IH load, the FLC has been proposed in this work 
which is discussed in next section. 

3. FLC BASED IH SYSTEM USING PDM 
TECHNIQUE 

In order to maintain constant output power irrespective 
of the change in input supply voltage or load within some 
acceptable range, the FLC has been proposed in this work. 
The advantages of FLC are that it can be used for both 
linear as well as a nonlinear system; also it does not require 
mathematical modeling as comparison to another controller. 

From the block diagram, as shown in Fig. 2, the output 
R.M.S voltage (Vr.m.s) and current (Ir.m.s) is sensed to 
generate average output power (Pave) and it is compared 
with desired reference average power (Pref) in order to 
generate the error between average power i.e. error in 
average power (Pe(ave)) and reference average power (Pref). 
  This error is divided into two parts i.e. error and change in 
error which act as an input for FLC. Now, the output of 
FLC is used to control the duty cycle of PDM ( PDM ). 

The detailed block diagram of FLC is shown in Fig. 5 
which is divided into three steps: fuzzifications, decision 
making, and defuzzification. In the first step i.e. 
fuzzification, the numerical value (or crisp value) is 
converted into a linguistic variable. The controlling inputs 
for fuzzification process are error (

)(aveekP ) and change in 

error (
)(aveekcP ) which can be defined as follows:- 

aveaverefk PPP
avee

 )()(
 ,                      (12) 

)()()( )1( aveeaveeavee kkk PPcP  .                (13) 
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Fig. 5 – Detailed block diagram FLC structure. 
 
The output of the FLC is defined as:- 

kkk PnPP d)1(dd   ,                       (14) 

where 

kPd  is the inferred change of the fuzzy output, 

kPd  is the power at kth sampling, 

n is the gain of FLC which is adjustable to control the gain 
of the controller. 

Now in the second step i.e. decision making which is 
associated with fuzzy rule base and database, define the 
relationship between fuzzy input and output sets. A fuzzy 
rule is defined by knowing the system behavior and simply 
If-Then condition is used to make fuzzy rules. There are 
total of 25 fuzzy rules have been created for this proposed 
work which is shown in Table. I. There are five fuzzy levels 
have been chosen in order to control error and change in 
error: large positive (LP), small positive (SP), zero (Z), 
small negative (SN), and large negative (LN). Also, two 
extra output variable is added: medium negative (MN) and 
medium positive (MP). The membership function (μf) is 
defined in the normalized range of [–1, 1] which is shown 
Fig. 6. 
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Following linguistic assumptions has been taken to design 
fuzzy rules: 

 If the Pe(ave) is large, then change in PDM should 

also be large to bring the output Pave to the Pref. 
 If the Pe(ave) is nearly zero, then a little bit change 
in PDM will be needed. 

 If the Pe(ave) is nearly zero and change in error 
(

)(aveekcP ) is large, then PDM  should be maintained 

constant. 
 If the P(ave) reaches Pref with some fluctuation, then 

PDM should be maintained small to avoid moving 

Pave from its reference power i.e Pref. 
By using the above listed linguistic assumption, about 25 

(5×5) fuzzy rules have been developed which are shown in 
Table 1. Now the last stage is defined as defuzzification 
which fuzzified value is converted into crisp value 
(numerical value) in normalized range. For defuzzification, 
centroid or centre of area technique is used in this work 

which is defined as 
x

xxP
P




 , where P represents the 

crisp value and μ is the membership function. 
By using above defined steps, an FLC has been designed 
which is able to maintain constant output power of resonant 
inverter. 

Table 1 

Fuzzy rule 

e/ce LN SN Z SP LP 
LN MN SP LN MP LN 
SN MP LP MP LN SN 
Z MP SP Z LN SN 
SP LN LP MN LP Z 
LP MN MP SN LN LZ 

3.1. PDM TECHNIQUE 

It is aforesaid in the above section that output of FLC 
goes to PDM controller which is responsible for controlling 
duty cycle ( PDM ). In this subsection, some brief overview 

on PDM controller is discussed. In this type of control, 
switching frequency (fs) should be kept constant and this 
switching frequency must be greater than resonant 
frequency (fr) to create ZVS condition. Figure 7 shows the 
generation of gate signals through PDM technique. From 
this figure it can be seen that HF and low-frequency signal 
are logically compared to generate the gate signal for 
MOSFETs M1 to M4. 

OUTPUT of 
FLC

HIGH 
FREQUENCY 

SIGNAL

OUTPUT of 
FLC

LOW 
FREQUENCY 

SIGNAL

SIGNAL 
INVERTER

GATE PULSES 
FOR M1,M4

GATE PULSE 
FOR M2,M3

Fig. 7 – Block diagram for generation of gate pulses through PDM 
technique. 

The duty cycle of PDM controller is defined as 

PDM

ON
PDM t

t
  ,                           (15) 

where tON and tOFF is the turn ON turn OFF time period of 
the PDM pulses respectively. 

The output average power can be controlled as 
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tPQ refPDM   ,                        (19) 

where Q is heat energy generated across load in joules (J), 
m is the mass/volume of object to be heated in grams (g) or 
litre (l), 
C is the specific heat of object to be heated in (J/g) , 
t is the time in second (s), 

T is the change in temperature. 
Equations (17) to (19) represent heat generated across the 

load in terms of power which can be regulated by duty 
cycle of PDM ( PDM ). 

4. SIMULATION MODEL, RESULTS AND IT’S 
DISCUSSION 

To validate the aforementioned proposed technique, 
simulation has been done using MATLAB/Simulink 
environment and various waveforms of load voltage (Vout), 
load current (Iout), and average output power (Pave) have 
been taken to analyze the proposed system behavior. It is 
already discussed in above section that, whenever pot is 
kept over the coil or work piece is kept inside the coil, the 
effective output voltage decreased due to change in 
equivalent parameters. Owing to this output average power 
(Pave) changes. In this work, FLC has been designed and 
simulated to maintain constant output, average power (Pave) 
at different values of the load is shown in Table 2. This 
FLC aided PDM controller maintains minimum switching 
losses for the wide load range variation. Along with it, this 
scheme is also able to support the input voltage variation 
within acceptable limit. For analyzing the system behavior, 
a simulation study has been done in two ways: with FLC or 
without FLC at different values of Req and Leq. If the Pe(ave) 

is large, then change in PDM should also be large to bring 

the output Pave to the Pref. 
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Table 2 

Output average power (Pave) at different variation of load parameters at Vin 

= 100 V, Pref = 100 W, fs =25 kHz 

Req(Ω) Leq(mH) Pave(W) 
(without FLC) 

Pave(W) 
(with FLC) 

15 0.3 166.1 99.43 
20 0.4 140.9 99.44 
25 0.5 121.7 99.46 
30 0.6 108 99.44 

 
Table 2 illustrates the output average power with or 

without FLC at different load parameters keeping Vin = 100 
V, Pref=100 W, and fs= 25 kHz (i.e. high-frequency signal 
or resonant frequency). From the Table 2, it can be 
observed that, with the variation in load, Pave is not 
changing when FLC is used and it is very close to reference 
power (Pref) as compared to Pave without FLC. Figures 8 
and 9 depict the simulation results of Vout, Iout and Pave at a 
load of Req = 20 Ω, Leq = 0.4 mH to Req = 30 Ω, Leq= 0.6 
mH. From the Figs 8 and 9, it can be seen that there is no 
much difference in waveforms of voltage, current, and 
power. However from the close observation, the simulated 
current waveform changes in accordance with the load but 
the simulated voltage waveform remain same along with 
steady state average power because of FLC controller. So, it 
can be concluded that the output average power (Pave)  
remains constant using FLC. Figure 10 shows the pulse 
generated (which is given to the MOSFETs of the FB-SRI) 
by FLC aided PDM controller. 

 
(a) At Req=20Ω and Leq=0.4mH. 

 
(b) At Req=25Ω and Leq=0.5mH. 

 
(c) At Req =30 Ω and Leq = 0.6 mH. 

Fig. 8 – Simulated results of load voltage (Vout) and load current (Iout) at 
different load parameters using FLC. 

 

 
(a) At Req=20 Ω and Leq=0.4 mH. 

 
(b) At Req=25 Ω and Leq=0.5 mH. 

 
(c) At Req =30 Ω and Leq = 0.6 mH. 

Fig. 9 – Simulated results of output average power (Pave) at different load 
parameters using FLC. 

 

 
Fig. 10 – Simulated result of pulse generation though PDM technique 

using FLC. 

5. CONCLUSION 

In this work FLC aided PDM based FB-SRI for IH 
applications has been proposed to maintain constant output 
power. Some mathematical modeling has been done to 
show the dynamic nature of IH system. The performance of 
the proposed technique is studied under different variation 
of load conditions. To validate this proposed technique, 
simulation has been done using MATLAB/Simulink 
environment which shows that, FLC is able to maintain 
constant output power. The proposed technique can be used 
for both domestic as well as industrial IH applications and 
it also increases the power efficiency along with the control 
accuracy. 
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