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The metal hydride tube used to store the hydrogen needs to be heated to remove the moisture inside 
and allow the hydrogen to flow out in it. Instead of conventional heating methods, the induction 
heating method is used to heat the metal hydride tube in this study. Class-E inverter constitutes the 
power stage of the system because of its simple structure, easy applicability, and low cost. The power 
switch of the inverter is driven with hybrid control, in which Frequency Modulation (FM) and Pulse 
Density Modulation (PDM) techniques are used together. Thus, the situations where one of the 
techniques is more advantageous than the other are utilized. Moreover, the positive aspects of each 
technique are highlighted. Fuzzy Logic Controller (FLC), which is independent of changing system 
parameters, carries out the power control of the inverter. A prototype of 232 W system consisting of 
the power and control circuit is established to verify the theoretical analysis and functionality of the 
hybrid control. To fix the tube temperature to the reference temperature of 250°C, the system is 
controlled in a closed-loop with FM-PDM-based FLC in the switching frequency range of 25-35 kHz. 
Highly efficient power control is carried out with FM-PDM-based FLC in a wide range. 

 

 
 
 
 
1. Introduction  
Induction heating has many advantages over traditional 
heating methods, such as being fast, more efficient, heating 
only the workpiece, and no combustion waste. For this 
reason, it is used in many applications, from cooking to 
melting [1-4]. One of these applications is the heating carried 
out to remove the moisture in the metal hydride tube used for 
hydrogen storage and discharge the hydrogen stored in it [5]. 
Depending on the type of application and output power 
required for induction heating, the high-frequency 
alternating current is produced with a single switch or 
half/full-bridge inverter topologies [6-9]. Class-E inverters 
are preferred due to their simple structure, ease of 
application, and low cost in applications up to 3 kW [10,11]. 
Unlike the study [5], class-E inverter is used in the 
power stage of the induction heating system when the  

 

advantages of class-E inverter and the amount of power 
required for the application are considered. In addition, in 
this study, the system's prototype is realized, and the 
induction heating method is used to heat the tube, unlike in 
the studies [12,13]. Although class-E inverter has different 
topologies [14-17], the circuit topology used in the study 
[17] is preferred for induction heating applications. The 
reasons for the preference of the topology are that there is no 
need for an additional element for the resonance circuit since 
the work coil is used directly as a resonant element, and the 
power switch connected directly to the ground is easy to 
drive [14,17]. 

Another issue as significant as the inverter topology to be 
used in induction heating applications is the determination of 
the techniques used in the control of the inverter switch(s). 
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The techniques affect the operating frequency of the inverter, 
operating under soft-switching conditions, power regulation, 
output response speed, efficiency, and the operating 
voltage/current of the power switch(s) [18]. Different 
techniques such as phase-shift [19], duty cycle [20], 
Frequency Modulation (FM) [14] and Pulse Density 
Modulation (PDM) [21] are used to drive the power switch 
of class-E inverter. Phase-shift control is used for the power 
control of two identical class-E inverters connected in 
parallel. With this technique, the output power is precisely 
controlled by adjusting the phase difference between the two 
inverters against load changes. However, the requirement for 
two identical inverters connected in parallel to apply the 
phase-shift technique restricts its use in a single-stage class-
E inverter [19]. In duty cycle control, the output power of the 
inverter is controlled practically by changing the duty ratio 
of the power switch. However, the fact that the switch has a 
limit value for the duty ratio at which it can operate under 
Zero Voltage Switching (ZVS) conditions prevents power 
control from being carried out over a wide range under ZVS 
conditions [20]. Although phase-shift and duty cycle 
techniques are employed in controlling class-E inverters, FM 
[14,22,23] and PDM [21, 24-26] techniques are commonly 
used for controlling preferred structure in induction heating 
applications. The advantages of FM are its simple structure 
and easy applicability. However, the disadvantages are 
increasing switching losses with increasing switching 
frequency, providing soft-switching conditions within 
certain limits, the power control in a narrow frequency range, 
and constantly updating the duty ratio. The advantages of 
PDM are that it operates at a fixed switching frequency and 
performs power control over a wide range. However, the 
disadvantages are that its implementation is difficult due to 
its complex structure and the power resolution depends on 
the frequency of the control signal. Also, audible noises 
occur when the frequency of the control signal is selected in 
the range of 20 Hz to 20 kHz, and the switch current and 
voltage stresses are high in the first period of the duty ratio 
of each new PDM signal, according to steady-state 
conditions [18,27]. 

In this study, instead of using one of the phase-shift [19], 
duty cycle [20], FM [14], or PDM [21] techniques for 
controlling the E-class inverter, which forms the power stage 
of the induction heating system, the hybrid control technique 
in which two of these techniques are used together is 
proposed. The FM and PDM techniques, commonly 
employed in induction heating applications [14, 21-26], are 
preferred techniques for hybrid control. Considering the 
specified advantages and disadvantages of the FM and PDM 
techniques [17,18,24], the control of the inverter is 
performed using the hybrid method that utilizes the favorable 
aspects of both, and it is tested in the induction heating 
system. In the study, firstly, the inverter is analyzed, and the 
maximum switching frequency values at which the power 
switch can operate under ZVS conditions are determined for 

different Quality factor (Q) values. Considering these 
frequency values, the power switch's maximum operating 
voltage and current values are obtained according to 
frequency. Moreover, according to these data, the switching 
frequency range in which the inverter can operate under ZVS 
conditions and other operating parameters are determined, 
and its design is carried out. As soon as the system is started, 
the control of the inverter's power switch is carried out by 
FM in the switching frequency range where ZVS conditions 
are guaranteed. In the FM technique, unlike PDM, the 
steady-state conditions are not disrupted at regular intervals, 
thus preventing the increase in the current and voltage 
stresses of the switch. When the maximum value of the 
switching frequency range determined in the control of the 
power switch with FM is reached and the output power of 
the inverter is desired to be further reduced, the switching 
frequency is fixed to the maximum value, and PDM is 
activated to control the power switch. Since the switching 
frequency of the PDM control is the maximum switching 
frequency value at which ZVS conditions are guaranteed, the 
increases in the switch current and voltage stresses that occur 
in the first period of the duty ratio of the PDM control signal 
are limited. In addition, the inverter's low output power 
values, which cannot be controlled by FM under ZVS 
conditions, can be controlled with high resolution up to 0 W 
using PDM. Thus, the temperature of the workpiece closely 
follows the reference temperature, without the ZVS 
conditions of the power switch disappeared. 

In induction heating systems, the load parameters are 
constantly changing under different operating conditions 
[28]. The power control of such systems, which are non-
linear and difficult to express mathematically, is very 
difficult with traditional Proportional Integral Differential 
(PID) control. However, Fuzzy Logic Controller (FLC) is 
effectively used in the control of systems with non-linear 
loads such as battery charging, electrolysis, induction 
heating, and maximum power point tracking [29-32]. 
Moreover, FLC is more robust than PID in the power 
regulation against changing system parameters such as input 
voltage, load, and reference value [30]. Due to its stated 
advantages, the power control of the inverter is carried out 
with FLC so that the workpiece temperature follows the 
reference value. 

2. Hybrid controlled class-E resonant inverter for 
induction heating 

The circuit structure of the induction heating system is as 
given in Figure 1. The system generally consists of the power 
and control circuit. The power circuit ZVS class-E inverter 
consists of the loaded heating coil, power switch, and 
resonant capacitor C. The input energy source of the inverter 
is the DC V source. While the Metal Oxide Semiconductor 
Field-Effect Transistor (MOSFET) M is used as the switch 
in the power circuit, the diode D is the body diode of M. 
The Digital Signal Controller (DSC) dspic33fj16gs502 with 
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Figure 1. Induction heating system. 

  
Figure 2. The synchronization circuit. 

 
a high-speed Pulse Width Modulation (PWM) module is 
used to drive FM-PDM-based FLC, to obtain the switching 
signal of FM and the control signal of PDM. 

The workpiece temperature, which is the feedback of the 
control circuit, is sensed by the PT1000 and then converted 
to a voltage by the voltage divider. TM is obtained by 
digitizing this voltage with 12-bit A/D. The inputs of FLC 
are the error and derivative of the error. The error (e) is the 
difference between the reference temperature TR and TM. To 
decide to operate FLC for which control technique, a 
comparison is made as to whether the switching frequency 
(fs) is higher than 35 kHz. If the comparison result is correct, 
FLC is run based on PDM, but otherwise, it is run based on 
FM. For the frequency values at which FLC operates based 
on FM, the duty ratio of the control signal (fPDM) of the PDM 
is 100%. While uFM is the change in the switching period, 
uPDM is the change in the duty ratio of the control signal of 
PDM. By applying uFM and uPDM to dspic's high-speed PWM 
module, the PWM signal (fFM) and the control signal of PDM 
(fPDM) are generated, respectively. The synchronization 
circuit, shown in Figure 2 and consisting of JK flip-flop, 
NOT gates, and AND gate, is used to enable the simultaneous 
operation of fFM and fPDM.  

The output (fs) of the synchronization circuit is applied to 
the MOSFET driver circuit and the gate signal (vgs) of the 
MOSFET is obtained. 

2.1. ZVS class-E inverter 

The equivalent circuit of the power circuit ZVS E-class 
resonant inverter is given in Figure 3. 

 
Figure 3.  The equivalent circuit. 

As can be seen from the equivalent circuit in Figure 3, 
the heating coil and the workpiece are represented by 
equivalent coil L and equivalent resistance R. When accepted 
that the circuit operates in steady-state conditions and all 
circuit elements are ideal, the values of L and C largely 
determine the operation and characteristics of the inverter. In 
this case, the following variables can be defined depending 
on the resonance parameters [17,33,34]. 
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Figure 4. The waveforms of the inverter. 

In the given equations, the resonance angular frequency ω0, 
the damped angular frequency ω0, the characteristic 
impedance Z0, the quality factor Q, and the neper frequency 
α. Considering the states of the power switch M and diode 
DM and the transient response of the resonant circuit for 
steady-state conditions, four different operating intervals 
occur for a switching period. The waveforms of the gate 
signal (vgs), coil current (iL), capacitor voltage (vc), switch 
current (is), and capacitor current (ic) for these time intervals 
are given in Figure 4. 

Although the inverter has four different operating 
intervals, two different operating states, RL and RLC, occur 
depending on whether the power switch and diode are turned 
on or off. These circuit structures are series RL for the case 
where switch M or DM is turned on (Mode 1), and the series 
RLC circuit for the case where both switches are turned off 
(Mode 2). 

Assuming that the inverter operates in steady-state 
conditions and all circuit elements are ideal, the operation of 
the inverter for Mode 1 and Mode 2 is as follows: 

Mode 1 (t0 ≤ t < t2): When the capacitor voltage is 0 V at the 
time t0, DM diode is turned on and carries the negative current 
iL in the series RL circuit whose initial value is ILt0. For the 
M switch clamped to the diode voltage, the ZVS conditions 
are met from the moment t0 to the moment t1 when iL reaches 
0 A. At the time t2, when the duty rate of vgs ends, L is charged 
to the value of Io. The equality of iL is as given in Eq. (6). τ 
in Eq. (6) is the time constant of the series RL circuit and is 
L/R. 

( ) 0(1 )
t t

L t Lt
Vi e I e
R

− −
τ τ= − + . (6) 

Mode 2 (t2 ≤ t < t4): At the moment of t2, when switch M is 
turned off, the series RLC circuit is formed, and the 
oscillation between L and C begins. The phase-plane, which  

 
Figure 5. The phase-plane curve. 

converts resonant waveforms into simple geometric shapes, 
can be used to determine the oscillation conditions and limits 
of the series RLC circuit with an initial current of Io. The 
phase-plane curve of the inverter is given in Figure 5 [33].  

In the phase-plane curve, M is the absolute value and θ 
is the phase angle. M and θ are as given in Eqs. (7) and (8), 
respectively. 

2 2 ,o
LM I V
C

= +  (7) 

1 0tan ( ),oI Z
V

−θ =  (8) 

while the capacitor C, whose voltage value is 0 V at the time 
of t2, is charged to the value of Vcm at the time t3, the coil 
current iL becomes 0 A. The oscillation between L and C 
continues until the capacitor voltage is 0 V. The equations of 
iL and vc for this time interval are given in Eq. (9) and Eq. 
(10), respectively [17]. 

( )
0

sin( ),t
L t

Mi e t
Z

−α= ω + θ  
(9) 

( ) cos( ).t
c tv V Me t−α= − ω + θ  (10) 

The damping ratio of the curve starting at t2 and continuing 
in a spiral until t4 is as given in Eq. (11). 

0

1 .
2Q

α
δ = =

ω
 (11) 

In interval Mode 2, the phase-plane curve passes through the 
maximum value of the coil current and capacitor voltage. 
The maximum coil current ILm (ωt = (π/2) - θ) and the 
maximum capacitor voltage Vcm (ωt = π - θ) can be found in 
Eq. (12) and Eq. (13), respectively. 

2( )
2

0

,Q
LM

MI e
Z

π
−θ

−
=  (12) 

( )
2 .Q

cmV V Me
π−θ

−
= +  (13) 

While the capacitor voltage vc reaches 0 V at time t4 (ωt = 
2π–θ), iL continues to oscillate. While vc drops to 0 V, the 
limit condition for oscillation given in Eq. (14) should be 
satisfied for the diode DM to be turned on and the ZVS 
conditions of switch M to occur. 
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Figure 6. The power-time graph for different temperature changes. 
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For Mode 1 and Mode 2, while the operating of the inverter 
is completed at time t4, the operation starts again from t0 and 
similarly continues until t4. 

2.2. Design of the inverter 

The power equation given in Eq. (15) determines the 
operating power of the inverter used in the induction heating 
system. In the equation, m is the mass (kg) of the workpiece, 
and c (specific heat) is the quantity (J/kg°C) of thermal 
energy absorbed by one gram of the workpiece to raise the 
temperature of the workpiece by one degree Celsius. Tf and 
Ti are the final and initial temperatures of the workpiece, 
respectively. Finally, t is the time (s) required to reach the 
final temperature [35]. 

.f i
w

T T
P mc

t
−

=  (15) 

The power-time graph for different temperature changes (∆T 
= Tf – Ti) of the metal hydride tube made of steel st52 (carbon 
steel) material with the specific heat of 490 J/kg°C and the 
mass of 0.151 kg is given in Figure 6. As seen in Figure 6, 
while the power value required to obtain high-temperature 
differences on the workpiece in a short time increases, the 
power value decreases in the opposite case. 

The time taken to heat the tube from room temperature 
of 25°C to the reference temperature of 250°C is chosen as 
90 s. For a temperature difference of 225°C to occur in the 
tube in 90 s, the power value (Pw) that must be transferred to 
the tube is found by Eq. 15 as 185 W. Assuming the inverter 
efficiency is 0.8, the average power (P0) to be supplied by 
the source is 231.25 W. In Figure 7, the heating coil designed 
by considering the physical properties of the tube and the 
tube itself are given. The heating coil is implemented using 
insulated 0.35 mm Litz wire to reduce the skin effect. As a 
result of the experimental studies, the equivalent inductance 
L and equivalent resistance R parameters of the loaded 
heating coil for the workpiece temperature of 250°C are 
determined as 82.13 µH and 2.6 Ω, respectively. 

To determine the Q value of the inverter, considering the 
oscillation condition where the soft-switching condition is 
satisfied,  Vcm  and  ILm  curves  according  to  the  normalized  

 
Figure 7. The tube and heating coil. 

 
Figure 8. fn-Vcm and fn-ILm curves for different Q value, (a) fn-Vcm, 

and (b) fn-ILm. 

frequency for different Q values are obtained and given in 
Figure 8. Since the value of L, one of the resonant elements 
of the inverter, is known, the C value obtained for each 
different Q value is also given in Figure 8. 

As seen in Figure 8, while the switch voltage Vcm 
increases with increasing Q value, the maximum current ILm 
carried by the switch decreases. Therefore, the value of Q 
determines the voltage and current stress of the switch. 
Moreover, since the capacitance value of the capacitor 
increases with decreasing Q value, the resonance frequency 
also decreases and the switching frequency, which is the 
control variable, reduces to the audible frequency values. In  
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Table 1. The operating parameters of the inverter. 
V 

(V) 
L 

 (µH) 
C  

(nF) 
R  
(Ω) 

fr  
(kHz) 

P0  
(W) 

50 82.13 150 2.6 45.34 231.25 

addition to considering these factors in determining the Q 
value, the low switch voltage facilitates the selection of the 
switch. Also, due to the low voltage level that the switch is 
exposed to, insulation losses are reduced, and transmission 
resistance, which increases with the operating voltage of 
power switches such as Insulated Gate Bipolar Transistor 
(IGBT), is prevented. However, the current (ILm) carried by 
the switch increases for the low switch voltage. Considering 
all these factors, the quality factor of the inverter is chosen 
as 9. With the determination of the Q value, the operating 
parameters of the inverter are given in Table 1. 

For the determined Q value, when the minimum 
switching frequency of the inverter is accepted as 20 kHz, 
which is the audible frequency, the maximum switch voltage 
and current are 330 V and 12.5A, respectively. MOSFET, 
which is more suitable for ZVS because the turned-on losses 
are higher than the turned-off losses, is preferred as the 
power switch in the inverter. In addition, the determined 
maximum switch voltage and current values are suitable for 
using MOSFET as the power switch. For this reason, 
MOSFET IRFP460 with a maximum operating voltage and 
current of 500 V and 20 A, respectively, is preferred as the 
power switch. 

2.3. Control of the inverter 

Eq. (16), from which the average power produced by the 
source is calculated, is used to determine the frequency range 
at which the inverter power control will be performed. 

2

1
0 ( ) .

t

s L tt
P Vf i dt= ∫  (16) 

Considering the limit condition for the oscillation for the 
determined Q, the curve of the average power produced by 
the source according to the normalized frequency is given in 
Figure 9. As can be seen from Figure 9, while the average 
power of 231.5 W is generated by the source at the switching 
frequency of 25.01 kHz, the minimum average power of 22 
W is generated at the switching frequency of 42.61 kHz. 

To reduce the average power below 22 W in the FM-
controlled inverter, the switching frequency must be 
increased. However, as can be seen from Figure 10, which 
shows the variation of the capacitor voltage with the 
frequency for Mode 2, the limit condition for oscillation 
cannot be met for the frequency value above the switching 
frequency of 42.64 kHz. Therefore, the voltage vc, which 
should be 0 V at the end of the Mode 2 interval, continues to 
oscillate without falling to 0 V. As a result, since the power 
switch cannot be turned on under the ZVS condition, the 
switching losses increase, and the efficiency decreases. 

As a result of the analyses, the minimum operating 
frequency, where the power required to create  the  temperature 

 
Figure 9. P0-fn curve. 

Table 2. Rule base. 

e/ce ce 
NB NS Z PS PB 

e 

NB NB NB NB NB Z 
NS NB NS NS Z PB 
Z NB NS Z PS PB 

PS NB Z PS PS PB 
PB Z PB PB PB PB 

temperature difference on the workpiece in the desired time 
is obtained, is determined as 25.01 kHz. The maximum 
operating frequency is selected as 35 kHz, and the power 
control of the inverter is performed with FM in this range. 
Thus, the ZVS conditions of the power switch are 
guaranteed. However, the average power produced by the 
source for the 35 kHz switching frequency is 91.13 W. To 
control the power of the inverter from 91.13 W to 0 W, the 
switching frequency is fixed at 35 kHz and PDM control is 
activated. The power-frequency curve of the hybrid control, 
whose working principle is explained, is given in Figure 11. 

As seen in Figure 11, the control of the inverter is carried 
out with FM for high powers and with PDM for medium and 
low powers. With the hybrid method in which FM and PDM 
are used together, the power of the inverter is controlled up 
to 0 W while maintaining the ZVS conditions. 

2.4. Power control of the inverter with FM-PDM-Based 
FLC 

In the induction heating system controlled by FLC, the regulated 
output magnitude is the temperature of the workpiece. There is 
no need for a mathematical model to control the induction 
heating system with FLC. Instead, the expert knowledge and the 
operation of FLC units (fuzzification, rule base, inference 
engine, and defuzzification) within the framework of definite 
rules are sufficient for control of the system. The rule base of 
FLC is given in Table 2. The input and output linguistic 
variables N, S, Z, P, and B of FLC are negative, small, zero, 
positive, and big, respectively. The rule base of FLC is built 
with IF-THEN rules. 
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Figure 10. Variation of the capacitor voltage with the frequency for Mode 2. 

 

 
Figure 11. The power-frequency curve of the hybrid control. 

Membership functions of FM-PDM-based FLC are given 
in Figure 12. Triangle and trapezoid are used as membership 
functions in input (e and ce) and output (u) variables of FLC. 
In the membership graphs in Figure 12, while the x-axis 
shows the membership values of the variables, the y-axis (µ) 
shows the membership degree of the relevant variable. Min-
max (Mamdani) is used as the fuzzy inference method and 
the centre of gravity is used as the defuzzification method in 
FLC. Membership functions of FLC are selected the same 
for FM and PDM control. While the limit values of the input 
membership functions for FM and PDM are equal, the limit 
values for the output membership functions are different. 
When the switching frequency reaches 35 kHz, the power 
control of the inverter is switched from FM control to PDM 
control technique, and the limit values of the output 
membership functions are updated. 

Thus, thanks to the FM-PDM-based FLC structure, the 
power control of the inverter is realized by using two 
different switch driving techniques together. 

3. Experimental studies 
The experimental setup of the induction heating system with 
the FM-PDM-based FLC controlled class-E inverter is given 

in Figure 13(a) and, the inverter and control circuit are given 
in Figure 13(b). The system is operated with the input 
voltage V, which is obtained by DC power supply. TC4427 
driver integrated circuit is used to drive the MOSFET 
IRFP460. To provide a high coupling factor between the 
heating coil and workpiece, the heating coil is designed 
depending on the physical properties of the metal hydride 
tube. The heating coil is wound in 53 turns. In experimental 
studies, the coil current is measured with Tektronix 011-
0105-00 AC current probe. Polypropylene capacitor, 
developed for energy conversion and control in power 
electronics applications, is used as the resonance capacitor. 
To detect the workpiece temperature, which is the system's 
feedback, the two-end PT1000 resistance temperature 
detector, which can measure temperature from -200°C to 
400°C, is used. 12-Bit A/D converter MCP3204 integrated 
circuit is used to digitize the temperature information from 
the PT1000 by communicating with the DSC through a 
simple serial peripheral interface. In addition, for faster 
analog-to-digital conversion and more accurate 
measurement, the supply voltage, and the reference voltage 
of MCP3204 are selected to be 5 V and 3.3 V respectively. 
The temperature is also sensed with a K-type thermocouple 
and transferred to the computer environment with the TC-08 
data logger to display the temperature-time variation of the 
metal tube. 

To verify the validity of the analysed and designed 
inverter, when the temperature of the workpiece is 250°C, 
the gate signal of the power switch, coil current, and 
capacitor voltage waveforms for different frequency values 
are given in Figure 14. ZVS conditions are satisfied for the 
power switch from 25 kHz to 40 kHz. In addition, from the 
measurements carried out at approximately 5 kHz intervals  
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Figure 12. Membership functions of FM-PDM-based FLC. 

 
Figure 13. The induction heating system: (a) The experimental setup; and (b) the inverter and control circuit. 

 
Figure 14. The gate signal of the power switch, coil current, and capacitor voltage waveforms for different frequency values: (a) 25 kHz; (b) 
30 kHz; (c) 35 kHz; and (d) 40 kHz. 
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Figure 15. The states of ZVS for the different frequencies: (a) 40 kHz; and (b) 41.07 kHz. 

 
from 25 kHz to 40 kHz, it is seen that the peak values of coil 
current (iL) and capacitor voltage (vc) support each other with 
the theoretical analysis (see Figure 8) for the determined 
quality factor (Q = 9). 

From the gate signal and capacitor voltage given in Figure 
15(a), it is seen that vc voltage drops to 0 V for 40 kHz 
switching frequency, and ZVS conditions are satisfied. 
However, from Figure 15(b), it is seen that vc does not drop 
to 0 V with the increase of switching frequency as of 41.07 
kHz, and ZVS conditions are not satisfied. 

The system is operated in the open loop for the minimum 
switching frequency (25 kHz) while the workpiece 
temperature is 25°C. The system is started in 30th second and 
the workpiece temperature reaches 250°C in 122nd second. 
As a result, it is seen that the time determined for the 
formation of the temperature difference of 225°C on the 
workpiece during the design of the inverter and the time 
observed as a result of the experimental studies are very close 
to each other. The temperature difference of 225°C on the 
workpiece occurs in 92 seconds.  

The temperature-time graph of the workpiece for this 
operating state is given in Figure 16. 

To compare the maximum values of the switch voltage 
and coil current for FM and PDM techniques, the power 
control of the inverter is carried out with PDM when the 
workpiece temperature is 250°C. The gate signal, coil 
current, and capacitor voltage waveforms of the PDM 
controlled inverter are given in Figure 17 for the different 
switching frequencies and duty ratios.  

The switch voltage and coil current peak values for the same 
operating parameters of FM and PDM controlled inverters are 
given in Table 3. The peak value of the switch voltage and coil 
current in the first period of the PDM switching signal is higher 
than that of the FM-controlled inverter because there are no 
steady-state conditions at the beginning of each PDM period in 
the PDM controlled inverter. 

The induction heating system is controlled in a closed- 

 
Figure 16. Temperature-time graph of the workpiece for the fixed 
operating frequency of 25 kHz. 

loop with FM-PDM-based FLC in order that the temperature 
of the workpiece follows the reference temperature of 250°C 
with the hybrid-controlled inverter. The temperature-time 
graph of the workpiece, which is the response of the system, 
is given in Figure 18. 

While the workpiece temperature is 26°C, the system 
starts at 26th second, and the workpiece temperature reaches 
the set point in approximately 120 seconds. The maximum 
value of the workpiece temperature is 272°C and the settling 
time is approximately 161 seconds. To show that the FM-
PDM-based FLC used in the power control of the inverter 
performs its function correctly, the gate signal, coil current, 
and capacitor voltage of the inverter are measured at 
different temperature and time values of the curve in Figure 
18. The measurement results are given in Figure 19. 

As seen in Figure 19(a), while the workpiece temperature 
is 56°C at 50th second, the operating frequency of the inverter 
is 25 kHz, and the power switch is driven by FM control. 
While the workpiece temperature is 223°C at 110th second, it 
is seen from the waveforms in Figure 19(b) that the operating 
frequency of the inverter is 32.52 kHz, and FM-based 
operation continues. In Figure 19(c) given for the 124th second 
and the workpiece temperature of 261°C, PDM-based 
operation is started, and the operating frequency is fixed at 
35 kHz. 
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Figure 17. The gate signal, coil current, and capacitor voltage waveforms of the PDM controlled inverter: (a) fs=25 kHz and D=%25; (b) 
fs=25 kHz and D=%75; (c) fs=35 kHz and D=%2; and (d) fs=35 kHz and D=%75. 
 

 
Figure 18. The response of the closed loop system. 

Table 3. The switch voltage and coil current peak values of 
FM and PDM controlled inverter. 

Control fs  

(kHz) 
Vcm  

(V) 
ILm  

(A) 
FM 25 300 10.9 

PDM 25 310 12.5 
FM 35 210 7.5 

PDM 35 220 7.9 

From Figure 19(d) given for 225th second and the workpiece 
temperature of 251°C, it is seen that PDM-based operation 
continues with the fixed 35 kHz switching frequency. 
According to the temperature-time graph given in Figure 18 

and the measurement results given in Figure 19, FM-PDM-
based FLC operates in accordance with its purpose and 
follows the reference temperature value. 

4. Conclusions 
In the study, a closed-loop induction heating system is 
implemented to heat the metal hydride tube whose 
temperature to follow the reference temperature of 250°C. 
The class-E inverter used in the system's power stage has a 
high switch peak voltage but is simple in structure, low in 
cost, and especially suitable for low-power applications. 
First, the theoretical analysis of the inverter is carried out, 
then the parameters of the loaded heating coil are determined 
for the reference temperature of 250°C, and finally, the 
design of the inverter is carried out. The output power of the 
inverter, whose load parameters are constantly changing with 
the changing temperature, is controlled by Frequency 
Modulation and Pulse Density Modulation (FM-PDM)-
based Fuzzy Logic Controller (FLC). The output power 
control is accomplished by Frequency Modulation (FM) with 
the switching frequency changing from 231.5 W to 90.64 W 
in the range of 25-35 kHz, and by PDM at the fixed switching  
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Figure 19. The waveforms of the gate signal, coil current and capacitor voltage at different temperature and time values of the curve in Figure 
17: (a) For 50th second and 56°C; (b) for 110th second and 223°C; (c) for 124th second and 261°C; and (d) for 225th second and 251°C. 

 
frequency of 35 kHz from 90.64 W to 0 W. In this way, while 
the ZVS conditions of the power switch are preserved from 0 W 
to 231.5 W, the power control of the inverter is performed by the 
hybrid method in which FM and PDM are used together. The 
theoretical analysis and design, as well as the functionality of 
the FM-PDM-based FLC control, are verified by the 
experimental studies on the prototype circuit. A low-cost 
microcontroller performs fully digital control of the system by 
executing the FM-PDM-based FLC control algorithm. 
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