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Abstract

In this work, the phase lock loop PLL-based controller has been adopted for tracking the resonant frequency to achieve
maximum power transfer between the power source and the resonant load. The soft switching approach has been
obtained to reduce switching losses and improve the overall efficiency of the induction heating system. The jury’s stability
test has been used to evaluate the system’s stability. In this article, a multilevel inverter has been used with a series
resonant load for an induction heating system to clarify the effectiveness of using it over the conventional full-bridge
inverter used for induction heating purposes. Reduced switches five-level inverter has been implemented to minimize
switching losses, the number of drive circuits, and the control circuit’s complexity. A comparison has been made between
the conventional induction heating system with full bridge inverter and the induction heating system with five level
inverter in terms of overall efficiency and total harmonic distortion THD. MATLAB/ SIMULINK has been used for
modeling and analysis. The mathematical analysis associated with simulation results shows that the proposed topology
and control system performs well.
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I. INTRODUCTION

Induction heating is a technology used for heating metals or
any conductive materials. It is used especially in industrial
operations such as surface hardening, welding, tempering,
brazing, and some home appliances like induction stoves or
induction water heaters [1].

Induction heaters have become popular due to their fast
heating durations, ability to heat a specific area, environmen-
tally friendly, more efficient, safe, and saving energy [2,3].

The power source designed for induction heating should
be cost-effective and work better, so many studies have been
conducted to improve the power semiconductor switching
devices and microprocessors [4]. Many previous works used

classical topologies such as half-bridge and full-bridge invert-
ers as a power supply for the induction heating system [5-8].
The use of classical topologies for inverters in medium volt-
age applications with two or four switches will increase the
stress on switches, and then increased the losses as well [9].
From this point, the need to use a multilevel inverter in such
high frequency application is required. The use of reduced
switches multilevel inverter will reduce the complexity of
driver circuit then cost saving [10].

Because of resonant condition reached in such induction
heating system, these types of inverters with high switching
frequency can be categorized as resonant inverters. The most
common topologies for high-frequency resonant power con-
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version are current fed and voltage fed converters. The voltage
fed resonant inverter has been used in the designed system
because voltage source inverter VSI drives outperform cur-
rent source inverter CSI drives in terms of efficiency. This is
because we employ Insulated Gate Bipolar Transistor IGBT
switching devices in VSI drives, which are more efficient
than the Gate Turn Off Thyristor GTO or Symmetrical Gate
Commutated Thyristor SGCT devices used in CSI versions.
Another advantage of VSI over CSI, is that the VSI has a
small size and its output voltage waveform does not depend
on the type of load.

Induction heating system needed two principles to be in
the designer consideration, first one is keeping the inverter in
a resonant functioning state during the heating process, the
control circuit must be able to track frequency automatically
with the load variations [11-13]. This control circuit must
respond faster and more accurate while increasing the out-
put frequency of the inverter [14]. The second principle is
achieving the soft switching conditions, the output voltage and
inverter current must be in phase to avoid switching losses.

There is two control methods commonly used for these
purposes, self-oscillating drivers and phase locked loop (PLL)
[15]. The PLL has been utilized in this paper for induction
heating system because it is more reliable and accurate spe-
cially when implemented and analyzed with a software based
PLL algorithm. Many studies and research work used these
control methods for induction heating applications [16—19].

M. Ali, R. Srinivasu, and T. R. Jyothsna [20], conducted a
series resonant half-bridge inverter with a series parallel con-
nection of capacitors for an induction heating system. They
used PLL control unit to keep a unity power factor regard-
less to load changes. The performance of IH system with
power rated of 6kW had been tested on frequency (50-150
kHz). They ignored the impact of overlap period and snubber
components to get an information about the inverter output
currents and voltages.

M. Roy and M. Sengupta [21], proposed 2kW, IH system
with 10 kHz resonant frequency. They used digital-PLL based
on FPGA to track the resonant frequency. The IH system
consisted of CSI-fed IH coil linked to an H-bridge of four
IGBTs with series diodes. At resonance state, the phase shift
between voltage and current is ideally zero. The track of reso-
nant frequency had been achieved by adjusting the switching
frequency until the phase-shift is zero.

A. Namadmalan and J. S. Moghani [22], presented IH sys-
tem with a mechanism for adjustable self-oscillating switching
in current source parallel resonant inverters. To validate the
performance of that tuning system, a IH system consisted of
general-purpose ( full bridge ) CSI inverter with an operat-
ing frequency of 25-100 kHz had been used. A comparison
had been done between the conventional technologies such as

phase-locked loop (PLL) with the self oscillating method , the
latest methodology resulted in reduced voltage stress in the
inverter. The used switching approach tracked the changing of
resonance frequency. The self-oscillating switching method
offered the capability to tune the phase error, where the phase
error was important for parallel operating and zone control IH
systems.

G. D. Goranov, N. D. Madzharov, and I. O. Kandov [23],
worked on 20 kW IH system with a full bridge bipolar power
supply inverter. Digital PLL control method had been con-
ducted. They used digital format for the input and output
parameters to get an easy adjustment during the heating pro-
cess in dynamic mode. The sophisticated programming logic
device called (coolrinner2 XILINX) had used for this purpose.

P. Herasymenko et al. [24], introduced control method for
IH application included a software phase-locked loop for 10
kW IH system with a resonant voltage source power supply
inverter. The software PLL control used to adjust the dead
time between the inverter switches devices and regulate the
fluctuation of load current amplitude and produced a phase
shift between inverter output voltage and current.

H. Ozbay, A. Karafil, and S. Oncii, in [25] discussed 250
W IH system with a sliding mode controlled PLL using a
series resonant full bridge inverter. PLLs were utilized in TH
applications to obtain zero voltage and zero current switch-
ing mode. Sliding mode control used with PLL to avoid the
slow frequency tracking and make the controlling more re-
liable. Pulse density modulation PDM control method was
improved to make the inverter operated at the resonant fre-
quency because of significant decreasing in switching losses
and electromagnetic noise . The operating frequency of the
IH system range between ( 35-42 kHz).

P. Herasymenko [26], developed a 2.5 kW IH system of
series resonant full bridge inverter with a digital control sys-
tem based on STM32 and a software PLL controller. The used
PLL system lead to phase synchronization between the output
voltage and current of the series resonant inverter. The experi-
mental studies done in that research work used the software
PLL with several control methods, including phase shift con-
trol, pulse-density modulation control, and PS-PDM control.
The range of frequencies used to test the system between ( 25
to 50 kHz). They claimed that the used PLL STM32-based
system in that research was appropriate for induction heat-
ing application with simultaneously dual-frequency output
current produced from two inverters.

The next section will take an overview about the con-
ducted five level power supply inverter topology for this in-
duction heating application. Section III discuss the PWM
technique used for multilevel inverter. Section IV includes
the description of the mathematical model used to design the
PLL control unit. Section V, details a description of the block
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diagram for the overall control system components. While
section VI include the MATLAB simulation and modeling of
the system. Finally, section VII include the conclusion from
this work.

II. FIVE-LEVEL POWER SUPPLY INVERTER
TOPOLOGY

A multilevel inverter (MLI) is an electronic power supply con-
verter that produces multiple voltage levels. It is employed in
applications with medium and high voltages [27,28]. Multi-
level inverters are important because of their power quality,
harmonic amplitude reduction, and ability to provide an output
voltage that is as close to a sinewave as possible. Multilevel
resonant inverter topologies have experienced a substantial
expansion in industrial applications in recent years due to the
capability to deliver a voltage waveform of outstanding qual-
ity and reduce the current and voltage ratings of the power
switches [29].

A reduced switches five-levels resonant inverter had been
utilized as a power supply inverter for induction heating sys-
tem. The configuration of the series resonant multilevel in-
verter explained with detailed in [30].

The general layout of the conducted power supply inverter
for the induction heating system (reduced switches 5-level
inverter) consists of two classical parts: the cascade H bridge
MLI and the neutral point clamped MLI. The proposed topol-
ogy of 5-level power supply inverter circuit diagram is shown
in Fig. 1
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Fig. 1. Five Level Inverter Power Supply Model

As it clear in Figure (1), the inverter consists of six MOS-
FETs switching devices and two power diodes D1 and D2.
The input DC voltage source is divided by connecting two
identical capacitors C1 and C2 across the source. The split
voltage is delivered to the H-bridge through two MOSFET
switches SW1 and SW2 and two power diodes D1 and D2.
The five operation modes are clarified in Fig. 2

Fig. 2. Switching modes of five level power supply inverter
(@) Vo=+V4. (b) V,=+0.5V,, (¢) V,=0 (d) V,=-0.5V,. (e) V,=
Ve

III. PWM FOR THE USED POWER SUPPLY
INVERTER

The multicarrier PWM techniques have been used in this study.
These techniques have two categories phase shift and level
shift. All carrier waves used in the multicarrier modulation
technique known as phase shift modulation have a phase shift
from one carrier to another. The number of carriers is associ-
ated with the number of voltage levels. The same frequency
and peak-to-peak amplitude should be used for all carriers.

The relationship between voltage levels and the number
of carriers in the level shift PWM technique is similar to
that of phase shift. The difference between level shift and
phase shift can be noticed in the disposition of the triangular
carrier. The phase shift and the level shift multicarrier PWM
techniques have a similar relationship between the levels of
voltage and carrier number. The level shift PWM approach
for the employed five level inverter was the subject of this
work.

IV. THE MATHEMATICAL MODEL
DESCRIPTION

The adopted mathematical model described with details in [1]
has been used to build the modified control system for a five
level series resonant inverter in the next section. The phase
angle between the inverter voltage v;,, and capacitor voltage
vc has been adjusted to achieve the PLL concept. The phase
difference error between the inverter and capacitor voltages is
described as:

1

e(k) =y (k) = 5 (1)
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Where xy DC average voltage.
If the system operates in a steady-state, the DC voltage x
can be expressed as follow:
Xpos = 2 = uy o)
Where uy: the low pass filter input’s average value,
and ¢: the phase difference.

In the transient operation, the relationship between xy and
uy can be expressed as :

dx f 1 1
(Y, Ny, 3
” (Tf)for(Tf)uf 3)
Where 7y is the filter time constant which is Ty= RC. For
the resonant load of inverter operating in the steady state con-
ditions, the relation between phase difference ¢ and switching
period T can be given as:

R,C, 2%
o(T) =tan~! (— 3T @)

)

During transient operations in which the period T fluc-
tuates slowly, it is presumed that the equation above is ap-
proximately correct. Furthermore, Equation “(4),” is achieved
by assuming a purely sinusoidal inverter output voltage. The
following is a discretization of “(3),”:

o(T (k)

xp(k+1) =axp(k)+b 5)

=T

Where a=e 7 ,b=(1-a)

During the heating process, the induction heating system
detunes and the relation between the next resonance periodical
time 7' (k+1) and the previous one T (k) can be expressed as
follows:

T(k+1)=T(k)+Kce(k+1) (6)

Where K. is the integral gain. The closed-loop equation
can be expressed as:

T(k 1
T(k+1) = T (k) + K (axs (k) +bw -3 ™
The jury test of stability used for discrete systems is a
simple form of the Routh-Hurwitz algorithm which checks

if the polynomial roots are enclosed by the unit circle. The

range of integral stability gain K, can be determined using
this Jury’s test as follow:

14a

0<K. < ( ] )2m*RC (8)

—a

PLL circuits keep tracking the resonance frequency au-
tomatically to maintain soft-switching under varying load
conditions. The zero phase difference between the input cur-
rent and output voltage must be obtained in resonance state to
achieve zero voltage switching ZVS.

Zero voltage switching ZVS approach is utilized to reduce
switching losses and enhance the system efficiency, which is
commonly used with resonant inverter. ZVS can companied
with PLL controller to obtain the resonant frequency tracking.
The tank circuit’s resonance behavior and the frequency feed-
back from the PLL controller are taken into consideration by
the ZVS control when determining the best time to switch the
power transistors.

The capacitor voltage v, and the inverter voltage v;y, trans-
form to square waves using Zero crossing detector ZCD. Then
the output of ZCD is applied to an XOR gate and the out-
put of this gate is filtered to get a DC voltage x; which is
proportional to the phase difference between the inverter and
capacitor voltages as illustrated in Fig. 3.

5L
Inverter

Series
Resonant
Load

Discrete
Time
Integrator

|—| Veo3

Fig. 3. The Structure of the PLL Based Control Circuit

The switching frequency is adjusted after comparison be-
tween the average DC voltage (xy) and a value of 90 degrees,
to make the phase difference zero. When this requirement is
fulfilled, the voltage and current of the inverter are assured to
be in phase.

V. DESCRIPTION OF THE CONTROL SYSTEM

The structure of the PLL based modified control circuit is
shown in Fig. 3 as an example of how it works. The system
block diagram consists of the following parts: Zero Crossing
Detector ZCD which responsible for detecting the variation
from positive to negative level of the sinusoidal voltage wave-
forms. Exclusive OR gate, where the output from this logic
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gate will compare with reference value of the duty cycle. Low
Pass Filter LPF, adder, sample-and-hold unit (S/H) used to
sample the error, and this operation represents (analog to
digital) conversion. Discrete-time integrator represents the in-
tegral controller, and the last part of control unit is the Voltage
Control Oscillator VCO where the VCO output represents out-
put signal of PLL control unit. In the modeling of the control
system using MATLAB, the PLL controller can be simplified
by removing the LPF stage as shown in the next section which
can be compensated with software algorithms instead of ana-
log one. The other modification on the PLL controller is the
use of VCO output-generated signal as a reference signal for
PWM issue.

The inverter output voltage v;,, and the capacitor reso-
nant voltage v, are measured then applied to Zero Crossing
Detector ZCD. The outputs from ZCD are compared in an
XOR logic gate then applied to low pass filter LPF. The phase
difference error between the inverter and capacitor voltages
discretized to e(k). The discrete-time integrator produces a
new resonance periodical time T (k+ 1), and new drive pulses
of the MOSFET will be created using a VCO. As a result, the
inverter can now operate in the new resonant state and track
the new resonance frequency.

VI. SIMULATION AND MODELING OF SYSTEM

The SIMULINK model of IH system with the PLL control
circuit for the five levels inverter power supply is illustrated
in Fig. 4 The parameters used in this model is R=26.6Q ,
L=120uH, C=0.08uF, sampling time 1us , initial resonant
frequency of the inverter f,=51.367 kHz, the applied DC
voltage source is 48 v. The value used for the K. has been
calculated according to the “(8),”. The stability of the system
obtained when the value of integral gain K. between 0 and
401076,

The PWM signals introduced in Figure (4c) P1, P2, N1,N2
and PNO has been illustrated in Fig. 5. The six gates signals
are shown in Fig.6:

The PLL output signal is illustrated in Fig. 7 which is
close to the sinusoidal waveform and this signal works as mod-
ulating signal in PWM. The phase angle difference between
inverter voltage v;,, and capacitor voltage v. waveforms is
7/2 as shown in Fig. 8 and this difference changes after the
system detunes from resonant frequency.

The output waveform of XOR gate has 50% duty cycle
when the system in resonance state at resonant frequency
51.3 kHz as illustrated in Figure (9a) , but it will vary if the
system detunes from resonant state as illustrated in Figure
(9b) when the system operate at frequency 40kHz which is
below the resonant frequency. The duty cycle of XOR gate
will also detune if we choose frequency above the resonant.
As a result, the XOR output waveform in this PLL system

()

i =

il TJ

E— [s61) D
I )

o g

©

(d)
Fig. 4. PLL Base Control Simulation Model of IH System (a)
Overall IH Circuit Model (b) PLL Control Unit (¢c) PWM
Logic Circuit of Gate Signals (d) Variable Workpiece
Resistance
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Fig. 6. Inverter Gate Signals

can be considered as a criteria used to determine whether the
system in resonant state or not.

Fig. 10 illustrates the inverter output voltage waveform.

The IH system has been tested under variable workpiece
resistance as shown in Fig. 11.

Figure 12 represents the inverter load current waveform
under variable resistance for the workpiece. Fig. 13 represents
the capacitor voltage waveform under variable resistance for
the workpiece, which is a purely sinusoidal voltage waveform.
The phase angles between voltage and current are the same,
and their simulation waveforms match the theory analysis we
discussed before

The load loop current and voltage waveforms at frequency
below the resonant frequency ( 40 KHz) is shown in Figure
(14) 14 where the system still detunes before reaching the
resonance state, the Zero Voltage Switching ZVS approach
fail to take place and there is phase difference between the
output voltage and inverter current.

In Fig. 15, the load current and voltage reach the reso-
nance state at the frequency 51.3KHz where the output volt-
age and inverter current are in phase and the soft switching
is obtained. As a result, the system operates at the resonance
frequency.

A comparison has been made between the proposed PLL-
based IH system with a multilevel inverter used in this article
and the IH system with a PLL controller using a full bridge
inverter. The comparison has been made in terms of total

I I I | I L
05 1 1.5 2 25 3

§ o8 5 8 8

voltage

-or

8
T

Time 10t

Fig. 8. Capacitor and Inverter Voltage Waveforms at
Resonant Frequency 51.3 kHz

harmonic distortion THD, overall efficiency.

The conventional full bridge IH system with PLL con-
troller shown in Fig. 16.

The total harmonic distortion THD results for the two
topologies are shown in Fig. 17. It seems that the THD for
the TH system with a five-level inverter is (28.88%) which is
lower as compared with (49.46%) for the IH system with a
full bridge inverter.

The total harmonic distortion THD for both systems also
was tested with the simplified PLL controller without using
LPF and the results were (29.49%), (and 49.37%) for five
level and full bridge IH systems respectively.

The overall system efficiency for a conventional IH system
with full bridge inverter is (98.48%) and it remains the same
if we used the simplified PLL controller without LPF. On the
other hand, the overall efficiency of IH system with reduced
switches five level inverter is (89.48%) and it remains the
same if we used the simplified PLL controller without LPF.
Even though the overall efficiency for IH system with five
level inverter is lower than the full bridge topology, which is
normal due to the added driving circuit and wiring, but the
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Fig. 9. The XOR Waveform (a) at resonance frequency 51.3
kHz (b) at a frequency below resonant frequency 40 kHz

effectiveness of using the simplified PLL controller is clear by
not effect on the efficiency for both topologies. The simulation
results obtained agree with the mathematical analysis obtained
in section I'V.

VII. CONCLUSION

In this paper, a PLL-based approach has been used to track the
resonance frequency and also to achieve soft switching for the
induction heating system. The adopted inverter power supply
has been implemented with a reduced number of switches
to get five-level inverter feeding the induction heating load.
The reduced switching approach resulted in a reduction of
the switching losses and also the number of drive circuits
used. The MATLAB simulation of the developed mathemati-
cal model shows good results in terms of resonance frequency
tracking and achievement of soft switching which has been
obtained by checking up the phase variation between the load
loop current and inverter output voltage waveform.

The work also included testing the system’s stability. Ac-

WV

<10*

Fig. 10. Inverter Voltage Waveform
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Fig. 11. Variable Workpiece Resistance for IH System

cording to Jury’s Stability test, the system shows good stability
level where the value of integral stability gain K, lies between
(0 to 40x1079).

The article also included a comparison made between
two IH systems with a conventional full bridge inverter and a
reduced switch five-level inverter. It shows that the reduced
switch five-level IH system perform better than the full bridge
in term of THD, while the overall efficiency of the full bridge
is higher than the reduced switch five-level inverter with the
IH system.
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