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In order to obtain alloys from metals or to weld in daily life, metals must be melted, rapidly heated and cooled,
or partial heating must be performed. One of the effective methods used for such needs is the induction heating
system. The hard-switching and soft-switching inverters are used in induction heating systems. In this study,
the design and analysis of a voltage source series resonance inverter, one of the soft-switching inverters, for
induction heating process has been carried out. Based on the information obtained as a result of the design,
the necessary circuit elements for a series resonance inverter were determined and a simulation study was
carried out with PSIM software. In the simulation study, the switching frequency is selected at different values
and the response of the circuit according to the switching frequency is examined. Thus, the response of the
designed series resonant inverter at the resonant frequency and outside the resonant frequency has been
examined. Accordingly, the series resonance inverter designed for induction heating is capacitive when the
switching frequency is below the resonance frequency, and it has been determined that switching losses occur
at turn-on. In the case where the switching frequency is above the resonance frequency, it is inductive and it
has been determined that the switching losses of the switches increase at turn-off. In the case where the
switching frequency is equal to the resonance frequency, it is determined that soft switching occurs and
maximum power transfer to the load is provided, and the simulation results obtained are presented.
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1. Introduction

In daily life, metals must be partially heated in order to weld, or metals must be melted or rapidly heated and cooled
to obtain alloys from metals. One of the effective methods used for such purposes is the induction heating system [1].

Induction heating is basically the process of converting electrical energy into heat energy. Unlike other heating
methods, the heat is created by the induction method, not outside of the part to be heated. For this reason, only metal
work-pieces can be heated. The work-piece and the coil are joined by the magnetic field. Thanks to the alternating
current passing through the induction coil at a suitable frequency, a variable magnetic field is formed around the coil.
A voltage is induced in the electrically conductive work-piece, which is in this magnetic field, and eddy currents pass
from this part in the opposite direction to the coil current, and heat is released in the work-piece due to the resistance
of the work-piece. Thus, the work-piece can be heated and melted without any physical contact between the work-
piece and the induction coil. This process is called “Induction Heating” since the heat is generated due to the induction
current [1].

The hard-switching and soft-switching inverters are used in the induction heating systems. In this study, the design
and analysis of voltage source series resonance inverter, which is one of the soft-switching inverters, is investigated.

There are many studies conducted in the field of induction heating.
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A. Dalcali , H. Ozbay , S. Oncil investigated the effect of operating frequency on the heating depth in the field of
induction heating in a study they carried out. In the study, metal workpieces in the same dimensions and different
material structures were analyzed by extracting a magnetic model for different operating frequencies with a 5-winding
copper induction coil. Eddy losses were presented by examining the magnetic flux density (B) distributions and the
skin effect on the workpieces with finite element analysis (SEA) [7].

A Altintas, M.N. Yildiz, I. Kizilkaya designed and tested a micro-controlled liquid heater working with the principle
of induction heating in a study they carried out. In the sample model in the study, 220 V AC voltage taken from the
city electricity network was converted into DC voltage with the help of bridge type rectifier and filter. This obtained
DC voltage was then applied to a 16.66 kHz parallel resonant circuit via a bridge type DC-AC converter. In the
experimental studies, the city water network was used as a liquid. According to the results of the study, the temperature
of the water with a flow rate of 1 It/min in the developed sample model ranged from 30 °C to 64 °C, and the temperature
of the water with a flow rate of 0.5 It/min changed from 30 °C to 94 °C. has risen [8].

U. Unver, H.M. Unver carried out, aimed to analyze the efficiency change with experimental and numerical modeling
depending on the heating of billet with diameters different from the coil design diameter in aluminum extrusion plants
using induction heating system. As a result of the study, they presented that the material temperature and the absorbed
power increased up to 5%, but the heating efficiency did not change, by placing the discs in the coil concentrically or
eccentrically in the experimental setup manufactured as a tunnel type induction heating system. For this reason, they
stated that some additional mechanisms are not needed to make the material concentric with the coil [9].

S. Cetin, B.S. Sazak presented a series resonance inverter application with three outputs for kitchen type induction
heating devices on the subject they are working on. In this study, three heating coils that can give different output
power at different frequencies can be controlled by the same inverter circuit. In this way, two semiconductor switches
and control circuits are saved and the total system cost is reduced. A low-power prototype of the presented system is
presented in the laboratory environment by simulating PSpice [10].

S. Oncii, B.S. Sazak implemented a kitchen type induction heating system with an E class inverter. In the study, a low
cost and high efficiency single phase medium frequency domestic induction heating system was aimed without
increasing the physical dimensions and weight. E class inverter is used as a DC/AC converter because it is economical
and simple. PSpice simulation of the presented system has been made and a small powered working prototype of the
circuit has been realized in the laboratory [11].

S. Koroglu, B.S. Sazak presented a half-bridge series resonance inverter induction heating system for kitchen
applications in a study they carried out. In the study, a complete induction heating system including coil design was
designed, a small powerful prototype was realized and tested. In the presented system, resonance switching technique
is used and it is aimed to minimize the switching losses in this way. As a result of the calculations, it has been said that
the presented system has a very high efficiency compared to the known kitchen heaters [12].

2. Class D Voltage Source Series Resonance Inverter

Class D DC-AC resonant inverters were developed by Baxandall in 1959 and are widely used in a variety of
applications to convert DC energy to AC energy [2].

The use of resonant inverters, DC-DC resonant converters, radio transmitters, solid-state electronic ballasts for
fluorescent lamps, high-frequency electrical process heating applied in induction welding, surface hardening, brazing
and annealing, induction sealing for tamper-proof packaging, fiber optic manufacturing and plastics. applications such
as dielectric heating for welding applications are frequently encountered [4].

Class D voltage switching inverters are powered by a DC voltage source. If the quality factor in the loaded condition
is high enough, the current through the resonant circuit is sinusoidal and the currents through the switches are half-
wave sinusoids. The voltages in the switches are in square wave form [4].

The class D series resonant inverter consists of two power switches, two diodes connected in reverse parallel to the
switches, and RLC elements connected in series, as shown in Figure 1. DC input voltage is applied as power source.
BJT, MOSFET, IGBT can be used as power switch. When the switches are conducting, current flows in the positive
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direction, and when the switches are insulated, current flows in the negative direction with the help of reverse parallel
connected diodes.

Figure 1. Class D voltage source series resonant inverter circuit

One of the main advantages of Class D voltage switching inverters is that the voltage dropped on the transistors is low,
equal to the supply voltage. This advantage makes it suitable to use class D voltage-switching inverters in high voltage
applications where inverters are fed with grid voltage. Also, low voltage MOSFETS can be used. Such MOSFETSs have
low resistances, which reduces conduction losses and operating junction temperatures, and provides high efficiency.

The switching frequency of the voltage source series resonant inverter can be at the resonant frequency, below the
resonant frequency or above the resonant frequency. The circuit is capacitive when the switching frequency is below
the resonant frequency. In this case, there is no loss at the time of switching of the switches, but switching losses occur
at the time of transmission. In addition, the switching of the switches is under high voltage and current, and very high
currents can pass through the reverse parallel diodes.

The circuit is inductive when the switching frequency is above the resonant frequency. In this case, no loss occurs at
the time of transmission of the switches, but switching losses occur at the time of cut-off.

If the switching frequency is at the resonant frequency, the circuit is pure ohmic and the impedance of the circuit is at
its lowest. In this case, the switches turn on and turn off under soft switching conditions. Therefore, maximum power
transfer to the load is ensured.

The angular resonance frequency and resonance frequency of the class D voltage source series resonant inverter are
expressed by Equation 1.

1
Wy =2.1.fr = —
VvL.C

o (1)

fr_Z.n.\/L.C

The quality factor and power angle are shown by Equation 2. and Equation 3, respectively.

0= w;L (2)
6 = arctan [Q (% — %)] (3)

Coil reactance and capacitor reactance are calculated by Equation 4, and the total impedance of the circuit is calculated
by Equation 5.
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1 (4)

XL:2.T[.fS.L ) Xczm
LT .

Zeq =R+ j(X, —Xc) (5)

The peak value and effective value of the coil current are expressed by equation 6.

2.V;
Vab = Viax sin(wst) ) Vnax = T[m = 0,637.V;, (6)
V
IL,max = ;ax ) Irms = 0'707'IL,max
eq

The power dissipated on the resistor is calculated by Equation 7.

PR = IEms-R (7)

b= 2.V cos?8
K™ n2R

3. PSIM Simulation for Different Switching Frequencies

Class-D voltage source series resonance inverter application, which circuit parameters are given in Table 1, has been
implemented in PSIM software. The series resonance inverter shown in Figure 6 is analyzed for three different cases
and the simulation results are shown. First, the case where the switching frequency is below the resonance frequency
(fs=0.9f7), then the case where it is equal to the resonance frequency (fs = fr ) and finally the case where it is abow

the resonance frequency (fs = 1.1fr ) are examined.

Table 1. Circuit Parameters

Source Voltage Vs 60V
Resonant Coll L, 15pH
Resonant Capacitor C, 0.2uF

Series Resistor R 20

Resonant Frequency fr 91888.14924
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Figure 2. Voltage source series resonance inverter realized in PSIM
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The case where the switching frequency is below the resonant frequency (fs = 0.9f,)

1

1
fr= 2VLC ~ 2.(3,14159)./15.10-6.0,2.106

w, = 2.7 f, = 577350,2692 rad/s

= 91888,14924 Hz

fs = 0,9f, = 82699,33432 Hz ws = 0,9w, = 519615,2423 rad/s
wyL _ 577350,2692.(15.107°)
Q= = 2 = 4,33012

6 = arctan [Q (22— Z—)] = —42,42731° = —0,7404 rad

Wy

X, =2.mfs.L =779422 Q

_ 1
- 2.m.fs.C

Xc =9,62250 Q

Zog = R+j(X, — X¢) = 2 — j1,82828 Zoq = 2,70972 b — 42,42731° (Kap.)

Viax = 0,637.V;y = 3822V

I max = V;"ax = 14,10477 b — 42,42731° A

eq

Lims = 0,707. I max = 9,97207 b — 42,42731° A

Pp = I%,.R = 198,884 VA
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Figure 3. Simulation results for fs= 0.9/t in a class D voltage source series resonant inverter
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Figure 4. Simulation results for fs= 0.9 /t, voltage of the resonant coil & capacitor and Current of resonant coil &
Vab.

According the Figure 7 and Figure 8, it is seen that the voltage of the coil is at low levels. In addition, when the
current passing through the MOSFETSs is examined, it is seen that there are switching losses at the time of turn-on.
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The case where the switching frequency is equal to the resonant frequency (fs = f)

1 1
fr = Ir = 527t = taisso s iotonioe 108814924 Hz

ws = Wy = 2.7. f, = 577350,2692 rad/s

X, =2.7.f..L = 8,66025 Q

1

XC - 2.m.fs.C

= 8,66025 Q)

Zog = R+j(X, — Xc) =2Q (Omik)

Vinax = 0,637.Viy, = 38,22V

Imax = 2% =19.114

eq
Lims = 0,707.1; oy = 13,51077 A

P = I%,.R = 365,0818 VA
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Figure 5. Simulation results for /5= /t in a class D voltage source series resonant inverter
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Figure 6. Simulation results for /s = /ft, voltage of the resonant coil & capacitor and Current of resonant coil &
Vab.

When looking at Figure 9 and Figure 10, it is seen that the voltage on the coil has increased. In addition, when the
current passing through the coil is examined, it is observed that the switching are carried out sequentially and there is
no loss.

The case where the switching frequency is abow the resonant frequency (fs; = 1.1f,.)

1

1
fr= 2nVL.C  2.(3,14159)./15.1076.0,2.10~6

=91888,14924 Hz

w, = 2.7 f, =577350,2692 rad/s

fs = 1,1f, = 101076,9642 Hz ws; = 1,1w, = 635085,2961 rad/s
wyL _ 577350,2692.(15.107%)
Q = R = 2 == 4,33012

6 = arctan [Q (“’— - :—)] = 41,0232° = 0,7159 rad

Wy s

X, =2.7.f,.L = 9,52627 Q

_ 1
o 2.m.fs.C

Xc =7,87295
Zog = R+j(X, —Xc) =2+j1,65332  Zgq = 2,59489 141,0232° (End.)

Vinax = 0,637.Viy = 38,22V

I, max = V;”ax = 14,72894 141,0232° A

eq

Lims = 0,707.1; oy = 10,41336 h41,0232° 4

Pp = I%,,R = 216,876 VA
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Figure 7. Simulation results for /s =1.1/7in a class D voltage source series resonant inverter
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Figure 8. Simulation results for /s = 1.1 /7, voltage of the resonant coil & capacitor and Current of resonant coil &
Vab.

Finally, when the Figure 11 and Figure 12 are examined, it is seen that switching losses occur at the moment when the
switches are turn-off.

4. Conclusion

A voltage-fed series resonant inverters operate close to the resonant frequency to achieve maximum power transfer. In
cases where the switching frequency is below the resonant frequency, since the inverter circuit will show capacitive
properties, no loss occurred at the turn-off moment of the switches, but switching losses occurred at the time of turn-
on. In addition, the switches are under high voltage and current, and very high currents can pass through the reverse
parallel diodes. As a result, the switches may be damaged.

When the switching frequency is above the resonant frequency, since the inverter circuit will be inductive, no loss

occurs at the time of turn-on, but switching losses occur at the time of turn-off. The inverter circuit is pure ohmic when
the switching frequency is equal to the resonant frequency. In this case, the switches turn-on and turn-off under soft
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switching conditions. Thus, no switching losses occur, only transmission losses. Therefore, maximum power transfer
to the load is provided.

In this study, an inverter designed with a power of 360 VA and a resonance frequency of 91888,14924 has been
analyzed for an induction system. According to the results obtained as a result of switching at the resonant frequency,
it has been seen that the maximum coil current is 19 A.

As a result, the effects of switching frequency and resonance frequency on circuit operation in voltage fed series
resonant inverter circuits were investigated. At the same time, it can be said that the switching frequency should be
equal to the resonance frequency in order to get the best results.
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