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Abstract 
 
This thesis proposes a modified LLC resonant load configuration of a full-bridge 
inverter for induction heating applications. The LLC load configuration is a 
combination of a series inductor, a matching transformer, and an inductor and a 
capacitor connected in parallel. The proposed control is a modification of the classical 
LLC load by moving the series inductor to the primary winding of the matching 
transformer. The proposed configuration has the benefit of smaller inductance and 
inherent short-circuit protection capability in case that the short circuit occurs at the 
induction coil or from transformer saturation. The output power is controlled by using 
the asymmetrical voltage cancellation technique. With the use of a phase-locked loop 
control, the operating frequency is automatically adjusted to maintain the desired 
constant lagging phase angle under load parameter variation during the heating process. 
The proposed technique has the benefit of turn on switching loss being zero through 
zero voltage switching. A design procedure is presented that covers the LLC load 
configurations in the case of low quality factor (Q < 10). The validity of the proposed 
method is verified through computer simulation and hardware experiment at the 
operating frequency of 108.7 to 110.6 kHz. A correlation between theory, computer 
simulation and the experiment has been observed. 
 
 
Keywords :   Asymmetrical control  / Induction heating / LLC resonant load / Parallel 

resonant inverter (PRI)/ Series resonant inverter (SRI) / Zero-voltage 
switching 
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CHAPTER 1 INTRODUCTION 
 
Induction heating is a well-known technique to produce very high temperature. Every 
useful work piece of metal has gone through some kind of induction heat treatment. 
Metals are melted for alloy steels. Other applications are forging, soldering, or molding. 
They are quickly heated and then cooled for surface hardening, or heated to medium 
temperatures for annealing to increase litheness. One or several of these heat treatments 
is applied to every gear, chassis, drive shaft, screw, car door, or needle. Many heating 
methods exist in industry to perform these heating tasks. Of all methods, induction 
heating is the most efficient and effective because the heat is actually generated inside 
the work piece. 
 
For applications like steel melting, brazing, and surface hardening, an appropriate 
frequency must be used depending on the work-piece geometry and skin-depth 
requirements [1], [2]. In the 1930’s, the applied currents were taken directly from the 60 
Hz or 50 Hz of ac power line when the induction heating was introduced to the industry. 
The induction heating applications can be classified as low frequencies (ƒ < 3 kHz), 
medium frequencies (1 kHz < f < 100 kHz), and high frequency (f >100 kHz) [68]. 
Since the 1980’s, research has been focused on the design of solid state ac switching 
power supplies that operates in the 10 kHz -500 kHz frequency range. Solid-state power 
can reach efficiencies of around 90%, but their transistors cannot handle high power 
levels.  
 
Recent development of power semiconductor devices, new circuit techniques, and 
control schemes in high-frequency circuits using advanced power devices such as 
MOSFETs and insulated gate bipolar transistors (IGBTs) have progressed the  induction 
heating applications continuously [1]–[18]. Various resonant inverters using power 
devices such as MOSFETs and IGBTs offer reduced switching loss by soft-switching 
technique and attractive possibilities in developing high-frequency operation, high 
efficiency, small size, and light weight.  
 

 

Figure 1.1 Characteristics of inverter for induction heating applications 
  
An overview of characteristics and control methods of the voltage source and the 
current source topology is illustrated in Figure 1.1. Various control methods used in 
voltage source inverter for improving the efficiency are variable frequency or pulse 
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frequency modulation (PFM), phase shift (PS), pulse density modulation (PDM) and 
control rectified dc link. A large number of topologies have been developed in this area. 
Current-fed and voltage-fed inverters are among the most commonly used types [2]. A 
Current Source Inverter (CSI) has a limited number of control methods, but it is less 
affected by input voltage ripples and it has short circuited protection capability [2]–[5]. 
Voltage-fed or Current-fed inverter for induction heating applications have employed 
many switches such as MOSFET, SIT, SCR. MOSFETs are the solid-state devices 
suitable for high frequency induction heating applications. When MOSFETs are used 
for high frequency applications, switching losses increase significantly resulting in low 
efficiencies, and in some cases, device destruction. To reduce the switching losses, 
MOSFETs are operated with soft-switching, that is, with zero voltage turn-on (ZVS), or 
zero current turn-off (ZCS). Because of inherent characteristic of the MOSFETs, certain 
circuit topologies and switching strategies are more suitable and economical than 
others.  
 
Voltage-source resonant inverters (VSI) are widely used in applications that require 
output power control capability where a zero-voltage switching (ZVS) condition must be 
met to ensure a high efficiency [4-7]. Recent developments in switching schemes and 
control methods have made the voltage-source resonant inverters widely used in 
applications that require output power control capability. For example, in pulse-
frequency modulation (PFM), the output power can be controlled by varying the 
switching frequency while the inverter operates under zero- voltage switching (ZVS) 
scheme [3]. This variable-frequency operation has several disadvantages [1, 4] 
including a wide noise spectrum which makes it difficult to control electromagnetic 
interference (EMI), more complex filtering of the output-voltage ripple, and poor 
utilization of magnetic components. The pulse-density modulation (PDM) method 
regulates the output power by varying the period in which the inverter supplies high-
frequency current to the induction coil [4, 5]. The PDM has the demerit that the power 
is a problem to the flicker regulations. The phase-shift (PS) control technique in [6, 
8,16] varies the output power by shifting the phase of the switch conduction sequences. 
The asymmetrical duty-cycle (ADC) control technique employs an unequal duty-cycle 
operation of the switches in the converter [9-12]. The asymmetrical voltage-cancellation 
(AVC) is then proposed in [13] where the authors describe voltage-cancellation for 
conventional fixed-frequency control strategies. In [13], the AVC is implemented in a 
full-bridge series resonant inverter. By using the mentioned techniques in fix frequency 
and the optimum duty cycle for ZVS operation, it is rather difficult to control the output 
power due to variation of parameters in the resonant load during the heating process. 
 
The series-resonant inverter needs an output transformer for matching the output power 
to the load. Most induction heating applications require accuracy in output power 
control capability. For example, cooking appliances require accurate power control over 
a wide range of power for different cooking purposes where a ZVS condition must be 
met to ensure high efficiency [16-23]. The reviews of research are described in the next 
section. 
 
1.1 LITERATURE REVIEWS  
In 1995, L. Grajales et al. [6, 68] proposed the analysis and design of a 500 kHz series 
resonant inverter for induction heating with small-signal analysis of a phase-shift 
controller where the full bridge topology and output wave form are shown in Figure1.2. 
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(a) 

 

 
(b) 

Figure 1.2 (a) A full-bridge voltage source inverter and (b) voltage and current output 
waveforms of inverter [6, 68]  

 
A new phase-shift controlled series-resonant inverter operating at zero voltage 
switching (ZVS) is used as the power supply for an induction heating system. This 
system has two control loops: the phase-shift control loop regulates the output power, 
and the frequency control loop ensures ZVS for all load conditions. This control allows 
above resonant frequency control for induction heating. The output current and output 
power of inverter have been controlled by adjusting the pulse width of voltage across 
the switches. The drawback of increasing the switching frequency is overcome by the 
reduction in the turn-off current.  
 
In 1995, Henry W. Koertzen et al. [64] proposed a design of the half-bridge series 
resonant inverter for induction cooking appliances. The switching frequency (fs) is 
between 20 kHz up to 100 kHz operating above the resonant frequency (fr) to control 
the output power (50W to 2,250W), as shown in Figures 1.3 and 1.4.  
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Figure 1.3 Half-bridge series resonant inverter [64] 

 
Figure 1.4 Switching frequency and input power. 

 
Figure 1.5  Power losses (Ps) and input power (Pi) [64]       

 
The relationship between the input power (Pi) and power loss (Ps) is experimentally 
obtained as depicted in Figure 1.5. The efficiency is higher than 95%. As a result, the 
half-bridge series resonant inverter is considered the most proper for induction cooking 
appliances because of its high efficiency, system and control simplicity, compactness, 
low cost, and high power factor. In addition, only a small capacitor (Ci) is required in 
the input source.   
 
In 1996, Hideaki Fujita and Hirofumi Akagi et al. [39] proposed a power control 
scheme of the full-bridge series resonant inverter for induction melting applications 
(4kW), based on the pulse density modulation (PDM), ZCS and ZVS condition for 
reduce switching losses of semiconductor devices. The switching devices under 
consideration are 4 MOSFETs. Lossless snubbing circuits which consist of four 
capacitors (C1, C2, C3 and C4) are used to achieve ZVS condition, as shown in Figure. 
1.6. 
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Figure 1.6  Full bridge voltage source inverter operating above resonance (ZVS) [39]  
 
The switching frequency (fs) is set to 450 kHz, and they control the output power of the 
inverter by regulating the pulse density of the square wave in PDM between 1/16 (light 
load) and 16/16 (full load), as shown in Figure 1.7. 
 

 
Figure 1.7  Pulse density of square wave in PDM [39]  

 

   
Figure 1.8  Input voltage and current waveforms of inverter [39]  
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Figure 1.9  Output voltage and current waveforms of inverter [39]  

 
Figure 1.8 shows the experimental waveforms of the input voltage and current at 2 kW. 
The input current waveform is nearly sinusoidal waveform which implies a high input 
power factor. Figure 1.9 shows the experimental waveforms of the output voltage and 
current at the same 2 kW. Then, the power control scheme is proper for induction 
melting applications due to its high power factor and low switching losses with ZCS-
ZVS conditions. However, it results in power fluctuation in the power line which may 
cause damages to sensitive devices with high switching frequency (with PDM).  
 
In 1998, Atsushi Okuno and et al. [54] proposed a feasible development of soft-
switched using static induction transistors (SIT’s) inverter with load-adaptive 
frequency-tracking control scheme for induction heating as shown in Figure 1.10.  
 

 
 

Figure 1.10 The full-bridge voltage source inverter [54]. 
 
This paper proposed a pulse amplitude modulated voltage source-type series load-
resonant inverter using the latest high-power SIT’s, operating at the frequency slightly 
higher than the resonant frequency with load-adaptive tuned operating frequency-
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tracking scheme. However, the power factor is low when the firing angle of the rectifier 
decreases.  
 
In 2002, S. Llorente and et al. [67] reviews a comparison of four inverters suitable for 
induction cookers (3 kW). The authors discuss the half-bridge inverter (HB), full-bridge 
inverter (FB), single-switch ZVS (1SW-ZVS) and single-switch ZCS (1SW-ZCS) as 
shown in Figure 1.11-1.14. The proposed controls are focused on a power device stress, 
efficiency, power control and electromagnetic emissions. The switching device under 
consideration is IGBTs, and the switching frequency (fs) is equal to 50 kHz, above the 
resonant frequency (fr), to control the output power at full load of 1000 W and 3000 W. 
These controls are implemented in an Altera EPM9320ALC with VHDL hardware 
description language. 
 

 
Figure 1.11 Half – bridge inverter [67]  

                  

 
Figure 1.12 Full – bridge inverter [67] 

 

       
Figure 1.13 1SW-ZVS inverter [67]         
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Figure 1.14 1SW-ZCS inverter [67] 

 

Table 1.1 shows the values of components and semiconductor stresses among four 
inverters. The system efficiency can be calculated and considered from the power loss 

totP  of the system that depends on the switching loss SWP  in each device. 
  

The efficiency of systems, are shown in Table 1.1. 
 
Table 1.1 Power losses and efficiency [67].  

 
  

From Table 1.1, the efficiency of the full-bridge inverter is higher than other inverters 
because it has lower semiconductor stress depending on the maximum voltages across 
and the currents flow through the switches. For this reason, the switching losses and the 
overall losses of full-bridge inverter are lower than three inverters (HB, 1SW-ZCS and 
1SW-ZVS) and to obtain high efficiency. However, this control is the most complex 
because there are many switches to control. Therefore, the half-bridge inverter is mostly 
chosen and suitable than the other inverters for induction cooking because it has similar 
advantages to those of the full-bridge inverter such as high efficiency, and control 
simplicity due to its low number of switches. The control is easy to implement with 
lower cost than the full-bridge inverter. While the single switch ZCS and ZVS controls 
are simple due to its lower number of switches, their efficiency is suffered from the high 
semiconductor stress.  
 
In 2002, P. Viriya et al. [4] proposed a power control of the half-bridge series resonant 
inverter for induction cooker (2 kW) as shown in Figure 1.15 based on square wave 
modulation (SW) by varying the switching frequency (fs) and using the Thevenin short-
open circuit method to analyze the proposed circuit characteristics. The switching 
frequency (fs) is at 30, 35 and 40 kHz, depending on the loads. Moreover, a comparison 
of the testing results, between the theoretical and experimental perspectives are 
presented. The  output voltage and current waveforms are shown in Figure 1.16. 
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Figure 1.15  Half-bridge series resonant inverter [4]  

 

 
(a) 

 
(b) 

 
Figure 1.16  Output voltage and current waveforms of inverter operated at resonant  
                     frequency (a) typical wave forms (b) Experimental waveform  [4] 
 

          
Figure 1.17  Input power versus inverter switching frequency [4]  
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Figure 1.18  Output power versus inverter switching frequency [4]  

 
Figures 1.17 and 1.18 show comparisons of the input and output power variation 
between the theoretical calculations and the experimental results at the switching 
frequency (fs) from 30 kHz (2 kW) to 40 kHz (500 W), depending on the loads. This 
proposed power control is complex and it is rather difficult to filter the output-voltage 
ripple out.  
 
In 2004, S. Chudjuarjeen, C. Koompai and V. Monyakul [2] proposed a full-bridge 
current-fed inverter with automatic frequency control for forging application as shown 
in Figure 1.19. 
 
This research describes the IGBT full-bridge current-fed inverter for forging 
application. The operating frequency is automatically adjusted to maintain constant 
leading phase angle when parameters of the induction heating load are varied. The 
output power is controlled by the input current setting. The load voltage is controlled to 
protect the IGBTs. In controlling the output power, the input power factor also 
decreases when the firing angle of the phase-controlled rectifier is adjusted in the 
manner that increases the output power.  
 

 
Figure 1.19 The full-bridge current source inverter [2] 
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In 2004, Jose M. Burdio et al. [13] proposed a control technique and analyzed the 
asymmetrical voltage-cancellation (AVC) control by using the full-bridge series 
resonant inverter for induction cooking appliances (2 kW) as shown in Figure 1.20 (a). 
This technique is used to control the output power by adjusting the control angle (α ) 
while the switching period sT  is constant. The proposed control technique is focused on 
ZVS condition to minimize losses in the switches of the inverter as shown in Figure 
1.20(b). The experimental output voltage and current waveforms is shown in Figure 
1.21. This paper also presents a comparison of the testing results of the conventional 
phase-shift (PS) and asymmetrical duty-cycle control (ADC).  
 

  
           (a)                                                           (b) 

Figure 1.20 Topology and control (a) full bridge voltage source inverter  

                    (b) typical waveforms for the control strategies AVC control [13] 

 

                                        
Figure 1.21  Experimental waveforms of the output voltage and the output current with   
                      AVC control [13] 
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Figure 1.22  The efficiency comparison between the proposed control technique and the   
                     conventional PS control and ADC control [13]  
 

Figure 1.22 shows a comparison of the efficiency between the proposed control 
technique and the conventional control (the PS control and the ADC control) at a 
switching frequency fp = 55.5 kHz. The performance of the proposed control technique 
is proper for induction cooking applications because of its small losses with ZVS 
condition, and its higher efficiency than the other conventional control. The demerit of 
this control is not suitable for the parameters variation load applications such as 
melting, forging and etc. 
 
In 2007, Nam-Ju Park et al. [4] proposed a power control of the Class-D inverter for 
induction heating jar application based on ZVS, and PDM using the half-bridge inverter 
by varying the duty ratio (D

power
=D) of low frequency (fp) and combine with the fixed 

high frequency (fs). The switching devices under consideration are two IGBTs. The low 
frequency (fp) is fixed at 5.4 Hz, while the high frequency (fs) is kept constant at 42.8 
kHz. The switching signal (Dsw) as shown in Figure 1.23 is sent to the gate drive circuit 
to generate the gate signals for the inverter, as shown in Figure 1.24. 
 

 
 

Figure 1.23 Waveforms of the synthesis signal [4] 
 

fp 

fs
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Figure 1.24 The block diagram of the class-D inverter [4] 
 
 

 
Figure 1.25 The efficiency comparison between the proposed power control and  

                           the conventional PFM control scheme [4] 
 

Figure 1.25 shows a comparison of efficiency between the proposed power control and 
the conventional PFM control from 10% to full load. The proposed power control is 
proper for induction heating jar applications due to simplicity, low switching losses with 
ZVS condition, and its high efficiency than the conventional PFM control. However, the 
PDM method causes power fluctuation in the power line.   
 
In 2007, I. Millan et al. [66] proposed a power control of the half-bridge series resonant 
inverter for induction cooking appliance as shown in Figure 1.26. This is based on ZCS 
condition and the discontinuous current mode (DM). The switching device under 
consideration uses two MOSFETs controlled by varying the switching frequency (fs), 
the duty cycle ( )β , and +α , −α parameters, as shown in Figure 1.27. The 

+α , −α parameter can be defined as: 180 7180
/ 2+ −= = − i

no sf f
α α , where fno is the natural 

frequency. 
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Figure 1.26 Half-bridge series resonant inverter [66] 
    

  
 

Figure 1.27 Schematic and control of inverter [66] 
 

      
  

Figure 1.28 The experimental waveforms of DM control at output power of 150W [66]        
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                               Figure 1.29 Efficiency comparisons of three controls [66] 
     
Figure 1.28 shows the experimental waveform of DM control at output power of 150W 
and fs is 6.8  kHz. Figure 1.29 shows a comparison between the proposed control (DM), 
square wave control (SW) and asymmetrical duty-cycle control ADC. The proposed 
power control has higher efficiency than SW and ADC in the low power range. Then, it 
is proper to control the output power for induction cooking applications in the low 
power range. Moreover, it has low switching losses because the switches are turned off 
at zero current (ZCS condition). Due to controlling in discontinues mode, the control 
circuit is complicated. 

In 2007, Jose M. Espi and et al. [25] proposed the design of an L-LC resonant inverter 
for induction heating applications as shown in Figure 1.30.  

 

                    Figure 1.30 L-LC resonant inverter in full-bridge configuration [25] 
 
The output power of their topology is controlled by using pulse frequency modulation 
(PFM) resulting in low efficiency and is difficult to filter out the output-voltage ripple. 
The proposed L-LC is suitable for high quality factor (Q) load such as tube welding, 
high-frequency hardening, or heating of materials with small equivalent resistance like 
brass, aluminum, etc.  
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In 2009, Oscar Lucia et al. [18] proposed a control algorithm among frequency limit 
control (FL) and power limit control (PL). Both of the FL and PL are based on square 
wave control (SW) and pulse density modulation (PDM) by using the half-bridge series 
resonant inverter for induction cooking appliances (3 kW). The PDM is used to control 
the output power in the low power range by adjusting  ont  and PDMT  and fs,pdm, as shown 
in Figure 1.31. While the SW modulation is used in the medium/high power range by 
adjusting the switching frequency ( sf ), as shown in Figure 1.32.  
 

      
            

                     Figure 1.31 Schematic and control parameter of PDM [18]    
    

 
 

Figure 1.32 Schematic and control parameter of SW modulation [18] 
 

   
 

Figure 1.33 The experimental waveforms of power efficiency with FL algorithm [18]   
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Figure 1.34 The experimental waveforms of power efficiency with PL algorithm [18] 
 
Figure 1.33 shows the experimental results of power efficiency with FL algorithm while 
Figure 1.34 shows the experimental results with FL algorithm. PL has higher efficiency, 
but it has undesirable performance due to the discontinuity of the output power causing 
intermittent heating effect to the cooking materials. FL on the other hand, has better 
performance due to lower flicker emission, but the efficiency is low. The controls are 
complex and cause power fluctuation in the low power range with PDM control, when 
the switches are turn-on and turn-off. 
 

1.2  Motivation  
The use of high-frequency currents for heat treatment of metals such as surface 
hardening, brazing, and soldering has continually been increasing. Much attention has 
been focused upon the development of inverters capable of supplying high-power to 
induction heating loads at frequencies ranging from 10 to 200 kHz. A variety of 
different operating principles and inverter circuit configurations exist, each of which 
have their own particular merits as mentioned in the previous section. Considerable 
interest has recently been shown in the resonant inverter circuits as these configurations 
offer reduced power device switching losses and attractive possibilities in developing 
higher frequency of operation, higher efficiency, lighter weight through higher power 
density, and overall system simplicity in terms of inverter control, protection, and 
maintainability. 
 
In high temperature applications, a high current must flow in the surface of the metal for 
heating effect. The series-resonant inverter may need a transformer for matching the 
output power and high current in the induction coil, because the induction heating 
technique requires high frequency current supply that is capable of inducing high 
frequency eddy current in the work piece that results in the heating effect [1-3]. 
 
Previous work has shown that an L-LC configuration can offer a better performance 
than the series-resonant while providing short-circuit immunity and lower current on the 
transformer’s secondary [24, 25]. Note that the closed-loop PFM method presented in 
[25] may sacrifice the efficiency due to switching losses at high frequency operation. 
However, the LLC resonant load offers better performance with high quality factor (Q > 
30) and only requires a small series inductance in the circuit configuration. This implies 
that the output transformer can be omitted. The disadvantage of the L-LC resonant load 
is that the output current may no longer be sinusoid in the case of low Q (Q < 10) [26]. 
The current in the induction coil is unavoidably small and distorted. Therefore, the 
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system efficiency is the price to pay. It is evident that the following issues are left 
unaddressed. 

- Improving the L-LC resonant load for low Q (Q < 10) 
- Improving the AVC for high temperature induction heating applications. 

 
1.3  Objective and Approach 
This thesis presents an improved LLC resonant inverter with asymmetrical control 
technique. The thesis includes the LLC resonant load design and the proposed control of 
resonant voltage source inverter. The objectives of the research are: 
-  Improving efficiency of LLC resonant inverter for induction heating applications. 
- To improve the AVC control method that can adjust the output power to the induction 
coil for LLC resonant load when parameters at the coil change. 
- Improving the LLC load configuration used for Low quality factor load of induction 
heating applications.  
 
The L-LC is a combination of a series inductor (Ls), a matching transformer, and an 
inductor and a capacitor connected in parallel as illustrated in figure 1.35. In the case of 
low Q (Q < 10), an improved LLC resonant load that we proposed is modified by 
moving Ls to the primary of matching transformer as shown in figure 1.36. With the 
high Q load, Ls will be high whereas it is low with the low Q. The nonlinearity of the 
leakage inductance of matching transformer makes it difficult to design in the case low 
Q. So the bringing of the inductor Ls at primary of matching transformer make it easier 
to design and build the inductor Ls because the primary current is reduced by the 
transformation ratio of the matching transformer. The new location of Ls enables short-
circuit capability inherently especially in case a short circuit occurs at the induction coil 
or from transformer saturation.  
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R
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Figure 1.35 Previous L-LC configuration 
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Figure 1.36 Proposed LLC configuration 
 
The reviews of the induction cooking are on a series resonant load where the load 
temperature is low and parameters remain rather constant. For the high temperature 
applications, when work piece is heated, the phase lock loop control will be needed to 



 19

address the issue of parameter variation. The AVC technique reviewed on induction 
cooking application for output power control is more efficient than other methods 
(PFM, PS, and ADC), so the AVC technique can be combined with the use of a phase-
locked loop control. The operating frequency can be automatically adjusted to maintain 
a small constant lagging phase angle and the output power can be controlled under load-
parameter variation during the heating process. 
 
1.4 Organization of Thesis 
The structure of the research work is reflected in the divisions of the thesis: 
 
1. In chapter 2, the overviews of Induction heating and its characteristics in power 

electronic applications such as induction heating load characteristics, high 
frequency induction heating inverters, the control of series inverter, and L-LC 
resonant voltage source inverter are reviewed and described.   

 
2. In chapter 3, analysis and design of LLC Full-bridge resonant inverter are given 

along with the proposed control strategy and the design procedure of the major 
components. The design procedure includes the series inductor (Ls) and matching 
transformer value derivation. Moreover, this chapter shows the calculation of 
switching and conduction losses of all switches. 

 
3. In chapters 4, this chapter includes simulation and experimental results of LLC 

full-bridge resonant inverter. The experimental results are compared with both the 
calculation and simulation. In addition, this chapter shows the efficiency from the 
calculation together with experimental results of the proposed control and the 
pulse frequency modulation. 

 
4. Chapter 5 concludes this research by reiterating the summary of contributions and 

future work is discussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 



CHAPTER 2 PRINCIPLES OF INDUCTION HEATING 
 
In many heating processes, high purity of the work-pieces is an important requirement. 
The induction heating method is the suitable method for such applications due to the 
non-contact between the induction coil and the work-pieces. This chapter describes the 
principle of induction heating and related circuit operations. 
 
2.1 Induction Heating Effects 
Basically, an induction heating coil consists of an induction coil and work piece. The 
induction coil is always constructed of copper, and is generally water-cooled and has a 
refractory lining. It is closely coupled to the work piece and it is supplied by alternating 
current. The magnetic field, induced in the induction coil when energized, causes eddy 
currents in the work-piece and increases the heating effect as shown in Figure 2.1 and 
its equivalent circuit is shown in Figure 2.2.  
 

 

 
 

Figure 2.1   Induction heating load [58]   
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Figure 2.2   Equivalent circuit of induction coil [58]   
  

 
When    ( ) ( )w c g w cZ R R j X X X= + + + +    (2.1) 

 
Work reactance,   ( )w r wR K pAµ=  ohms   (2.2) 

Coil resistance,   
2

r c c
c

k dR K π δ⎛ ⎞= ⎜ ⎟
⎝ ⎠

 ohms   (2.3) 
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Gap reactance,                                    ( )g gX K A=    ohms   (2.4) 
Work reactance,               ( )w r wX K qAµ=  ohms   (2.5) 

Coil reactance,     
2

r c c
c

k dX K π δ⎛ ⎞= ⎜ ⎟
⎝ ⎠

 ohms   (2.6) 

where 
2

02 [ ]= c

c

NK f
l

π µ ; µr is the relative permeability; Aw is the cross section area of 

work-piece; Ag is the area of gap; k r is the coil correction factor that ranging from 1-1.5; 
N c is the number turn of induction coil; lc is the length of gap and dc is the diameters of 
induction coil. (p and q are function for a solid cylinder) 
  
Induction heating occurs when a piece of conductive material is placed inside a coil 
delivering a varying magnetic field. The magnetic field that induces eddy currents is the 
conductive work piece, and heat increases in the piece due to losses, where R is the 
resistance of the current path in the piece. In practice, the conductive material can be 
either ferromagnetic [57] (such as iron or steel) or nonferromagnetic (such as silver or 
aluminum). In ferromagnetic materials, additional heating occurs from hysteresis losses, 
but its contribution is not important compared to the heating caused by eddy currents 
[68]. When a conductive work piece is placed inside the coil, the magnetic field is 
distributed such that it is strong at the air gap between the coil and the work piece and is 
intensity decreases as it penetrates the conductive material. The eddy currents, induced 
by the magnetic field of the surface and inside the work piece, move in the opposite 
direction to the coil current. For induction heating, the eddy currents at the surface are 
always stronger than those closer to the center of the work piece; this phenomenon 
called skin effect. 
 
A qualitative measurement of the skin effect is the skin depth. The skin depth, or depth 
of penetration, δ is the distance at which the magnitude of the magnetic field has 
decayed by e-1 which corresponds to 

2
=

s

ρδ
µ ω

                                                    (2.7) 

 
Where ωs is the switching frequency (rad/sec), ρ is the resistivity (Ω-m), and µ is the 
permeability of the material, µ= µ0 µr 
 
Hence, as the skin depth decreases, the skin effect is more apparent. For induction 
heating applications, it is important to specify the desired skin depth because it 
determines the operating frequency of the power supply. For example, deep depth 
induction heating applications require low operating frequencies. In addition, most 
induction heating applications require heating a work piece at a given temperature for a 
specific amount of time. Thus, the power supply must also provide the necessary output 
power to meet these specifications. 
 
2.2 Load Characteristics 
As stated earlier, the operating frequency and the output power are the two main 
specifications for an induction heating power supply. To meet the output power 
specification, the resistance of the load must be estimated. Also, for most cases, to meet 
the operating frequency specification the inductance of the load must also be known. 
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During a heating process, the load resistance and inductance vary, especially when 
temperature of work piece reaches Curie temperature. Figure 2.3 shows a common 
induction heating load representation, where the coil and work-piece resistance and 
inductance are represented as variable resistance (Rw), and inductance (Lw), connected in 
series [68]. 
 
An example of the variations of the load resistance and inductance for a ferrous work 
piece as a function of temperature is presented in Figure 2.4. The exact values of Lw and 
Rw, and the temperature range are not the important characteristics of Figure 2.4 because 
they vary with the application. The shape of the curves is significant since, as the 
temperature of the work-piece increases, Lw and Rw increase. However, as the 
temperature approaches the curie point, Lw and Rw decrease to values lower than when 
the piece was cold. It should be pointed out that in most induction heating applications 
the resistance variations are greater than the inductance variations.  
 

 
 

Figure 2.3   Induction-heating load representation [68]   
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Figure 2.4   Example of the load characteristics as a function of temperature    
                    (experimenatal data) [69]   
 
2.3 Induction Heating Applications 
The operating frequency and the power level specifications given for the design of an 
induction heating power supply determine the type of switching device to be used in 
power state. Many different power supply types and models are available to meet the 
heating requirements of a nearly endless variety of induction heating applications. The 
specific application will dictate the frequency, power level, and other inductor 
parameters such as coil voltage, current, and power factor. Figure 2.5 illustrates this 
power versus frequency relationship for common induction heat treating applications. 
Figure 2.6 illustrates power semiconductors used for induction heating such as thyristor, 
IGBT, MOSFET, and vacuum tube. Frequency is a very important parameter in 
induction heat treatment because it is the primary control over the depth of current 
penetration. Determination of operating frequency is an important step in the design of 
induction heating power supplies because the power components must be rated for 
operation at the specified frequency. The power circuit must ensure that these 
components are operated with an adequate margin to yield high reliability at this 
frequency and Figure 2.7  shows the main power systems, their power ranges, and major 
applications.  
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Figure 2.5   Induction-heating systems and processes [58]   
  

 
 
 

Figure 2.6  Power semiconductors used for induction heating [59]   
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Figure 2.7   Power-frequency diagram for typical induction heat treating applications    
                    [58]   
 
The dimension of the work piece, frequency, power level and applications of induction 
heating are correlated and must be considered altogether in selection of the type of 
inverter which is suitable. The high frequency induction heating inverters will be 
presented in the next section.  

 
2.4 High Frequency Induction Heating Inverters 
As mentioned earlier, the heating effects and the resonant circuit require high-frequency 
operation. Induction heating inverters are typically used to change the available utility 
line frequency power to single-phase power at a frequency suitable for the induction 
heating process. A large number of topologies have been developed in this area. 
Current-source and voltage-source inverters are among the most commonly used types. 
 

 
Figure 2.8   Induction heating basic block diagram.  

  
The basic block diagram of an induction heating system applied to nearly all induction 
heating system is shown in Figure 2.8. The input signal is generally three or single 
phase. The first block represents the AC to DC converter or rectifier. This section may 
provide a fixed DC voltage, a variable DC voltage, or a variable direct current. The 
second block represents the inverter that can be either a current- or voltage source 
inverter. The third block represents the load-matching components, converting the 
output of the inverter to the level required by the induction coil. 
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Figure 2.9    Induction heating treating inverter [59] 
 

The classification of the inverters commonly used in induction heating power supplies 
is depicted in Figure 2.9. Two major types are voltage and current sources. The chart 
further divides the DC source into fixed and variable.  The control of the inverter is 
done by varying either the phase angle or the operating frequency. The load circuit 
connection is categorized into series resonant, parallel resonant and series parallel 
combination resonant loads. The characteristics of current and voltage source inverters 
will be presented in the next section. 
 
2.4.1  Current Source Inverter 
The current source inverter is suitable for high power induction heating applications 
because of the short-circuit protection capability and superior no-load performance due 
to the current-limiting dc link characteristic. Figure 2.10 and 2.11 show full bridge 
current source inverter and output voltage and current wave forms operating above 
resonant frequency.  
 
The current source inverter needs a switch that can block a bipolar voltage. Appropriate 
switching operations are achieved by connecting a switch and diode in series. The 
output voltage of the inverter is sinusoidal, in the case of low damping factor, and the 
operating frequency is near the resonant frequency. The inverter is designed to operate 
at a little higher inverter frequency than a resonant frequency, to achieve zero-current 
soft-switching [5] which reduces loss at IGBTs switches and avoids spike voltage. The 
voltage across the switch has both positive and negative values. The positive voltage is 
blocked by the IGBT and the negative voltage is blocked by the diode. The current 
source inverter (CSI) in Figure 2.10, is controlled by adjusting the DC bus for power 
control as mentioned earlier [2].  
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Figure 2.10   Full bridge current source inverter with parallel resonant load 
 

 
 

Figure 2.11  Output voltage and current wave forms of full bridge current source  
                     inverter operating above resonant frequency (ZCS) 
 
2.4.2 Voltage Source Inverter  
When used for induction heating, the voltage source inverter (VSI), has the simplest 
circuit of all existing topologies. It uses the transformer leakage inductance and the load 
inductance as the resonant inductor. The VSI operating at ZVS has the least number of 
power components and consequently it is cheaper than CSI. The most common inverter 
configuration is the full bridge as shown in Figure 2.12. It consists of four switches with 
antiparallel diode connected in each of the switch. The output is located in the center of 
full bridge so that when switches S1 and S4 are closed, current flows from the DC 
supply through the output circuit from left to right. When switches S1 and S4 are opened 
and switches S3 and S2 are closed, the current flows in the opposite direction, from right 
to left. As this process is repeated, an alternating current is generated at a frequency 
determined by the rate at which the switches are opened and closed. The output voltage 
and current wave forms operating above resonant frequency is shown in Figure 2.13. It 
should be noted that when using the VSI full bridge inverter with series resonant load 
for induction heating applications, there is a possibility for the load inductor to become 
shorted, and then the inverter must be protected against short circuits with fast over 
current sensors. 
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Figure 2.12  Full bridge voltage source inverter with series resonant load 
 

 
 

Figure 2.13  Output voltage and current waveforms of full bridge voltage source  
                           inverter operating above resonant frequency (ZVS)  

 
2.4.3 Resonant Circuit Load of Induction Heating Inverter  
In general, the resonant inverters need to use the load resonant circuit such as series or 
parallel resonant circuit because they can operate in soft switching.  
 

 
 

Figure 2.14   Parallel and series resonant circuits [58]   
 



 29

Figure 2.14 shows the characteristics of series resonant and parallel resonant circuits. 
Looking at the parallel circuit, it is easy to see that if the capacitor is not in the circuit, 
then the given voltage applied to the circuit at a constant frequency will result in a 
specific amount of power depending on the impedance of circuit. When sufficient 
capacitance is added to the circuit to adjust the load circuit near resonant frequency, the 
circuit impedance increases and the amount of current drawn from the power supply 
drastically declines. The circuit voltage required to achieve a specific power level is the 
same as with the initial case of zero capacitance, but now the higher current required by 
the load is being supplied by the capacitor rather than the power supply. 
 
In a parallel resonant circuit we have a quality factor (Q) increase in current in the 
resonant tank circuit which is compared with the input current from the power supply 
(Figure 2.15). This resemblance can be repeated for the case of the series resonant 
circuit to realize that with the calculated change in circuit impedance the circuit current 
will be much higher for a given input voltage when the circuit is operated near the 
resonant frequency because the impedance is approaching zero. The load coil current 
required for a given power is the same for the given load circuit regardless of whether 
the connection is series or parallel, but because the overall impedance has fallen and the 
required current is fixed, the required driving voltage is approximately a factor of Q 
lower than the coil voltage. So, we have a Q increase in current in the parallel circuit 
and a Q rise in voltage with the series-connected circuit (Figures 2.14 and 2.15). It is 
therefore imperative to have an understanding of what type of circuit connection exists 
in order to understand the effect that changes in value of the tuning components will 
have on the power supply and workstation components [58]. 
 

 
 

Figure 2.15   Parallel and series resonant circuits with sinusoidal voltage source [58]   
 
As shown in Figure 2.15, the parallel resonant circuit is suitable for current source 
inverter because it can block the reverse current. And series resonant circuit is suitable 
for voltage source inverter because it can conduct the bidirectional current from the 
load. The current source inverter can not open circuit but the voltage source inverter can 
open circuit. This characteristic makes the voltage source inverter having various output 
power control such as pulse frequency modulation, pulse density modulation, 
asymmetrical duty cycle control and phase shift control which are shown in the next 
section. 
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2.5  Control of Series Resonant Inverter 
The voltage-source inverters (VSI) with series resonant load are widely used in 
applications that require output power control capability where a zero-voltage switching 
(ZVS) condition must be met to ensure a high efficiency. The many control methods are 
researched to improve the efficiency. In this section, the popular control methods the 
VSI based on full bridge voltage source topology are presented. 
 
2.5.1    Power Frequency Modulation (PFM) 
One of the popular methods of switching is pulse frequency modulation (PFM). The 
output power is controlled by varying the switching frequency while the inverter 
operates under zero-voltage switching (ZVS) scheme. The output voltage and current 
waveforms of the PFM control are shown in Figure 2.16. 
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Figure 2.16  Wave forms of full bridge voltage source inverter operating with PFM 
 

The output voltage may be expanded using a Fourier series expansion as, 
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As illustrated in Figure 2.15, the output current assumes the sinusoidal behavior at the 
frequency around the resonant frequency. The output current is given as, 
 

   , sin( )S s m si I tω φ= −                                       (2.9) 
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where, the characteristic impedance Z0 is given as, 0 =
LZ
C

. From equation 2.10, the 

normalized output power is found as, 
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Figure 2.17  Normalized output power versus ratio of fs/ f0 with PFM 
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2.5.2  Pulse Density Modulation (PDM) 
In addition to the PFM control, another widely adopted control method is PDM which 
consists of the high frequency and low frequency. The described PDM control strategy 
is shown in Figure 2.18 (a), (b) and (c). The output power of the full bridge series 
resonant inverter is controlled by adjusting the pulse density of the square-wave voltage. 
By adjusting the duty cycle of the fixed low frequency signal, the output power is  
easily controlled in a wide load and line range.  
 
 

 
 

(a) 
 

 
 

(b) 
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Figure 2.18  Wave forms of full bridge voltage source inverter operating with PDM  
         (a) Duty cycle =1, (b) Duty cycle =0.5, and (c) Duty cycle =0.25 

 
Normalized output power 
 

 
Duty cycle  

 
Figure 2.19  Normalized output power versus ratio of duty cycle with PDM 

 
Note that the amplitude of output current and voltage are not affected under duty cycle 
variation but, the average output power decreases. Figure 2.19 shows normalized output 
power versus ratio of duty cycle with PDM, which is provided by multiplying between 
equation (2.11) and duty cycle of low frequency where the fs/ f0  and the power angle φ  
is constant.  
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2.5.3  Asymmetrical Duty Cycle (ADC)  
Recent trends suggest asymmetrical duty-cycle (ADC) control to supply low/medium 
power with improved efficiency. The ADC control technique can be used in half-bridge 
or full-bridge topologies. It is based on an unequal duty-cycle operation of the switches 
in the converter. 
 

 
 

Figure 2.20  Wave forms of full bridge voltage source inverter operating with ADC 
 
The output voltage oV  and the current si  are defined as  
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From (2.12) and (2.13), the output power is found as, 
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Therefore, the normalized output power is 
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Figure 2.21  Normalized output power versus ratio of duty cycle with ADC 
 

At constant power angle (φ), the output voltage and current in this control method will 
be decreased providing that the duty cycle is decreased. From equation 2.15, we can plot 
the normalized output power as a function of duty cycle which is shown in Figure 2.20. 
The output power will be decreased when the percent of duty cycle increase. 
 
2.5.4  Phase Shift (PS)  
The phase-shift (PS) is incorporated for a full bridge inverter in which one bridge leg is 
leading the other by shifting gate signal. The PS control technique allows output voltage 
or power variations by phase shifting the sequences of conduction for the switches, 
achieving a symmetrical voltage cancellation. 
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Figure 2.22  Wave forms of full bridge voltage source inverter operating with PS 
 

The output voltage and current are defined in (2.16) and (2.17)  
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From equation 2.16-2.17, the output power can find in (2.18) 
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From equation 2.18, the normalized output power can find in (2.19) 
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Figure 2.23  Normalized output power versus alpha angle with PS 

 
At constant power angle (φ), the output voltage and current of this control is decreased 
when increasing the alpha angle (α). From equation 2.19, we can plot the normalized 
output power as a function of phase shift angle which is shown in Figure 2.23. The 
output power will be decreased when the phase shift angle increase. 
 
2.6  L-LC Resonant with Voltage Source Inverter 
The three element L-LC resonant load [24]–[26] can offer a better performance than the 
traditional series resonant load, particularly due to its short-circuit immunity and lower 
transformer secondary current. Figures 2.24 and 2.25 show the L-LC resonant inverter 
topology and the corresponding output voltage and current waveforms operating above 
the resonant frequency (ZVS), respectively. The difference between this circuit power 
stage configuration and that of the current source inverter with parallel resonant load 
presented in Figure 2.10 is that in this case the inductance LS  is several times larger 
than the parasitic inductance, L .  
 
In addition, the inverter’s resonant frequency is a function of the parallel capacitor C, 
the load inductor, L, and of LS. The inverter is operated with variable frequency to 
simultaneously regulate the output power and maintain ZVS operation. An important 
advantage of this inverter is that, unlike the series resonant voltage source inverter, it is 
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immuned against load shorts because LS is considerably larger than L. However, the 
turn-off losses remain as in the series resonant voltage source inverter [24].  
 

 
 

Figure 2.24  L-LC resonant with full bridge voltage source inverter topology [24]  
 

 
 

Figure 2.25  Output voltage and current wave form of L-LC resonant full bridge voltage  
                      source inverter operating above resonant frequency (ZVS)  
 

 
 

Figure 2.26  Equivalent circuit of L-LC resonant load [24]  
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Figure 2.27  Steady-state behavior of the L-LC oscillator [24] 
 

Substituting the heating coil and the piece by its equivalent L–R series network results 
in the L-LC resonant load, as depicted in Figure  
 
As revealed in Figure 2.24, this three-element oscillator exihibits a parallel resonant 
behavior (maximum impedance) at the resonant frequency of the parallel ending of the 
L-LC resonant load (ωp), and a series resonant behavior (minimum impedance) at the 
resonant frequency of the L-LC resonant load (ω0). Below ωp and above ω0, the 
oscillator is inductive (current lagging mode), and between ωp and ω0, it can either be 
capacitive (current leading mode) or inductive, depending on the choice of parameters. 
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Figure 2.28  Switching angle φ for different applications (Q-factors) and designs of  
                     current gain (β) [24] 

 
Figure 2.28 plots the values of β for different switching angles and Q-factors which is 
proposed in [24]. The design region corresponds with acceptable switching angles (φ < 
20◦) and current gains (β > 1). As we can see, there is only design solution for Q > 6. 
Moreover, high current accretion (values of β) are suitable for high Q-factors. In other 
words, the L-LC performs better in high Q applications (Q > 30.), typically high 
frequency applications such as gold melting, copper tube welding, high-frequency 
hardening, and heating of materials with small equivalent resistance R like copper, 
brass, aluminum, etc. 
 
 
 

 



CHAPTER 3 LLC RESONANT INVERTER 
 

In this chapter, the proposed LLC resonant inverter configuration is described. Details 
of the control strategy, the design procedure of the series inductor (Ls) and matching 
transformer are presented. This chapter also provides a calculation of switching and 
conduction losses of all switches.  
 
3.1 Circuit Description 
An LLC resonant inverter configuration for induction heating applications that we 
propose is shown in Figure 3.1. The inverter consists of four switches with antiparallel 
diodes, a resonant capacitor (Cp ), a series inductor ( sL ) in which the leakage reactance 
of the transformer is included and an induction coil that comprises a series combination 
of a resistor (Req) and an induction coil inductor (Lcoil) [27, 28]. A DC blocking 
capacitor (Cb) is inserted in series with the transformer primary winding. The stray 
capacitance of MOSFET switching device S1, S2, S3 and S4 are noted as Coss1 , Coss2 , 
Coss3  and Coss4 respectively.  

 

 
 

Figure 3.1  Full-bridge LLC resonant inverter.  
 

 
 

Figure 3.2  Equivalent circuit  
 
An equivalent circuit of the full-bridge LLC inverter system in Figure 3.1 is shown in 
Figure 3.2 where the input voltage can be viewed as an asymmetrical ac voltage 
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supplied to the system. With a negligible value of Cb, it is noted that the capacitor C, the 
inudctor L, and the resistor R represent the equivalent capacitor Cp, inductor Lcoil, and 
the resistor Req referred to the primary side of the transformer, respectively. The total 
impedance to the asymmetrical voltage source (vo) is denoted by Ztotal. The current is and 
io are the input and output currents, respectively. 

 
3.2  Modes of Operation 
In this section, the mode operations of inverter with and without stray capacitance (Coss) 
are presented. For simplicity and without loss of generality, the case where the switches 
with no Coss is discussed first. 

 

 
 

Figure 3.3  Modes of operation of inverter operations without stray capacitance 
 
3.2.1  Modes of Operation without Stray Capacitance 
The asymmetrical voltage signal in Figure 3.2 is realized from shifting the gate drive 
signals of the switches S3 and S4 to the desired shifting angle as shown in Figure 3.3. 
The current and voltage waveforms are also shown in this figure. The operation of the 
inverter without stray capacitance is shown in Figure 3.3. Five modes of operation exist 
within one switching cycle. The corresponding circuit topology for each mode of 
operation is illustrated in Figure 3.4. The analysis is as follow  
 
1) Mode 1 (t0−t1): While switches S2 and S3 are off, at t = t0, switches S1 and S4 receive 
positive gating signals. The negative input current (is) flows through diodes D1 and D4. 
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2) Mode 2 (t1−t2): At t = t1, as soon as the antiparallel diodes D1 and D4 are off, 
switches S1 and S4 conduct and the ZVS operation is achieved. During this mode, the 
positive input current (is) flows. 
 
3) Mode 3 (t2−t3): At t = t2, while the switch S1 still conducts, the switch S4 is turned off 
and the antiparallel diode D3 conducts. At the same instance, the switch S3 receives 
positive gating signals. The interval t2−t3 defines the shifted angle α that is used for 
output power control.  
 
4) Mode 4 (t3−t4): At t = t3, the switch S1 is turned off. Similar to that in Mode 1, the 
diode D2 starts conducting positive input current is together with the diode D3.  
 
5) Mode 5 (t4−t5): At t = t4, when the antiparallel diodes D2 and D3 are off, the switches 
S2 and S3 which already received positive gating signals, conduct and the ZVS opeation 
is achieved. During this mode, the input current is becomes negative. At this point, a full 
cycle of operation is accomplished. The next operating cycle continues to repeat from 
modes 1 to 5. 
 

φ

 
 

Figure 3.4   Typical waveforms of inverter operations with stray capacitance 
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Figure 3.5  Modes of operation of inverter operations with stray capacitance 
 
3.2.2  Modes of Operation with Stray Capacitance 
Next, the stray capacitance in the switching device is taken into consideration. With the 
mentioned shifted gate drive signals, eight modes of operation exist within one 
switching cycle when the stray capacitances are taken into account.  
 
The corresponding waveforms and circuit topology for each mode of operation are 
illustrated in Figure 3.5 and 3.6, respectively. The analysis is as follows.  
 
1) Mode 1 (t0−t1): While switches S2 and S3 are off, at t = t0, switches S1 and S4 receive 
positive gating signals. The negative input current (is) flows through diodes D1 and D4. 
 
2) Mode 2 (t1−t2): At t = t1, as soon as the antiparallel diodes D1 and D4 are off, 
switches S1 and S4 conduct and the ZVS operation is achieved. During this mode, the 
positive input current (is) flows. 
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φ

 
  

Figure 3.6   Typical waveforms of inverter operations with stray capacitance 
 
3) Mode 2' (t2−t'2): At t = t2, after the switch S4 is off, the current flows in the same 
direction. The charge in Coss3 is gradually decreasing whereas the charge in Coss4 is 
slowly increasing. At this stage the output voltage changes from + VDC to 0.  
 
 4) Mode 3 (t'2−t3): At t = t'2, while the switch S1 still conducts, the switch S4 is turned 
off and the antiparallel diode D3 conducts. After the switch dead time, the switch S3 
receives a positive gating signal.  
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5) Mode 3' (t3−t'3): During this period, all switches are off simultaneously. A part of 
positive current is flows through the antiparallel diode D3 and Coss2. At the same time, 
the charge in the capacitor Coss2 decreases whereas the charge in the capacitor Coss1 
increases. In this operation, the output voltage vo changes from zero to –VDC.    
 
6) Mode 4 (t'3−t4): At t = t'3, the switch S1 is already turned off. Similar to that in Mode 1, 
the diode D2 starts conducting positive input current is together with the diode D3. After 
the switch dead time, the switch S2 receives a positive gating signal. The shifted angle 
α  is from t2 to the moment the switch S2 is on. 
 
7) Mode 5 (t4−t5): At t = t4, when the antiparallel diodes D2 and D3 are off, the switches 
S2 and S3 which already received positive gating signals, conduct and the ZVS opeation 
is achieved. During this mode, the current is becomes negative. 
 
8) Mode 5' (t5−t'5): At t = t5, after the switches S2 and S3 are turned off, the negative 
current is flows through stray capacitors, Coss1, Coss2, Coss3 and Coss4. The charges in Coss1 
and Coss4 decrease while the charges in Coss2 and Coss3 increase. At this point, a full cycle 
of operation is accomplished. In this operation, vo changes from –VDC to +VDC. The 
next operating cycle continues to repeat from modes 1 to 5'. 
 
In many cases, the stray capacitance may be neglected and the modes of operation for 
one switching period are reduced to 5 modes (i.e. modes 1 2 3 4 5→ → → → ). Note that 
in this work, it is assumed that the charging time of the stray capacitor (tcoss) is smaller 
than the switch’s dead time. 

 
3.2 Circuit Analysis  
In order to understand the preliminary characteristics of voltages and currents of the 
main and load circuits, a mathematical approach is required. With the circuit operation 
in the previous section, the steady-state characteristics are analyzed in this section. The 
steady-state analysis of the full-bridge LLC inverter is based on the following 
assumptions. 

1) All circuit components are ideal. This is because switching devices, inductors, 
capacitor and a transformer in the circuit consists of small parasitic and may be 
negligible compared with the circuit operating characteristics. This simplification helps 
facilitate the circuit analysis. 

2) The dc input voltage, VDC, is constant because the capacitor on the dc bus is 
assumed to be sufficiently large. This allows the ripple voltage on the dc bus to be 
neglected which greatly simplifies the analysis of the output voltage of the inverter. 

3) The effects of stray capacitance are neglected because their capacitance (in the 
order of nanofarad) is much less than the resonant capacitor, Cp  (in order of 
microfarad). Therefore, the effects of the stray capacitance on the operating 
characteristics particularly load current and voltage are essentially negligible. 
From Figures 3.2 and 3.3, the relationship between the load voltage (i.e. the capacitor 
voltage: vc ) and the inverter output voltage ( ov )  is given as, 
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= given that n is the  transformation ratio of the 

transformer. The resonant frequency of the system in Figure 3.2 is given as, 
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Note that the inverter is designed to operate such that the switching frequency (ω ) is 
slightly higher than the resonant frequency ( 0ω ) for ZVS operation. This enables us to 
take only the fundamental component ( 1V ) of the inverter output voltage (vo) in Figure 3.2 
into account. The load voltage is given as,  
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The fundamental component V1, of the capacitor voltage vC in (3.3) can be obtained 
from the following coefficients of Fourier series of the inverter output voltage vo [13],  
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where Vm  is the dc input voltage assuming the same value as VDC, vnφ is the phase of the 
nth hamornic of  vo and α  is the shifted angle of the switch S4, as shown in  Figure 3.6. 
Using (3.4), the amplitude of the fundamental voltage 1v  can be calculated as, 
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Figure 3.7  Output power versus α 



 48

 

2 2
1̂ sin (180 ) (3 cos(180 ))mV

V α α
π

= × − + − −                              (3.5) 

 

and the average output power (P) at the load can be obtained as [24], 
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For the zero power angle φ , the output power Po in (3.7) depends on the shifted 
angleα . Figure. 3.7 shows the relationship of the output power and α , obtained using 
(3.7). It is seen that an increase of α  results in reduction of the output power. Meaning 
that the output power can be controlled through an adjustment of α .The greater the 
angle α , the less power delivered to the load. By substituting α  with 0° and 180° in 
(3.7), the output power Po results in 100% and 24.97%, respectively. Notice that the 
output power Po does not reach zero through the setting of α  because the voltage 
reduction in the asymmetrical control is through the positive cycle. The negative cycle 
of the output voltage remain unaffected. The equivalent circuit in Figure 3.2 receives 
only negative cycle of the asymmetrical input voltage. Based on the superposition 
principle, there always exists a small amount of output current flowing through the load. 
Another interesting aspect of (3.7) is that it can be used to predict the parameter 
variation, especially the inductor L. As mentioned in the previous chapter, the induction 
coil inductance varies as the work-piece is heated. Therefore, the relationship of the 
output power, the shifted angle α  and the inductance L is depicted in Figure 3.8.  
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Figure 3.8  The output power as a function of α and inductance variation 
 

For LLC resonant load, the inductance variation causes the output power to change.  
The inductance variation in percentage lower than 100% indicates the reduction of the 
inductance L from its nominal value. Notice that the inductance reduction and the 
increase of the alpha angle result in the decrease of the output power. This relationship 
is governed by (3.7). Evidently, the output power control can be effectively done 
through changing the alpha angle and becomes less effective when the inductance is 
chaged under heating condition. 
 
From (3.7) we can define the output power as a function of Q that is shown in (3.8). The 
output power Po is essentially directly proportional to the quality factors (Q), providing 
that the angle is kept constant.  
 

2
1 tan

tan tan 1
=

−
s

o
V CL Q

P
Q

φ
φ φ                                                  (3.8) 

 
The frequency response of the output power (Po) under different quality factors (Q) is 
shown in Figure 3.9 with the angle α set to zero. At higher Q factor, the inverter 
operates close to the resonant frequency, ω0, (i.e. the normalized frequency fs/fb is close 
to 1). Unlike the induction coil current (io) shown in Figure 3.10, the Q factor has 
negligible effect on the resonant frequency. That is the peak value of io occurs at the 
same frequency regardless of the Q factors. The peak value of io is related to the RLC 
parallel end in Figure 3.2 where Ls does not play a roll in the frequency response of io. 
The necessity and the design of Ls is discussed in the next section.   
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Figure 3.9  Frequency response: output power (Po) at various Q factors  
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Figure 3.10  Frequency response: output current (io) at various Q factors  
 

3.4 Load Current Gain   
Referring to Figure 3.2, the total impedance (Ztotal) can be expressed as, 
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At resonant frequency ( 0ω ), 
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The switching angle φ  is given as 
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This results in, 
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The current gain is found as, 
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Therefore, the coil current at resonance can be expressed as,  
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o
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Figure 3.11   Current gain and power angle at various Q factors (Q<10) 
 

From (3.15), we can plot the current gain (Ls/L) and power angle at various Q factors, 
from 4 to 7, in Figure 3.11. At the frequency above resonance, there is always a positive 
power angle φ  (i.e. lagging current operation). A high efficiency inverter with LLC 
topology can be achieved by introducing a small positive switching angle and high 
current gain in the design. From (3.11) and (3.14), it is deduced that a suitable load 
would be applications with high quality factor (Q) such as, brazing, surface hardening 
and tube welding. For applications with low Q (less than 10), it is very difficult to 
obtain both high current gain and resonant operations at the same time. One of the 
possible solutions would be to increase the power angle φ . This means that the 
operating frequency must be adjusted further away from the resonant frequency which 
results in the operation of the inverter under low efficiency. This is where the high 
frequency transformer is introduced to match the output current and power. In addition 
to improving the system efficiency, the important advantage of the inclusion of the 
transformer is the inherent current limiting capability in case of transformer saturation. 
The inductor Ls carries low current because it is located on the primary side. Therefore, 
it is easier and cheaper to construct such an inductor.    
 
3.5 Switching and Conduction Losses 
A majority of power loss in the typical power electronic converters is the switching loss. 
For the case of resonant inverters, the conduction loss is of similar importance. The 
LLC resonant inverter in this work consists of 4 MOSFETs (S1-S4). The loss of switches 
can be divided into two parts: the switching loss and conduction loss which are derived 
in this section. 
 
3.5.1 Switching Loss  
To maintain the operation under ZVS conditions, the power angle φ  must be kept 
greater than both the dead time and charging time of the stray capacitors [31, 32]. This 
allows sufficient time for the diodes to conduct while keeping the voltage across the 
switch at zero. For the operation at the frequency above resonance, the turn-on 
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switching loss of all switches is zero, but there still is a turn-off switching loss for every 
switch. It is seen in Figure 3.6 during t3-t4 interval that, the switch S4 turns off at a larger 
current as α  becomes larger. This results in a higher switching loss. To consider the 
switching loss in details, the current and voltage transition at turn off are illustrated in 
Figure 3.12.  

 
Figure 3.12  Theoretical waveforms of the turn off loss of switches 

 
The drain to source voltage vDS during rise time (tr) is given as 
 

⎛ ⎞
⎜ ⎟
⎝ ⎠

DS I
r

ωtv =V
ωt

                         (3.16) 

 
where IV  is the voltage across the switch while the switch is turned off which is the 
same as the dc input voltage (VDC). While the switch current is a small portion of a 
sinusoid and can be approximated by a constant 
 

S OFFI=i                                     (3.17) 

 

where IOFF is the current through the switch before turning off. 
 
The power loss associated with the voltage during rise time (Ptr) is given as,  
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                                 (3.18)  

 
During fall time (tf), the switch current can be approximated by a parabola function as 
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while the drain to source voltage is (3.16) The power loss associated with tf (Ptf) is 
provided as, 
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Hence, the turn-off switching loss is combined as 
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So the turn off loss of the full-bridge LLC resonant inverter with asymmetrical control 
becomes 
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where  OFF, S1,S2,S3I  and 

4OFF, SI assume the following forms, 

OFF, S1,S2,S3 msin( )=I I φ                                               (3.23) 
and 

4OFF, S msin( )=I I α+φ                                               (3.24) 
 

If a snubber capacitor is added to the circuit, the charging time (tCoss) will increase and 
the peak of the product of is and vds in Figure 3.12 will decrease. Thus, the turnoff loss is 
decreased. The dead time must be increased to maintain approximately zero turn off 
loss. Clearly, the snubber capacitor can always be included. However, there is a tradeoff 
for adding a snubber capacitor because the power angle φ  must cover the switch dead 
time and the capacitor charging time. Therefore, the increased power angle φ  results in 
a reduced range of the angle α (αmax =φ -180) and therefore, the range of power 
adjustment will be reduced. 

 
3.5.2 Conduction  Loss  
Since the intervals t2-t'2 and t5-t'5 in Figure 3.6 representing the charging and discharging 
periods of the stray capacitors, are small compared with the overall conduction times, 
therefore both intervals are neglected in the following calculation.  
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Figure 3.13  Theoretical waveforms of the conduction loss of the switch S3 and the 

                         switch S4 
 
To take the switch conduction loss into account, the current and voltage at the switches 
S3 and S4, from t0 to t5 are illustrated in Figure 3.13. The switches S1, S2 and S3 carry the 
same current and conduction loss through the intervals t1-t2 and t4-t5, respectively. Since 
the inverter current is is given as,  

 

s S,peak
(t) =i I sin(ωt -φ)                                                          (3.25) 

 
The current contribution to conduction losses of the switches S1, S2 and S3 are found as 
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For the asymmetrical switch S4, the conduction loss results from the current 
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which can be expanded as, 

4S ,rms
s 2( ) sin(2( ))

4
II π+
π

φ φ= − α − + α +                            (3.29) 

 
The conduction loss of the switch is given as, 
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S,rms DS,ons,lossP I R=                            (3.30) 

 
The above conduction losses can be calculated by substitution of the currents in (3.27) 
to (3.29) into (3.30). Next, the diode conduction loss is considered. Clearly, the diodes 
D1-D4 and D2-D3 conduct during t0-t1 and t2-t4 intervals, respectively. In addition, the 
conduction loss of the diode D3 includes the forward conduction during t2-t3 interval 
similar to the current in (3.26). 
 
Therefore, the current contribution to the conduction loss of the diode D3 is given as, 
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and is expanded as, 
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For the other diodes, the current contribution to the conduction loss is found as, 
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The diode conduction loss is 
 

Diode,rms FWD,diodeD,lossP = I V×                 (3.35) 
 

Similarly, the conduction loss of each diode is computed by substituting (3.32) and 
(3.34) into (3.35). 

 
 
 
3.6 Proposed Control Strategy 
The work-piece geometry, conductivity and permeability of different metals have 
various effects on the inductance of the heating coil. In addition, the coil inductance is 
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also changed when heated. This is due to the fact that beyond the curie temperature, the 
relative permeability ( rµ ) of the work piece decreases when the temperature increases. 
This results in the reduction of the equivalent inductance of the work piece which in 
turn reduces the coil inductance. On the contrary when the work piece temperature is 
lower than the curie temperature, the relative permeability of the work piece decreases 
with the temperature. Therefore, the coil inductance exhibits a change in the opposite 
direction [29]. 

 
Considering the fact that the resonant capacitance is fixed therefore, the resonant 
frequency is varied throughout the heating process. The phase-locked loop integrated 
circuit device for load-adaptive resonant frequency tracking is introduced to the 
resonant inverter to drive the operating frequency to the new resonant frequency. The 
proposed control scheme of the full bridge LLC resonant inverter consists of two parts:  

- Power control through alpha angle (α) of the switch S4 
-  Frequency control for zero voltage switching (ZVS) operation 

 
The controller comprises a current sensor, zero-crossing detector, phase detector and 
voltage-controlled oscillator (VCO) as shown in Figure 3.14. The 4046 phase-locked 
loop integrated circuit is used for frequency control at slightly higher than the resonant 
frequency [70]. In typical voltage-fed inverter, the gate drive signal is in phase with the 
asymmetrical inverter output voltage ov . Therefore, we can use the gate drive signal 
instead of the load voltage pulse for phase detection. The current signal, io, is compared 
with the voltage signal in order to detect the phase difference. The output signal of the 
digital phase detector is filtered by an RC low pass filter to obtain the average value that 
is proportional to the phase difference at the load. The block diagram of the generation 
of asymmetrical gate drive signals for power control is shown in Figure 3.15. The Pref  
signal is compared with the ramp signal from the 4046 IC to generate the gate signal G4. 

 

 
 

Figure 3.14  Proposed control block diagram of the LLC resonant inverter 
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Figure 3.15  Waveforms of the asymmetrical gate drive signal  

 
If the Pref signal is greater than the ramp signal, the gate signal G4 is set to high. 
Otherwise, it is set to low. This way, α is dependent on the Pref signal. The gate signal 
G2 is always on from π  to 2π . The G1 and G3 signals are inversed of the G2 and G4 
signals, respectively. Note that the ramp signal is generated from the phase detector. 
Therefore, its frequency is automatically adjusted to track the resonant frequency and 
ZVS operation at turn on is obtained. The gating signals G1,G2,G3 and G4 are sent into 
the dead time circuit where the dead time setting is adjusted through the pairs R1-C1, R2-
C2, R3-C3 and R4-C4. A phase protection circuit with a limiter is used where the Vphase 
signal, a dc signal proportional to the phase, is put through a limiter [30]. This allows an 
operation in the desired frequency range for the ZVS mode. If the phase lies in the 
region that is out of the predetermined limits, an active signal is sent out to turn the 
transistor Q on and ground all gate signals S1 to S4. The inverter is then turned off. 
 
3.7 Design Procedure 
In this section, a design example of major components of the system in Figure 3.1 is 
discussed. The targeted application is a 450W induction melting system for a 30-gram 
aluminum work piece. The desired frequency is at 110 kHz. The readily available 
induction coil inductance (Lcoil) and equivalent resistance (Req) are 1.11 µH and 
100mΩ , respectively. The power angle φ  is set to 36 degrees. Using (3.11), the 
maximum series inductance (Ls,max) is obtained from (3.11) as 

5.1 H= µs,max
0

2L ω
tan - L = .

R
L φ                                    (3.36) 

Next, the resonant capacitor is obtained from (3.2) as 
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Five of 30 kVAR, 400V, 100Arms, 0.47 µF capacitors with the total capacitance of 2.35 
µF are used as PC . Since the available capacitance is slightly changed from the desired 
value, the resonant frequency is recalculated to be 
 

1
2 = 108.2 kHz.

⋅π
+

=
⋅o

s

s,maxL L
f

L L C                                    (3.38) 

 
From (3.14), the current gain is found as  
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3.7.1 Matching Transformer 
Since the current gain of the LLC load is found to be 4.1 which is not sufficient to heat 
the work piece to the desired temperature therefore, a matching transformer is 
introduced to address the issue. To take into account only the fundamental component 
of the voltage, the primary current of the transformer is calculated using, which gives 

2.72As,rmsI = .   
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π
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V cosm
I

φ                                               (3.40) 

 
From the calculated current gain, the maximum output current (Io,max) is 11.15 A. To 
utilize only 60% of the capacitor rated current, 60A, the required current ratio for the 
transformer is found using that is n 5.38 5= ≈ . 

 
n=

PC ,max o,maxI I                                                  (3.41) 
 

The transformer in used has the leakage reactance of 3.16 µH and must be taken into 
consideration. Therefore, the series inductance (Ls) of 1.94 µH is needed to combine 
with the transformer’s leakage inductance to meet the required inductance of 5.1 µH. 
Note that placing Ls on the primary side of the transformer can achieve the benefit of 
inherent current limitation protection of the transformer saturation. This means that the 
required series inductance on the transformer’s primary is given as, 

 
               21.94n 48.5 µH.= =sL                                               (3.42) 

 
The above inductance in (3.42) is the desired value and an inductor is constructed for 
the hardware prototype. 



CHAPTER 4 SIMULATION AND EXPERIMENTAL RESULTS 
 

To validate the proposed control method and circuit configuration, a computer 
simulation study is performed. The proposed circuit with AVC control method is 
developed in a computer program. A hardware platform is then created. Computer 
simulation and experimental results are discussed in this chapter. The case where the 
LLC resonant inverter is operating without the matching transformer is considered first. 
Then the case with the matching transformer is included. 
 
4.1 Resonant Inverter without the Matching Transformer  
In this section, the results of LLC resonant inverter without the matching transformer 
are considered. A full-bridge LLC resonant inverter circuit with asymmetrical voltage-
cancellation control technique as shown in Fig. 4.1 is simulated. The following 
parameters are used 140 , 4.2 , 0.074= = = ΩDCV V L H Rµ , C =0.98 µF and 

25.5 .SL Hµ=  The resonant frequency is at 84.66 kHz.  
 

 
 

Figure 4.1  Full-bridge series and parallel resonant inverter 

The inverter operates at 91 kHz. It is noted that the inductor SL  is wound on an air core 
to avoid saturation. The current and voltage waveforms of the system with the shifted 
angle (α ) set to zero are shown in Figure 4.2. Next, α  is adjusted to 70  to control the 
output power to the load and the voltage and current waveforms are shown in Figure 
4.3. It is seen that the peak value of oi  is reduced from 50A to 39A. Since the voltage 
cancellation occurs during the negative cycle, an unsymmetrical input current where 
under 70α = , the amplitude is noticeably smaller during the negative cycle is observed. 
Note that the effects of the load parameter variation during the heating process are not 
accounted for in the computer simulation. However, the effects are captured in the 
hardware experiment.  
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Figure 4.2 Voltage and current waveforms at 100 % duty cycle 
 

 
Figure 4.3 Simulation results with 70α =   

 
To verify the simulation results, a hardware setup is prepared with the same set of 
parameters as provided earlier. The load is a 30-grams aluminum work-piece in a 
graphite crucible. The IRFP460 MOSFETs are used as switching devices. The 
switching frequency varies from 93 kHz to 96 kHz under load parameter variation. 
 
Note that the operating frequency of 93 kHz in the experiment is approximately 2 kHz 
higher than the simulation study of 91 kHz. This is due to the lower limit of the phase-
lock loop control that is not able to achieve the power angle (φ) less than 66.76 degree. 
Figure 4.4 shows the measured ov  and Si  waveforms when the inverter operates at 93.45 
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kHz with no phase shift. This operating condition is considered the full-load condition 
where the input power to the inverter is at 340W. The induction coil voltage and current 
waveforms are shown in Figure 4.5. The load power is at 326 W providing the 
efficiency of 94.5%. Once the work piece temperature increases, the induction coil 
impedance changes in a way that the resonant frequency increases. The phase-locked 
loop control then increases the switching frequency to track the resonant frequency. 

 

 
 

Figure 4.4  vo and is waveforms at 93.45 kHz (is: 50 A/div, vo: 50 V/div and Time: 
                         5 /sµ div.) 
 

 
 
Figure 4.5  vC and io waveforms at 93.45 kHz (io: 20 A/div, vC: 50 V/div and Time:  
                   2 /sµ div.) 
 
Note that the operating frequency is maintained at the frequency slightly higher than the 
resonant frequency. This is to ensure the zero voltage switching (ZVS) operation. The 
stray inductance in the dc bus wiring may have caused oscillation (ringing) in the output 
voltage. In addition, the shifted angle is adjusted to 70  in order to control the output 
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power to the load. The vo and iS waveforms are shown in Figure 4.6 where the input 
power to the inverter is at 280W and the switching frequency is automatically increased 
to 95.7 kHz. Figure 4.7 shows the induction coil voltage and current waveforms. The 
output power is reduced to 263W with the efficiency of 93.46%. The output voltage 
wave form is not constant due to the ripple from dc bus.  
 

 
 
Figure 4.6  vo and is waveforms at 95.7 kHz  with 70α =  (is: 20 A/div, vo: 100 V/div  
                   and Time: 2 /sµ div.) 
 

v
C io

 
 
Figure 4.7  vC and io waveforms at 95.7 kHz  with 70α =  (io: 20 A/div, vC: 50 V/div  
                   and Time: 2 /sµ div.) 
 
From the experimental results, we can conclude that the resonant frequency tracking and 
the adjustment of pulse voltage together ensure the maximum power transferred to the 
load at the designated phase angle throughout the heating cycle with minimal loss. Due 
to high current at the switches and low quality factor load, Q, we need to add the 
matching transformer in this topology.  
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4.2 LLC Resonant Inverter with Matching Transformer  
As stated earlier, applications with low Q load requires high load current whereas the 
current gain to the induction coil is low. The switch current rating must be sacrificed 
and the component cost is the price to pay. To address this issue, a matching is included 
in our topology. To improve the LLC resonant load with low Q, the series inductor Ls 
may be physically transferred from the transformer’s secondary to the transformer’s 
primary. To confirm the validity of the proposed topology and control scheme, a 
computer simulation and a hardware experiment are performed using parameters in 
Table 4.1. The resonant frequency calculated using (3.2) is 107.866 kHz. The load is a 
30-gram aluminum work-piece in a graphite crucible. Due to load parameter variation 
when the work-piece temperature increases from 30ºC to 625ºC, the switching 
frequency is varied from 108.7 to 110.6 kHz. The angle α is varied from 0º to 144º for 
the purpose of output power control.  

 
Table 4.1  Design specification and circuit parameters.             
     
          Parameter Value 

vAC input voltage  150 Vrms 
fo resonant frequency  108.2 kHz 
fs switching frequency  108.7 -110.6 kHz 

CP parallel resonant capacitor 2.35 µF 
Ls,total series inductor+ primary leakage 

inductance of transformer 
56 µH+79 µH 

(Ls+ Llkp) 

LCoil 
induction coil inductor 
(From room temperature to 625ºC) 1.11-0.95µH 

Req 

equivalent resistor 
(with workpiece) 
(from room temperature to 625ºC) 

100 110 m− Ω  

n=n1/n2 transformation ratio 5 
S1, S2, 
S3,S4 

switches IRFP460 

Cb DC blocking capacitor 3.3 µF 
 

Table 4.2  Component losses under asymmetrical control 
 

 
 
Table 4.2 shows losses of switches and diodes under different load levels from 32%-
100%. At 100% of rated condition, the switch S4 carries the same loss at 3.45W as other 
switches. However, when the output power is reduced, the switch S4 conduction interval 
becomes less as well as the loss.  
 

Loss of switches(w) Loss of diodes (w) Output power (%) S1 S2 S3 S4 D1 D2 D3 D4 
100 3.45 3.45 3.45 3.45 2.13 2.13 2.13 2.13 
50 3.05 3.05 3.05 1.98 2.13 2.13 2.97 2.13 
32 2.65 2.65 2.65 0.29 2.13 2.13 3.00 2.13 

 



 65

  
 

Figure 4.8 Simulated output voltage and current waveforms of the LLC full-bridge     
                       inverter with no phase shift at the full load (is: 4A/div, vo: 50 V/div and      
                       Time: 2 /sµ div.)  
 

 
 

Figure 4.9 Simulated load voltage and induction coil current waveforms of the LLC 
full-bridge inverter with no phase shift at the full load (io: 100 A/div, vC: 50 
V/div and Time: 2 /sµ div.)  

 
With the circuit parameters in Table 4.1, the simulation results under the angle α at 0º, 
90º and 144º are shown in Figure 4.8-4.16. As α increases, the inverter output current is, 
the output voltage vo, induction coil current io and induction coil voltage vC decrease. 
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Figure 4.10 Simulated voltage and current waveforms of the LLC full-bridge inverter at  
                    the S4 with no phase shift at the full load (is4: 4 A/div, vs4: 100 V/div and  
                    Time: 2 /sµ div.)  

 

 
 

Figure 4.11 Simulated output voltage and current waveforms of the LLC full-bridge     
                       inverter at 62.5% load (is: 1.33A/div, vo: 100 V/div and Time: 2 /sµ div.)  
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Figure 4.12 Simulated load voltage and induction coil current waveforms of the LLC   
                    full-bridge inverter at 62.5% load (io: 100 A/div, vC: 50 V/div and Time:   
                    2 /sµ div) 

 

Time
2.290ms 2.294ms 2.298ms 2.302ms 2.306ms

-100

0

100

200

iS4

vS4

 
 
Figure 4.13 Simulated voltage and current waveforms of the LLC full-bridge inverter at  
                    the S4 at 62.5% load (is4: 4 A/div, vs4: 100 V/div and Time: 2 /sµ div.)  
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Figure 4.14 Simulated output voltage and current waveforms of the LLC full-bridge   
                    inverter at 32% load. (is: 1.33A /div, vo: 100V/div and Time: 2 /sµ div.) 

 

 
 

Figure 4.15 Simulated load voltage and induction coil current waveforms of the LLC 
                       full-bridge inverter at 32% load (io: 100 A/div, vC: 50 V/div and  
                      Time:2 /sµ div.) 
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Figure 4.16 Simulated voltage and current waveforms of the LLC full-bridge inverter at  
                    the S4 at 32% load (is4: 4 A/div, vs4: 100 V/div and Time: 2 /sµ div.) 

 
The experimental results in Figures 4.17-4.25 are obtained using the same set of 
parameters in Table 4.1. The waveforms at full load condition (α = 0º) are shown in 
Figures 4.17-4.19 where the inverter operates at 108.7 kHz. Once the work piece 
temperature increases, the induction coil impedance changes in a way that the resonant 
frequency increases. The phase-locked loop control then increases the switching 
frequency of the inverter to track for the resonant frequency. This is to ensure the ZVS 
operation. The shifted angle is then adjusted to 90° to reduce the output power to 
62.5%. The corresponding current and voltage waveforms are shown in Figures 4.20-
4.22 along with the switching S4 voltage and current waveforms. The switching 
frequency is increased to 109.17 kHz. In Figures 4.23-4.26, the is, vo, io and vC 

waveforms are obtained while the angleα is adjusted to the limit of 144°. At this point, 
the output power is reduced to 32.16%. The switching frequency is automatically 
increased to 110.6 kHz. It is seen that an increase of α results in an increase of the 
switching frequency. This provides an easy adjustment of the output power with fast 
response 
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Figure 4.17 Experimental output voltage and current waveforms of the LLC full-bridge     
                     inverter with no phase shift at the full load (is: 2A/div, vo: 100 V/div and      
                     Time: 2 /sµ div.)  

 

i o

vC

 
 

Figure 4.18 Experimental load voltage and induction coil current waveforms of the  
                    LLC full-bridge inverter with no phase shift at the full load (io: 100 A/div,  
                    vC: 50 V/div and Time: 2 /sµ div.)  
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Figure 4.19 Experimental voltage and current waveforms of the LLC full-bridge  
                    inverter at the S4 with no phase shift at the full load (is4: 2.7 A/div, vs4: 100   
                    V/div and Time: 2 /sµ div.)  
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Figure 4.20 Experimental output voltage and current waveforms of the LLC full-bridge     
                     inverter at 62.5% load (is: 2A/div, vo: 100 V/div and Time: 2 /sµ div.)  
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Figure 4.21 Experimental load voltage and induction coil current waveforms of the  
                    LLC full-bridge inverter at 62.5% load (io: 40 A/div, vC: 20 V/div and  
                    Time: 2 /sµ div) 
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Figure 4.22 Experimental voltage and current waveforms of the LLC full-bridge   
                    inverter at the S4 at 62.5% load (is4: 2.7A/div, vs4: 100 V/div and Time:  
                    2 /sµ div.)  
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Figure 4.23 Experimental output voltage and current waveforms of the LLC full-bridge   
                    inverter at 32% load (is: 2A/div, vo: 100V/div and Time: 2 /sµ div.) 
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Figure 4.24 Experimental load voltage and induction coil current waveforms of the 
                        LLC full-bridge inverter at 32% load (io: 40A/div, vC: 20V/div and  
                        Time:2 /sµ div.) 
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Figure 4.25 Experimental voltage and current waveforms of the LLC full-bridge   
                    inverter at the S4 at 32% load (is4: 2.7 A/div, vs4: 100 V/div and Time:  
                    2 /sµ div.) 
 
Note that even the gate signal is forced to turn on at the angle α greater than 144 
degrees, the switch will still turn on at 144 degrees. This is due to the fact that the 
average voltage across the total inductor seen by the inverter must be zero. Since the 
switching frequency is maintained slightly above the resonant frequency where the load 
exhibits an inductive behavior, the ZVS operation of the LLC full-bridge inverter with 
the proposed control scheme is guaranteed for the whole range of variable load 
parameters and variable output powers. The power angle φ  is set at 36 degrees to 
accommodate the induction coil and an aluminum work piece load and the power is 
adjusted through the angle α. Therefore, the lowest load level that the controller can 
achieve is at α = 144 degrees giving the power level at 32% of rated condition.  
 
The experimental results for both control schemes are collected while the work piece is 
at 625 ºC. During the heating process from 30 ºC to 625 ºC, the equivalent resistance 
varies from 100 – 110 mΩ which results in variation of the induction coil inductance 
from 0.95 – 1.11 µH. Thus, the operating frequency is varied in the range of 108.7 – 
110.6 kHz to maintain zero voltage switching operation. It is evident that the output 
power to the work piece can be controlled by adjusting the angle α as discussed in the 
previous chapter. 
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Figure 4.26 Output voltage (vo ) vs and alpha angle (α) 
 

When the shifted angle is adjusted to 144 the vo and iS waveforms are shown in Figure 
4.25 where the input power to the inverter is at 161W and the switching frequency is 
automatically increased to 110.6 kHz. Figure 4.24 shows the vC and io waveforms under 
the same condition. The output power is reduced to 154.56W with the efficiency of 
96%. Figure 4.26 shows relationships of vo and α under calculation in (3.5), simulation 
and experimental results. It is seen that the values of vo obtained by 3 methods are close 
to each other. The maximum difference between the experiment and simulation is 
around 6 V (2.9%) at zero degree while the minimum difference is 3.2 V (6.5%) at 144 
degrees. It is evident that the output voltage of LLC resonant inverter can be effectively 
controlled by adjusting the shifted angle α. 
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Figure 4.27 Output power (Po ) vs and alpha angle (α) 
 
Similarly, Figure 4.27 shows relationships between the output power and α obtained 
from calculation, simulation and experiment for a comparison purpose. The maximum 

Calculation 

Calculation 
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difference between the experiment and simulation is around 60W (13%) at zero degree 
while the minimum difference is 10W (6.5%) at 144 degrees. It is evident that the 
output power to the workpiece can be effectively controlled by adjusting the shifted 
angle α. From Figure 4.27, the simulation results are higher than the calculation results 
in general because a rectifier circuit with a large capacitor is used in the simulation 
whereas the averaged value of 63.6% is used in the calculation. This means that the DC 
bus voltage in the simulation is at the peak value of the sinusoidal signal (i.e. 100%).  

 
Table 4.3  Experimental results  
 

Output Power 
(%) 

alpha angle (α) Temperature 
(°C) 

Operating 
frequency(kHz) 

100 0 30 108.7 
95 30 372 109.3 

62.5 90 420 109.8 
42.1 120 530 110 
32 144 625 110.6 

 
Table 4.3 shows the experimentally obtained results at various values of alpha angle. 
Related parameters and variables such as the output power, work-piece temperature and 
operating frequency are collected. It is seen that an increase of temperature results in 
increment of the operating frequency to maintain the power angle at the same value. 
From equation (3.14) and Figure 3.5, the coil parameters change due to reduction of the 
inductance, L, results in the decrease of the output power. At the same time the coil 
current is increasing. Since the coil current is the same is the resonant capacitor current, 
this may cause damage to the resonant capacitor. To protect the resonant capacitor from 
the exceptionally high current, we can increase the angle α which will reduce the 
capacitor current to the safe level.  
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Figure 4.28 Operating frequency (fs) vs and alpha angle (α) 
 
The operating frequency is increased when the parameters of the induction coil change 
due to the increased temperature during the heating process.  
  



 77

89

90

91

92

93

94

95

96

97

98

25 35 45 55 65 75 85 95
Output Power(%)

Ef
fic

ie
nc

y(
%

)

Calculation 
Asymmetrical control

Pulse frequency modulation

 
 
Figure 4.29 Efficiency comparisons between the calculation, asymmetrical control and                 

pulse frequency modulation 
 

For a comparison purpose, the efficiencies from calculation and experiment of the LLC 
full-bridge inverter with asymmetrical control are shown in Figure 4.21 using the 
parameters given in Table 4.1. The PFM control scheme with the same parameter 
setting is also plotted. At rated power, the efficiency of the LLC full-bridge inverter is 
the same between the asymmetrical control and the PFM schemes. However, the 
proposed asymmetrical control has shown up to 6% higher on the efficiency at low 
power operation. 



CHAPTER 5 CONCLUSIONS 
 

In this research, an improved full-bridge LLC resonant inverter topology for induction 
heating applications has been proposed. The phase-locked loop allows resonant 
frequency tracking under load parameter variation. The analytical expression of the 
output power as a function of the shifted phase angle is given in this work. Based on the 
derived expression, the asymmetrical control method can be used to control the inverter 
output power to the induction coil. A computer simulation study is performed and a 
hardware platform is created to verify the proposed control method and circuit topology. 
The calculation expression and the simulation results as well as the experimental results 
have shown an excellent agreement. The resonant frequency tracking and the 
adjustment of pulse voltage together ensure the maximum power transfer to the load 
throughout the heating cycle with minimal loss. The proposed LLC topology with high 
frequency transformer improves the inverter operation around the resonant frequency. 
Analytical aspects of the LLC resonant inverter are given and an example of the design 
procedure is given.  

It can be concluded that the presented work has the following key advantages. 
- The asymmetrical control can be used to control the output power to the induction 

coil for the LLC resonant tank. 
-  The control scheme is in a simple configuration and easy to implement. 
- The resonant frequency tracking together with the adjustment of the pulse voltage 

ensure the maximum power transfer to the load throughout the heating cycle with 
minimal loss. 

- The transferred series inductor on the transformer’s primary results in a small 
inductor due to low current on the transformer’s primary.  

The presented circuit configuration and proposed control scheme can also be used 
with other applications that require a wide range of output power regulation under load 
parameter variation. 
 
5.1 Summary of Contributions 
In this work, an improved full-bridge LLC resonant inverter topology for induction 
heating application is proposed. Four main contributions are listed as follows. 

- Proposed an improved LLC resonant load for Q < 10  
- Proposed the use of asymmetrical control together with the phase-lock loop control 

to address the load parameter variation  
     - Analyzed the switching and conduction losses of the resonant inverter with 
practical switching devices 
     - Derived a closed-form expression of the output power as a function of the alpha 
angle  
         
5.2 Future Work 
Nowadays, the LLC resonant inverter has been successfully employed in induction 
heating. It has enhanced the SRI performance due to its short-circuit handling capability 
and its current gain. Thus, further study is recommended in the following areas: 
 
1. A development of the steady-state models and a detailed analysis of the current-
source inverter with LLC resonant load, considering their requirements for ZCS or 
ZVS, compared with the LLC resonant voltage source inverter.  
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Figure 5.1   LLC resonant inverter connected in parallel for higher applications. 
 
 
2. A development of a time delay compensator for the phase-locked loop that can avoid 
the collapse of the voltage control oscillator (VCO) and an error on the duty cycle due 
to the time delay.   
 
3. A development of the circuit topology at higher power applications where multiple 
LLC resonant inverters are connected in parallel. An example of the connection 
topology is shown in Figure 5.1 which has inductors Ls1 and Ls2 connected in parallel. 
This enables a connection between two voltage source inverters and simplify the 
inverter connection for higher power applications.  
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A. Solving of LLC Resonant Load 
 

From Figure 3.2, we can calculate the voltage across the resonant capacitor from 
voltage divider method. 
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The ratio of the output voltage (Vo) of inverter and the capacitor voltage (VC) can be 
found as, 
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So, we calculate the capacitor voltage as a function of  Vo in (A.6) 
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B.  Fourier of Asymmetrical waveform  
 

ωt

 
 

Figure B.1  Asymmetrical voltage waveform 
 
From Figure B.1 the time variation in steady state of the voltage may be represented by 
the following Fourier series. We can define even function and odd function equations 
in(B.1) and (B.2) 
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where mV  is the amplitude of the asymmetrical voltage waveform. 
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C. Diagram of Losses at MOSFETs Switches 
The example of turn off loss which is of switch S4 is shown in Figure C.1. 
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Figure C.1  Turn off loss at S4 
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Figure C.2  Diagram of turn off losses 
 
The conclusion of calculation of the switching loss is shown in Figure C.2 where we 
can calculate the switching loss of the switch by using equation (C1-C5). 
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Figure C.3  Diagram of current of S1 and S2 
 
The calculation of the current at switch S1 and S2 is shown in Figure C.3 and the 
calculation of the current at switch S3 and S4 is shown in Figure C.4. 
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Figure C.4  Diagram of current of S3 and S4 
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