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(ABSTRACT) 

The steady state model and analysis of a phase-shift controlled series resonant 

inverter (PSC-SRI) is presented. This steady state model includes the evaluation of the 

zero-voltage switching (ZVS) condition and the determination of the ZVS operating 

region. Based upon this analysis a frequency control strategy that minimizes circulating 

energies is proposed. Also, a methodology to design the power stage components, and to 

predict the duty ratio and the operating frequency range is presented using a PSC-SRI 

design example operating at 500 kHz and J/0 kW. In addition, a novel and simple 

frequency control circuit that implements the proposed frequency control strategy is 

provided. Besides, the analysis of the PSC-SRI complete power stage and two control- 

loop system (frequency control and duty ratio control) is given. Furthermore, the small- 

signal model and the compensation schemes for each of the control loops is presented. 

The analytical predictions are compared with experimental data measured from a 500 

kHz, 10 kW laboratory prototype and conclusions are drawn.
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switch equivalent voltage 

compensated error voltage 

reference voltage 

Sine voltage component 

Switching frequency (as an operating point) 

y-axis in the Cartesian coordinates 

system output when in state-space formulation 

X-axis in the Cartesian coordinates 

system state (generic) 

Duty ratio compensator impedance 

Input impedance 

Secondary characteristic impedance at the maximum load point 

Secondary characteristic impedance at the minimum load point 

Characteristic impedance 

z-axis in the Cartesian coordinates 

zero location 
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Greek Items 

H, 

Me 

Proportionality constant 

Normalized lag between tank voltage and tank current 

Skin depth in meters 

Phase shift 

Relative permeability 

Permeability of air 4xx/ 0’ H/m 

Total permeability uu, 

Resistivity in ohms-meter 

one-half the cycle period in seconds 

Angular frequency in rad/sec 

Normalized frequency 

Switching frequency in rad/sec 

Resonance frequency in rad/sec 

Nomenclature 
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Chapter One 

1. Introduction 

1.1 Motivation 

Every useful piece of metal has undergone some sort of heat treatment. Metals are 

melted for alloys, molding, and soldering, or heated for forging. They are rapidly heated 

and then cooled for hardening, or heated to medium temperatures for annealing to 

increase their ductility. One or several of these heat treatments is applied to every drive- 

shaft, screw, gear, silver-ware, car door, or needle. Many heating methods exist in 

industry to perform these heating tasks. Of all such methods, induction heating is the 

most effective and efficient because the heating is direct instead of radiated, as with 

furnaces. In the 1930’s. when induction heating was introduced to the metal industry, the 

applied currents were taken directly from the 60 Hz ac-power line. 
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Today’s induction heating applications can be classified as low frequencies (f < / 

kHz), medium frequencies (/ kHz < f< 100 kHz), and high frequencies (f> 100 kHz), 

with the output power ranging from up to 1/00 MW for the lowest frequencies down to 5 

kW for the highest frequencies. This dissertation research will focus on applications in 

the medium range of the high frequency class (i.e., f= 500 kHz - 700 kHz) operating at 

power levels around 10 kW. 

Since the 1980’s, research has been focused on the design of solid-state switching 

power supplies that operate in the 100 kHz - 450 kHz frequency range. Solid-state power 

supplies can reach efficiencies of around 90%, but their transistors cannot handle high 

power levels; thus, several inverters are placed in parallel to increase the system’s power 

delivering capabilities. Presently, MOSFETs are the only solid-state devices that can 

operate at frequencies around 500 kHz and above, although research is also being 

pursued for power supplies using Static Induction Transistors (SITs) [Nagai et al 1989], 

[Muraoka, et al 1989]. [Ogiwara, Nakaoka 1994]. 

When MOSFETs are used for high frequency applications, the 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. For frequencies above 450 kHz, nearly all 
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power supplies are made with the series-resonant inverter (SRI) topology. However, there 

are differences within these series resonant power supply implementations. For example, 

the implementations vary depending on the power control method and the type of soft- 

switching strategy used. 

The conventional SRI implementation is to regulate the inverter’s output power by 

placing a pre-regulator before the inverter to vary the inverter’s input voltage. In this 

manner the inverter is operated above resonance with a frequency control scheme that 

follows the resonant frequency to maintain ZVS [Okuno 1993], [Dede 1993]. Another 

series resonant inverter implementation is to regulate the output power using duty ratio 

control. This configuration is normally called phase-shift controlled series resonant 

inverter (PSC-SRI). This implementation consists of a full bridge inverter in which the 

phase between the switches of opposing legs is varied to regulate the output power. In 

addition, as in the conventional approach, it requires a frequency control scheme to 

follow the resonant frequency to maintain ZVS. The advantage of PSC-SRI over the 

conventional approach is that the pre-regulator is eliminated, and the number of power 

stage components is minimized. On the other hand, compared with the conventional 

approach, the PSC-SRI will experience larger peak currents and peak voltages when used 

for applications with wide load range. Thus, for high power (above 50 kW) and wide load 

range applications, the conventional SRI is used. However. the PSC-SRI is being used for 
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applications of 10 kW. And when higher power levels are desired, several 10 kW PSC- 

SRIs are staked together to deliver higher power [Nagai et al 1993]. 

This dissertation is dedicated to the analysis of the PSC-SRI with emphasis in 

applications of 500 kHz at 10 kW. Since at this frequency and power level switching 

losses are significant, the inverter is operated with ZVS to eliminate turn-on losses. For 

the SRI, ZVS is achieved when the switching frequency is operated above the inverters’s 

resonant frequency. However, operation far above resonance is undesirable because the 

inverter will behave more as an inductor, thus increasing the circulating. Hence, it is 

desirable to operate at frequencies as close as possible to the resonant frequency while 

still maintaining ZVS. In this dissertation, the ZVS operating region is determined. A 

simple frequency control system that guarantees ZVS and minimizes circulating energies 

is presented. Note that although this analysis is dedicated to the PSC-SRI, it can similarly 

be used for the conventional series resonant inverter approach by assuming no phase-shift 

control (that is, by assuming a constant 100% duty ratio, or d = / ). Also, this 

dissertation provides design guidelines for the PSC-SRI power stage circuit and for the 

implementation of the control circuit. In addition, the small signal model of the power 

stage and the control system is provided so that the compensation for the control system 

can be determined. 

Introduction



1.2 Dissertation Outline 

The first part of Chapter 2 provides insight into the characterization of a typical 

induction heating ferromagnetic load. In the second part of that chapter, a list and brief 

description of current high frequency induction heating applications is provided. Within 

this list, a set of new applications for heating composite materials and semiconductor 

processing is described. The last part of Chapter 2 describes the circuit topologies 

presently used for induction heating applications operating above /00 kHz. A brief 

discussion of the practical advantages and disadvantages of each topology is provided. 

In Chapter 3, the steady state model of the power stage is derived using the time 

domain analysis method and, unlike previous generalized analysis, it will be concentrated 

to the study of the PSC-SRI operating above resonance. In addition, because MOSFETs 

are the power switches used in the inverter, the effect of their output capacitance on zero 

voltage switching, ZVS. will be studied. The latter part of this chapter presents a design 

methodology to calculate the power stage components, the operating frequency and duty 

ratio ranges, and to determine the turn-off losses. 

Chapter + analyzes the PSC-SRI two-loop control system: the duty ratio control 

which regulates the output power, and the frequency control which ensures ZVS. Also, it 

provides the corresponding circuit designs for these control loops. In addition, the small- 

signal model of the power stage and of the two control loops is developed and described 
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in detail. Finally, the complete small signal model is used to develop a strategy for the 

design of the duty ratio and the frequency control loop compensation. 

Chapter 5 presents the conclusions of this dissertation effort. Appendix A contains the 

equations of some of the defined constants relevant to the small-signal model and 

analysis of Chapter 4. Appendix B contains an alternative frequency-loop compensation 

scheme. Appendix C contains all the MATLAB programs used in the implementation of 

the steady state models of Chapter 3, and the small-signal models of Chapter 4. Appendix 

C contains additional hardware description of the implemented prototype. 
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Chapter Two 

2. Induction Heating Overview 

2.1 Introduction 

When designing an induction heating power supply, the first challenge arises when 

the load characteristics are to be defined for a given application. This is particularly so, 

when the application involves heating magnetic materials. The most common method 

used to predict the load characteristics is direct experimental measurement. Although, 

more recently, other methods such as finite element analysis have appeared. However, the 

load characteristics results are very particular to the given application. 

The first part of this chapter provides insight into the characterization of a typical 

induction heating load. with the main intention of providing a background for the design 

examples of Chapter 5. 
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In the second section of this chapter, a list and a brief description of high frequency 

induction heating applications are provided. Within this list, a set of new applications for 

heating composite materials and semiconductor processing is described. 

The last section of this chapter describes the circuit topologies presently used for 

induction heating applications operating above 200 kHz. A brief discussion of the 

practical advantages and disadvantages of each topology is provided. 

2.2 Induction Heating Load Characteristics 

Heating by induction occurs when a piece of conductive material is placed inside a 

coil delivering a varying magnetic field. The magnetic field thus induces eddy currents in 

2 cdty losses, where R is the conductive piece, and heat develops in the piece due to J 

the resistance of the current path in the piece. In practice, the conductive material can be 

either magnetic (such as iron or steel) or non-magnetic (such as gold or aluminum). In 

magnetic materials, additional heating occurs from hysteresis losses, but its contribution 

is not significant compared to the heating caused by eddy currents [Tudbury 1960], 

[Garcia et al 1994]. 

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 its 

intensity decreases as it penetrates the conductive material. The eddy currents, induced by 
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the magnetic field of the surface and inside the work-piece, move in the opposite 

direction to the coil current. In induction heating, the eddy currents at the surface are 

always stronger than those closer to the center of the work-piece; this phenomenon is 

called skin effect. 

A qualitative measurement of the skin effect is the skin depth. The skin depth, or 

depth of penetration, 5. is the distance at which the magnitude of the magnetic field has 

1 decayed by e which corresponds to 

2 
g= [+P (2.1) 

Lo , 

where @, is the switching frequency (rad/sec), p is the resistivity (Q-m), and uw is the 

total permeability of the material, p=p 4p, . 

Hence, as the skin depth decreases, the skin effect is more pronounced. In induction 

heating applications, it is important to specify the desired skin depth since it determines 

the operating frequency of the power supply. For example, shallow depth induction 

heating applications require high operating frequencies. In addition, most induction 

heating applications require heating a 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. 
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As stated above, 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. 

During a heating process, the load resistance and inductance vary, especially when a 

magnetic piece reaches its Curie temperature. Figure 2.1 shows a common induction 

heating load representation, where the coil and work-piece resistance and inductance are 

represented as variable resistance, R,, and inductance, L,, connected in series [Lavers, 

Biringer 1971], [Baker 1957]. 

An example of the variations of the load resistance and inductance for a ferrous piece 

as a function of temperature is presented in Figure 2.2. The exact values of L, and R,,, 

and the temperature range are not the important characteristics of Figure 2.2 because they 

vary with the application. The shape of the curves is significant since, as the temperature 

of the work-piece increases, ZL, and R, increase. However, as the temperature 

approaches the Curie point, Z, and R,, decrease to values lower than when the piece 

was cold [Bereza 1988]. [Havas, Sommer 1970]. It should be pointed out that in most 

induction heating applications the resistance variations are greater than the inductance 

variations. In steel applications, for example, the inductance varies about 1.2 times its 

minimum value, whereas the resistance can vary 2-5 times its minimum value. The next 

two sections conceptually explain the mentioned load characteristics. 
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Figure 2.2 Example of the load characteristics for a ferrous material as function of 

temperature (experimental data). Obtained from: (a) [Bereza 1988] (b) lab measurements. 
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2.2.1 Load Inductance Characterization 

Many physical factors affect the value of the load inductance: the coil size and shape, 

the work-piece size and material type, the heating temperatures, and the magnetic field 

intensity among others. Hence, there is not a generalized and easy equation to 

characterize the induction heating load inductance. In many instances, the designers use 

finite element analysis to better understand the load behavior during a heating process. 

The objective of this section is to provide understanding, at a conceptual level, of the 

most common load inductance characteristics. 

It has been shown that the magnetic field inside the heated piece decreases 

exponentially in magnitude as it penetrates the piece. Hence, it can be deduced that the 

induced eddy currents will decrease in a similar manner. This exponential decay of the 

field is explained from Lenz’s law which states that the induced eddy currents produce 

their own magnetic field in a direction that opposes the source field. Since eddy currents 

are stronger at the surface, the opposing field is greater there, although not as large as that 

of the source field [Tudbury 1960]. Lenz’s law explains the main difference between an 

induction heating coil with a magnetic piece and a transformer: because the generated 

eddy currents are significantly large in induction heating, the effective magnetic field 

within the coil is decreased, and consequently, the load inductance decreases, contrary to 

the transformer case. Experimental measurements show that the load inductance 

decreases when a metallic work piece is placed inside the coil (at room temperature). In 
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addition, the load inductance is smaller when the piece is a non-ferrous metal (with high 

u,) than when the piece is a ferrous metal (u, =1). Thus, as it can be seen in Figure 2.2, 

the inductance decreases after the ferrous-piece has reached its Curie temperature. 

Nevertheless, many additional factors, besides temperature, affect the inductance 

behavior of Figure 2.2; for example, the load resistance varies simultaneously with the 

inductance and so does the magnetic field within the piece. 

2.2.2 Load Resistance Characterization 

The load resistance is a function of the coil resistance and the work-piece resistance. 

Since in induction heating applications the coil is water-cooled, it can be assumed that the 

coil resistance stays constant during the heating cycle. However, the work-piece 

resistance changes widely with temperature, and its effect is significantly reflected on the 

load resistance. 

In this section the resistance for a cylindrical shaped work-piece is analyzed. For 

further detail, Tudbury [1960] gives cylindrical work-piece resistance analysis with 

empirical curves. When more precise calculations are desired, or for more general work- 

piece geometry, finite element analysis is required. For the present analysis, the resistance 

for a cylindrical work-piece is calculated assuming that the eddy currents are mostly 

located on the skin depth region, 5, as shown in Figure 2.3. Hence, using the resistance 
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definition for a solid rod (the resistance is directly proportional to its length and 

resistivity and inversely proportional to its cross section area), we have 

Ryp 2 (2.2) 

where ¢ is the mean length of the work-piece skin depth, and w_ is the width of the 

heated work-piece section. Notice that the product 5w conforms the cross section area. 

Now, the skin depth in Equation (2.2) can be replaced by that of Equation (2.1) so that the 

work-piece resistance becomes 

£ Ippo, 
Ryp =— P 

Ww 2 

  (2.3) 

Two terms in Equation (2.3) are temperature dependent: the resistivity and the 

permeability. Experimental data of the resistivity for various metals show that the 

resistivity increases with temperature. In carbon steel for example, as the temperature 

increases, the resistivity varies from 0.2-1.4 4O-m. However, although the permeability 

might initially increase with temperature as in steel, it drastically decreases in value after 

the Curie temperature. The permeability of steel for example can have a maximum 

relative permeability of 3000-15000, depending on the type of steel, and after the Curie 

temperatures it reduces to one. Therefore, when analyzing Equation (2.3), it can be seen 

that as the temperature increases, p increases, thus R,,, increases. However, at the Curie wp 

temperature, R,.,, decreases, since decreases significantly more than the increase of p wp 

. It should also be noted that ¢ changes as the skin depth changes. This parameter is 
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most significant when heating non-magnetic work-pieces since, depending on the size of 

the work-piece, R,., may increase or decrease at high temperatures. “Wp 

2.2.3 The Q-Factor 

In most induction heating applications the load range is expressed as a Q-factor range 

instead of a load resistance and inductance range. The Q-factor when referring to the load 

itself is defined as [Davies, Simpson 1979] [Krauss et al 1980] 

O,=——. (2.4) 

The definition of Equation (2.4) assumes that the switching frequency, @,, is §°? 

operated in the vicinity of the resonant frequency of the circuit, @, . 

There is also the Q-factor of the circuit which is defined as 

ol. ow —_o-“w_“o 2.5 
“R —Q, (2.5) 

w @ Ss 

Q 

Throughout this dissertation work, the Q-factor definition of Equation (2.5) will be 

used. 

Even though the QO value is very application dependent, some sources in the 

literature list the possible Q values for high frequency applications between 3 to /0 for 

ferrous loads, and between 10 to 15 for non-ferrous loads. 
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Figure 2.3 Work-piece resistance approximation. 
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2.3 Induction Heating Radio Frequency Applications 

The main qualities of high frequency induction heating are: 

1. allows uniform heat distribution, 

2. allows localized heating, 

3. provides rapid heating, and 

4. increases the heating efficiency, since the load resistance increases with 

frequency. 

Radio frequency induction heating applications have been concentrated to hardening, 

soldering, and melting metals. As more efficient and affordable power supplies emerge, 

new applications are being explored, such as graphite and organic composites heating and 

semiconductor processing. A list of several radio frequency induction heating 

applications with a brief description of them is provided below: 

1. Steel Hardening: Hardening is the process of transforming low carbon steel into a 

very hard crystal structure by varying the steel temperature. The hardening depths 

vary from as little as 0.5 mm to as muchas 3 mm. The heating time is adjusted 

by appropriately setting the surface power density. Hardening is typically applied 

to: swivel pins. gears, engine plungers, camshafts, and needles, among others 
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[Semiatin, Stutz 1986], [Davies, Simpson 1979], [Lozinskii 1969], [Tatsuta et al 

1993], [Melaab er al 1993], [Kamli et al 1992]. 

2. Soldering and Brazing: Brazing and soft soldering require localized heating, and 

this is achieved when using frequencies above 450 kHz [Davies, Simpson 1979], 

[Tatsuta et al 1993]. Heating times are longer in these applications compared to 

hardening (J0 - 80 sec) since heating depths are greater. Power density and 

heating times are selected depending on the work-piece material and the amount 

of heated material mass. For example, to heat one pound of brass at 450 kHz ina 

40 sec time at a depth of 24 mm, the inverter output power is 6.5 kW. 

3. Tube Welding: Tubes are joined (welded) by applying relatively low mechanical 

pressure and induction heating at frequencies typically between 200 kHz-450 kHz 

at 100 kW- 300 kW (Davies, Simpson 1979], [Semiatin, Stutz 1986] [Fisher er al 

1994], [Dede er al 1993a], [Nagai et al 1993]. 

4. Annealing: When carbon steels are heated up to 200 - 300 °C , hardness is 

decreased but brittleness is reduced. Materials become more ductile and capable 

of handling sudden shocks. For example, localized heat is administered to the 

corner of an automobile’s doors for 20 sec, at 7 kW, 400 kHz |[Davies, Simpson 

1979], 
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5. Semiconductor Processing: Refining and removing impurities from germanium 

and molten silicon are typical examples of this group. The operating frequencies 

are around 450 kHz at 5 - 10 kW. Preheating is needed to lower the resistivity. If 

frequencies of 3 - 5 MHz are used no preheating is needed [Davies, Simpson 

1979], [Nagai er al 1993]. 

6. Graphite Joining and Organic Composites Treatment: These applications are 

fairly recent and research is being pursued to prove their effectiveness. Induction 

heating systems operating at 450 kHz, 10 kW are being used to experimentally 

heat graphite fiber/polymer matrix composites with the purpose of joining or 

repairing the samples [Lin et al 1992]. The same type of induction heating system 

is being used to study its efficiency for field repair of organic composite 

applications [Lawless, Rinehart 1992]. In this application localized heat is 

required, and the sample must be vacuum bagged and pre-cured with and 

adhesive. The application is mainly focused on field repair techniques for 

composite parts on aircraft. 

7. Poor Coupling Applications: In applications where the conditions impose poor 

coupling between the work-piece and the coil, radio frequencies are used to 

increase the surface power density, and consequently, heating efficiencies increase 

[Davies, Simpson 1979]. 
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2.4 State-of-the-Art High Frequency Induction Heating Inverters 

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 the 

power stage. Figure 2.4 shows the operating region of induction heating applications as 

functions of the operating frequency and power level. The type of switching device 

commonly used within a frequency and a power range is shown (a device can always be 

used to operate at lower power levels). Hence, for operating frequencies of 200 kHz-600 

kHz, only MOSFETs. SITs and Vacuum tubes can be used. When higher operating 

frequencies are needed. Vacuum tubes are the only option. However, vacuum tubes are 

very undesirable because of their low operating efficiency. 

When MOSFETs are used for high frequency applications, switching losses become 

significant to the point that they can destroy the device. To reduce the switching losses, 

MOSFETs are operated without turn-on losses, zero voltage switching (ZVS), or without 

turn-off losses, zero current switching (ZCS). Because of inherent characteristics of the 

MOSFETs, certain circuit topologies and switching strategies are more suitable and 

economical than others. The most common power stage circuit topologies presently used 

for high frequency applications (above 200 kHz) are as follows: the voltage-fed series 

resonant inverter, and the current-fed parallel resonant inverter. However, for frequencies 

above 450 kHz, nearly all power supplies use the series-resonant inverter. 
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The main differences between the series resonant inverter implementations are in the 

power control method and the type of soft switching strategy, ZVS or ZCS. A brief 

description of the different circuit topologies used, for frequencies of 100 kHz and above, 

and their power regulation strategy is given in the following sections. 

2.4.1 Series-Resonant Inverter 

When used for induction heating, the series resonant inverter (SRI), has the simplest 

power stage circuit of all existing topologies. It uses the transformer leakage inductance 

and the load inductance as the resonant inductor and, when operated with ZVS, it does 

not need additional fast diodes; it uses the MOSFET’s own body diodes. The SRI 

operated at ZVS has the least number of power components and consequently it is 

cheaper (assuming that MOSFETs and SITs are the only available high frequency 

devices). It should be noted that when using the SRI for induction heating applications, if 

there is a possibility for the load inductor to become shorted, then the inverter must be 

protected against short circuits with fast overcurrent sensors. The next subsections 

describe in more detail the SRI configurations suggested in the literature for operating 

frequencies of above 100 kHz. 
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2.4.1.1 SRI Operating Above Resonance (ZVS) 

Figure 2.5 shows the circuit and waveforms of the SRI operating above resonance. 

Two SRI schemes are commonly used: the conventional SRI with pre-regulator approach 

and the SRI with phase-shift control. In the conventional approach, the inverter’s output 

power is regulated by placing a pre-regulator or a chopper before the inverter to vary the 

inverter’s input voltage. In this manner the inverter is operated above resonance with a 

frequency control scheme that follows the resonant frequency and maintains ZVS [Okuno 

et al 1993], [Dede et al 1993b]. Although the addition of a pre-regulator is undesirable 

(more power components and regulation schemes), this configuration is recommended for 

high power and wide Q range applications to prevent increasing the peak tank 

currents and peak turn-off currents. However, for medium power applications (around 10 

kW), it is possible to eliminate the chopper and perform the power regulation by varying 

the phase between switches Q1 and Q2 [Nagai et al 1993], [Grajales et al 1993al, 

[Ogiwara et al 1990]. This configuration is called Phase-Shift Controlled SRI (PSC-SRI). 

Chapters 3 and 4 provide a detail analysis and design guidelines for a PSC-SRI power 

supply. 
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Figure 2.5 Series resonant inverter operating above resonance (ZVS). The pre-regulator is 
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additional fast diodes placed to reduce the diode turn-off times and reverse recovery 
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2.4.1.2 SRI Operating Below Resonance (ZCS) 

Figure 2.6 shows the circuit and waveforms of the SRI operating below resonance. It 

is shown that for this configuration the slow MOSFET’s body diodes cannot be used; 

thus, a series diode must be added to each MOSFET to block the body diode, and an 

additional fast diode is placed in parallel with the MOSFET. Fast recovery diodes are 

necessary because when diodes D1 and D2 turn off, due to the turning on of Q3 and Q4, 

the diodes turn off with high di/dt and large reverse recovery currents. In addition, this 

large di/dt will produce a large peak drain to source voltage with the presence of any 

small parasitic inductance. 

In Fischer [1993] a FREDFET type switch with a diode eight times faster than a 

MOSFET was used. Still, for an input voltage of 100V, the dv/dt and di/dt were so 

severe that the MOSFETs were destroyed. Thus, sub-resonant operation was possible 

when the MOSFET’s turn-on switching speed was reduced with the use of an active gate 

driver. In Anh [1993] a computer model of an SRI operating with ZCS is presented in 

which the switching sequence has been modified to reduce the switching losses. 

Besides the extra cost of adding fast recovery diodes and active drivers, the matching 

transformer will have to be designed for the lowest operating frequency to avoid 

transformer saturation. Note that this frequency will be much lower than for the ZVS 

Case. 
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2.4.2 Current-Fed Parallel-Resonant Inverter 

The circuit and waveforms of the parallel resonant inverter (PRI) operating below 

resonance are shown in Figure 2.7. In this configuration the transformer leakage 

inductance, L,, is considered small. Thus, the resonant frequency of this circuit is a 

function of the parallel capacitor, C, , and the load inductor, L,,. When this PRI is 

operated below resonance, zero-voltage-switching for the MOSFETs cannot be achieved 

because the series diode prevents the drain-to-source capacitance from discharging before 

the MOSFET turns on. When the PRI circuit is operated above resonance, it can be 

operated with zero-current turn off by providing a short conduction overlap between the 

turn-off switch and the turn on of the diagonal switch. Although small, the leakage 

inductance introduces high voltage oscillations at the MOSFETs’ terminals. Thus, in 

most cases an RC network needs to be added in parallel with the tank to alleviate this 

problem. Nevertheless. some publications show this inverter operating at 25 kW, 200 kHz 

in which the inverter is operated below resonance and the output power is regulated with 

a chopper. When higher output power is desired, several inverter units are connected in 

parallel to reach power levels up to 400 kW [Dede et al 1993 (b)]. Also, in Bottari er al 

[1985] the PRI is operated above resonance (ZCS) for a 5kW, 200 kHz system. In this 

circuit small stray inductance produced considerable overvoltage; thus, RC snubbers were 

added for each device including the series diode. 
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2.4.3 Voltage-Fed Three-Element Resonant Inverter (ZVS) 

Figure 2.8 shows the circuit and waveforms of a three-element resonant circuit 

operating above resonance (ZVS) [Fischer et al 1994]. The difference between this circuit 

power stage configuration and that of the parallel resonant presented above is that in this 

case the inductance ZL, is several times larger than the parasitic inductance, L. Thus, 

L, 1s composed of the transformer leakage inductance plus an air coil with a few turns. 

In addition, the inverter’s resonant frequency is a function of the parallel capacitor, 

C,, the load inductor, Z,,, and of L,. The inverter is operated with variable frequency to 

simultaneously regulate the output power and maintain ZVS. One advantage of this 

inverter is that, unlike the SRI, it is immune against load shorts because L, is 

considerably larger than L,,. However, it will have turn-off losses as in the SRI case. 

This configuration’s main drawback is that the addition of L, reduces the maximum 

available load power. Still, this configuration is used for high power applications where 

multiple inverters are connected in parallel, since L, absorbs the connectors’ stray 

inductance. 
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Figure 2.7 Current-fed parallel resonant inverter operating below resonance(ZVS is not 

achieved for the MOSFETs due to the blocking of the series diode). The parasitic 
inductance, L,, is considered small. Thus, it is not included in the resonant frequency 

calculations. 
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Figure 2.8 Three-element resonant inverter operating above resonance (ZVS) in which L, 

is several times larger than L,,. The resonant frequency of this system is a function of C,, 
L,, and L,,. 
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2.5 Summary 

The objective of the first part of this chapter was to provide a conceptual 

understanding of the most common induction heating load characteristics. As explained, 

the induction heating load inductance and resistance vary as the piece temperature 

increases. Although the load variations are very particular to each application, the 

resistance variation is generally between two to five times its value. The inductance 

variations, though not as severe, can vary up to one and a half times its value. 

The second section of this chapter provided a list of high frequency induction heating 

applications. This list of applications, along with the continuous search for new 

applications, reveals a promising future for the demand of radio frequency induction 

heating power supplies. 

The last section of this chapter described four circuit topologies presently used for 

induction heating applications operating above /00 kHz, namely: (1) the SRI operating 

above resonance (ZVS). (2) the SRI operating below resonance (ZCS), (3) the PRI 

operating below resonance, and finally, (4) the voltage-fed three-element resonant 

inverter operating above resonance (ZVS). Among these circuit topologies, the SRI 

Operating above resonance uses the least number of power stage components when 

switched with MOSFETs. In addition, when analyzing the switching losses, the SRI 

operating above resonance and the three element resonant inverter do not have switch 

Induction Heating Overview 32



turn-on losses and require only capacitive snubbers to reduce the turn-off switching 

losses. Since MOSFETs are the switching devices used in these high frequency 

applications, their output capacitance are used as snubbers. On the other hand, the SRI 

and the PRI operating below resonance require additional RC snubbers to overcome their 

switching losses. Because of these qualities, the SRI operating above resonance (ZVS) is 

the selected topology in this dissertation work. 

It should be pointed out that since the SRI operating with ZVS does not have fast 

recovery diodes, ZVS must be achieved at all times or else the switches will be destroyed. 

For example, if during transients the inverter falls into the ZCS mode, as shown in the 

waveforms of Figure 2.6. the diodes’ reverse recovery currents will create large voltage 

spikes in the drain to source voltage. Laboratory experiments done to a 500V, 75 amp 

MOSFET module, in which the frequency was operated slightly below resonance and the 

voltage was set to Vin=+40 V, show that the peak voltages were twice as high as the input 

voltage. Thus, below resonance operation at the desired 300 V input voltage would not be 

possible without damaging the switch. Although undesirable, snubbers can be added to 

protect the switches from these below resonance operation overvoltage spikes. Still, the 

diode will present turn off losses due to the reverse recovery currents, which can be close 

to 100 W per switch (assuming a diode turn-off current of 3 amps). In addition, since 

ZVS is not longer achieved there will be an additional switch turn-on loss due to the 

discharge of the MOSFET’s drain to source capacitance. For a 300V input voltage at a 
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switching frequency of 500 kHz, these capacitance losses can be closed to 40 W per 

switch. Nevertheless, below resonance operation can be possible if the MOSFET’s turn- 

on switching speed is reduced to reduce the diode’s di/dt. Hence, a special gate driver 

circuit must be designed to meet the below resonance slow turn-on requirements. And, 

this complex approach is undesirable specially when operating at a frequency of 500 kHz 

or above. Therefore, in this dissertation effort, a detail analysis of the ZVS condition for 

the PSC-SRI is given . The ZVS operating region is described, and the control circuit that 

guarantees ZVS while operating as close as possible to resonance to minimize circulating 

energies 1s proposed. 
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Chapter Three 

3. PSC-SRI Steady-State Analysis 

3.1 Introduction 

The steady state analysis of the series resonant inverter has been performed using 

several different methods, including: Fourier series approach [Dewan, Jain 1986], (Bhat, 

Dewan 1989]; time domain analysis [Jain 1987], [Oruganti, Lee 1985], the simplified 

fundamental frequency approximation [Savary et al 1987], [Akagi et al 1988], [Grajales 

et al 1993(a),(b)], [Nagai et al 1993]. Also, in Tsai et al [1987] the “clamped mode” or 

phase-shift controlled series resonant converter is analyzed using the state plane analysis, 

though the effect of the MOSFETs output capacitance for ZVS condition is not included. 

In Sabate [1994], and Sabate ert a/ [1992] the effect of the switch output capacitance 1s 

included in the analysis of resonant converters; however, the analysis for the phase-shift 

controlled series resonant inverter (PSC-SRI) is not presented. 

35 
PSC-SRI Steady-State Analysis



In this chapter the time domain analysis method will be used to study the PSC-SRI 

operating above resonance. In addition, because MOSFETs are the power switches used 

in the inverter, the effect of their output capacitance on zero voltage switching, ZVS, will 

be included. Since the PSC-SRI is operated with variable duty ratio and variable 

frequency, the influence of both variables in the solutions of the power stage output 

power, peak voltages, and peak currents will be shown. Finally, this chapter presents a 

design methodology to calculate the power stage components, and the operating 

frequency and duty ratio ranges, and to determine turn-off losses. 

3.2 Phase-Shift Controlled Series-Resonant Inverter Outline 

The power stage of the circuit, a full-bridge series-resonant inverter, is shown in 

Figure 3.1(a). Power MOSFETs are selected as the switching devices for this application 

because of the high switching frequency requirement. The four transistors, Q1-Q4, are 

operated with a 50% duty cycle. The switches in each leg of the bridge are turned on and 

off 180 degrees out of phase. When operating above resonance, the load current, i, lags 

the quasi-square wave voltage, v.4p, aS shown in Figure 3.1(b). Body diodes conduct 

current after the MOSFET's output capacitance is discharged. During this diode 

conduction period, the MMOSFETs can be turned on at zero voltage. Output power of the 

inverter is regulated by varying the phase-shift between switches Qi and Q2. The 

resulting voltage across the tank is a quasi-square wave clamped at zero during the time 

corresponding to (/—d)/ f,. If the switching frequency is kept constant and close to 
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resonance, ZVS will be lost for decreasing values of d because the load current becomes 

positive before Q2 turns on. To prevent losing ZVS, the controller increases the switching 

frequency to allow for more negative load current before Q2 turns on, ensuring a full 

discharge of the MOSFET's output capacitance. 

3.3 Power Stage Time Domain Analysis 

Time-domain analysis requires the solution of a set of differential equations for each 

topological stage where the initial conditions are dependent on the previous stage. This 

method, although one of the most accurate, can be very tedious. However, computer 

software packages such as MATLAB can make its implementation feasible. Figure 3.2 

shows the PSC-SRI equivalent circuit. The PSC-SRI, when operated above resonance, 

presents ten topological stages as shown in Figure 3.3 and Figure 3.4. 

3.3.1 State Equations and Modeling 

The general differential equations for topological stages 2, 3, 5, 7, 8, and 10 are given 

by (neglecting R,,): 

di sgn(VW, v_ iR a oe 3.1 
at L LL G1) 

adv i “wees 3.2 
dt C G2) 
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Figure 3.1 PSC-SRI: (a) power stage circuit. L,,. and R,, are the equivalent load 

inductance and load resistance. C, is the resonant capacitance and C,, is the DC current 

blocking capacitance; (b) circuit waveforms, above resonance operation. 
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Figure 3.2 Power stage equivalent circuit: (a) power switch; (b) secondary components 

reflected to the primary side; (c) complete equivalent circuit. 
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where 

—
 , for stages (2) and (3) 

senV)= 4 0, for stages (5) and (10) (3.3) 

—1, for stages (7) and (8) 

This model assumes that the MOSFET’s output capacitance is small compared to the 

resonant capacitor; thus, its effect on the tank current during the switching transition is 

small. Hence, in this model, the switching transition during the topological stages 1, 4, 6, 

and 9 will be neglected. In Appendix A, a model that includes the effect of the 

MOSFET’s drain to source capacitance is used to predict the inverter’s turn off losses. 

The complete solution of Equations (3.1)-(3.3) for each stage is: 

  

    
(v(t,) — sgn(V WV, + 2i(t;)Z, 9). ! 

\4Q? -1 
v(t)=V, +e “| 5 

  

  

(3.4) 

+e 72 8 6c ) — sgn(V V, Jeo 2/40" - i) 

ot [2 sgn(V WV, — Wt ))E — it) / 
20 0 . | 10, 

i(t)=e 72 Jag? si 8 Ji + as 

o,f 

+e ious Se 20 ° 140° -1)| 

  
—_ 

where ©, - 1 and o=208 as defined in Chapter 2. Also, ¢, is the initial time of 
VLC R 

each stage. That is, for stage (1) ¢;= 0, for stage (2) t=t,, for stage (3) t;=t,, and so on. 
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Solutions (3.4)-(3.5) are very difficult to analyze since each equation requires an 

initial condition whose solution is a function of the previous stage equation. The analysis 

of these equations can be simplified by using numerical computation software such as 

MATLAB. The implementation is done by first expressing Equations (3.1)-(3.2) in the 

following state-space form: 

“ = Ax(t)+ Bu(t) 

y(t) = Cx(t) + Du(t) 

(3.6) 

The numerical solution of this continuous system can be represented by successive 

solutions of the system at sampling instants t, (k=0,/...), so that, 

bess 

eA) But) at (3.7) (reas) =e x(4,)+ [ 
ly 

Therefore, Equations (3.1)-(3.3) can be expressed as: 

x=y= "| (3.8) 

  

u=(V, | (3.9) 

-R -] 
>. > sgn(V ) 10 

A=| & 2£ B=|" 7 C= D=0 (3.10) 
l 01 —~ 9 0 
C 

where the initial conditions, x(t,), are found using Newton’s method (Burden, Faires 

1993]. The output, y(t) . is normalized so that, 
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IZ v 

Yn = [in vl-| 2 | (3.11) 
Ve V 

The output power is given by 

P =i, R, (3.12) 

which is normalized as 

P= P22. (3.13) 
Vs 

Figure 3.5 shows the normalized output power curves for different load factors, Q, 

as function of d, and with f,=0,/o,= J. 

The normalized tank peak current and resonant capacitor peak voltage are shown in 

Figure 3.6 as function of d, for different Qs and with f,=/. To calculate the actual 

value, the graph value should be denormalized by using (3.11). The peak values of i and 

v are the design specification values for the capacitor maximum current and voltage. 
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Figure 3.5 PSC-SRI normalized output power steady state waveforms as functions of the 

duty ratio, with f.=1. 
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Figure 3.6 PSC-SRI steady state curves: (a) normalized primary side inductor peak 

current and, (b) normalized primary side capacitor peak voltage as functions of the duty 

ratio, with f.=1. 
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3.3.2 PSC-SRI operating with ZVS 

ZVS occurs when the drain to source capacitance is fully discharged before the 

MOSFET starts conducting drain current. In general, it is assumed that the MOSFET is 

turned on with zero voltage (ZVS) if it is switched on while its body diode (or its parallel 

diode) is conducting. For this to happen, the load current must lag the tank voltage as 

shown in Figure 3.7. In this manner, diodes D/ and D2 turn on before MOSFETs Q1/ 

and Q2, thus, ZVS is achieved. The same conditions apply to switches 03 and Q4. This 

current lag occurs when the inverter’s switching frequency is greater than the resonant 

frequency. As the frequency increases, the current lagging increases. Hence, by 

controlling the switching frequency of the inverter, ZVS can obtained. It should be noted 

that operating slightly above resonance is not enough to achieve ZVS. For example, the 

larger C,,, the farther from resonance the inverter must operate. Also, as the peak current 

decreases due to load resistance changes, the frequency has to increase. Furthermore, for 

the PSC-SRI, as the duty ratio decreases, the switching frequency must increase; 

otherwise, diodes D2 and D4 will not turn on before their switches. As mentioned in 

Chapter 2, we have selected the SRI operating above resonance because of its simplicity 

since it does not require additional fast diodes. Thus, the frequency control system must 

guarantee ZVS operation to avoid having turn-on losses, and it should not fall into sub- 

resonance operation since the reverse recovery of the slow body diodes will destroy the 

switch with its high di/dr. 
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Figure 3.7 ZVS condition: (a) PSC-SRI operating as in stage (1) of Figure 3.3; (b) tank 

voltage, tank current and definition of qyang- 
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The conventional frequency control strategy uses a phase-locked loop circuitry to 

keep the inverter operating above resonance and to guarantee ZVS throughout the 

operating range. This frequency control strategy varies the frequency so that the phase lag 

between the tank current and the tank voltage is equal to a phase lag reference. The value 

of this reference is selected as the worst case phase lag, which is the greatest phase lag 

required to meet ZVS throughout the operating range. With this control method the 

inverter will operate farther from resonance than needed during most of its operation. 

This is undesirable, since the farther from resonance the operation, the greater the 

circulating energies and the lower the power factor. This is especially true when 

operating at radio frequencies, a lagging time of a few hundred nanoseconds represents 

a large portion of the waveform. Thus, instead of operating the frequency for the worst 

case condition, the inverter should be operated as close as possible to the resonant 

frequency at each operating point. In this section, a detailed analysis of the conditions to 

achieve ZVS will be given. In addition, a method to calculate the frequency points closest 

to resonance for which ZVS is achieved will also be presented. 

3.3.2.1 ZVS Condition 

Figure 3.7 shows an example of the current path and the components involved at the 

instant when Q4 turns off. During the time, t-B, the tank current is negative, diode D1 

conducts and the lower C,, discharges to zero volts. Also the upper C,, charges until its 
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voltage equals V, . Then, assuming that all the switches’ drain-to-source capacitances are 

the same, the ZVS condition will be met when [Tabisz et al 1991]: 

Vg TB 

2gq4=2| Cy, avs J i dt =r (3.14) 
0 0 

If no additional drain to source capacitance is added to the MOSFETs, then Cy, is 

equal to C,,, and its value is calculated by: 

at Vsnecs V. 

Citd = Coos) G.15) 

and, 

Coss = ( Coss dV =2C on V , (3 J 6) 

The result of Equation (3.16) is used to define the linearized capacitance of the switch 

at V, as 

V Coy =2C 355" (3.17) 

Notice that, unlike C,,, Cj, is not linearized, and it represents the capacitance of the 

switch at any given voltage. Thus, when no additional drain to source capacitance is 

added to the MOSFETs. q,, is equal to qgc,,, and the ZVS condition of Equation (3.14) 

becomes, 

24 as = 20 Vg <Qank (3 1 8) 

Notice also that, if an additional capacitor is placed across C,,,, then C,,, should be 

incremented by this new amount. 
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In many induction heating applications, as explained in Chapter 2, the inductance 

varies during the heating process, thus the resonant frequency varies. Therefore, a control 

circuit that tracks the resonant frequency of the system should be implemented to 

maintain ZVS. In addition, as the duty ratio decreases, the switching frequency must be 

increased in order to maintain ZVS for all switches. Figure 3.8(a) shows an example of 

the representation of the ZVS condition as given by Equation (3.18) in which the charge 

value is a function of the duty ratio and the normalized frequency, f= f, /,, for O=3, 

where the plane represents an example of a 2q,, value (V, = 300 and for the selected 

MOSFET modules C,,, = 2.4 nF at 25 V). Hence, ZVS will be achieved at those 

operating points above the plane. Figure 3.8(b) shows the f, and d operating points for 

which ZVS is obtained. This figure shows that for a given d, the smallest f, occurs at 

the ZVS border line. Thus, since the inverter should be operated as close as possible to 

resonance to minimize circulating energies, the optimum operating points will be those 

that follow the ZVS border line. 

3.3.2.2 Charge Control Concept 

As explained above. the optimum frequency control system should be implemented 

such that it follows the ZVS border line shown in the tank charge, q,,,4, Surface plots of 

Figure 3.8 (a). The implementation of such a frequency control system will be described 

in Chapter 4. This frequency control circuit will measure q,,,, to compare it against a 

reference value, 2q,,. 
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Figure 3.8 PSC-SRI: (a) An example of the tank charge value as a function of d and f, 
for O=3. The dark line represents an example of a 2q,, charge value in order to achieve 

ZVS, where C,,, = 1.4 nF. (b) Top view of the surface. 
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Note that in the practical implementation the reference value will be slightly larger 

than 2q,,. If the measured q,,,, iS lower than the reference, the circuit will increase the 

switching frequency to allow for additional time lagging between the tank voltage and the 

tank current, thus, increasing q,,,,. If the measured q,,,, is larger than the reference, the 

switching frequency is decreased to reduce circulating energies. Hence, in this manner, 

the frequency control system will guarantee ZVS throughout the operating range and at 

the same time it will operate with the smallest /f. It should be noted however, that 

increasing the switching frequency increases the value of q,4,, up to a point. Eventually, 

as the frequency keeps increasing, 4,,,, begins to decrease. This is because as the 

switching frequency decreases the tank current will decrease significantly more than the 

increase of the lagging time, t-B. For example, Figure 3.9 shows that the q,,,4 value 

increases as the frequency is increased from f,=/.05 to f,=J.15. However, as f, 

increases to /.25, the value of q,,,, starts to decrease. 

Figure 3.10 shows the behavior of the g,,,,, function as a function of f, and d for 

Q=3, a front view of Figure 3.8. This figure shows that initially as the frequency 

increases the slope of jan, 18 positive. However, further increases in the frequency will 

cause the slope of q,,,,, to be negative. This figure also shows that as d decreases the 

positive slope region shifts towards the right, thus allowing operation at higher 

frequencies before seeing the negative slope. For stability reasons the operating points of 

the frequency loop must lie in the positive slope of the q,,,,, function. Thus, each curve in 
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Figure 3.10 has a maximum frequency for which the slope is positive as denoted by the 

positive slope boundary line. 

When combining the two conditions for the frequency control system: ZVS and 

operation in the positive slope region, the frequency control system operating region is as 

shown in Figure 3.11 for Q=3. From this analysis, it can be seen that in order to have a 

stable frequency control system, the locations of the operating points must be determined. 

In order to avoid operating in the negative slope region, the control system maximum 

operating frequency must be limited, in addition to limiting the minimum duty ratio. 

Figure 3.12 and Figure 3.13 show the control system operating region for Q=5 and 

Q=10, respectively. From the ZVS condition perspective, it can be seen that as QO 

increases the switching frequency can be operated closer to resonance and still achieve 

ZVS. From the positive slope operation requirement perspective, it can be seen that as Q 

increases, the frequency range for which the slope is positive decreases. 

3.3.2.3, Normalized Output Power 

The output power as shown in Figure 3.5 was calculated without considering the ZVS 

condition, where the frequency, f,, was fixed very close to one. However, the above 

analysis of the ZVS condition can now be used to calculate the output power as a function 

of f, and d and to determine the operating points for which ZVS is achieved. 
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Figure 3.9 Examples of the q,,,, value for different switching frequencies. As the 

frequency increases, q,,,, increases. However, at higher frequencies (bottom case), Gjank 

begins to decrease because the tank current decreases significantly with the frequency 

(d=0.95, Vg=300V). 
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Figure 3.10 Steady state curves of the tank charge, q,,,,4, aS a function of f, for several 

values of d, for Q=3. As d decreases the positive slope region shifts towards the right, 

thus allowing operation at higher frequencies before seeing the negative slope. 

56 
PSC-SRI Steady-State Analysis



Fe ee 

    

   

  

tB 3 hha ZVS borde 

Vtank = [: dt 5 
0 

(C) 

ae 
Sa
il
 
t
i
t
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Figure 3.12 PSC-SRI: an example of the tank charge value as a function of d and f, for 

Q=5 in which the 2q,, charge plane marks the ZVS operating region, C,,, = /.4 nF. In 

addition, the shaded surface denotes the operating region where ZVS is achieved and 

Diank aS positive slope. 
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Figure 3.13 PSC-SRI: an example of the tank charge value as a function of d and f, for 

Q=10 in which the 2q,, charge plane marks the ZVS operating region, C,,, = /.4 nF-In 

addition, the shaded surface denotes the operating region where ZVS is achieved and 

rank HAS positive slope. 
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The output power 1s calculated using the model of Equation (3.10). Figure 3.14- 

Figure 3.16 show surface plots of the normalized output power for Q=3,5,10. In these 

plots, the ZVS region is determined using the condition of Equation(3.18) for a given C,,. 

Also, the positive slope region operating points are obtained from the slope analysis of 

the qa, function. Thus, the shaded surface region represents the points at which ZVS 

will be achieved and at which the slope of q,an4 iS positive. These power surface plots 

show that for a given duty ratio, ZVS can be achieved for several frequency values. 

However, as explained earlier the operating frequency should be maintained as close as 

possible to resonance to minimize circulating energies and improve the power factor. 

Thus, the optimal operating frequency is the one that meets ZVS and minimizes /f,. This 

optimal operating trajectory is defined by the ZVS border line. When comparing the 

surface plots for different Qs, it can be seen that as Q increases, it is possible to operate 

closer to resonance while still being in the ZVS region. For example, when looking at the 

operating point d=8 on the O=3 surface, it can be seen that the closest to resonance 

frequency value is f,=/./5. If the inverter is fixed to operate at this duty ratio value, then 

the optimum frequency decreases to f,=/.07 for Q=5, and to f,=1.035 for Q=/0. 

Therefore, it will be desirable to vary ff, as Q varies to minimize circulating energies. In 

Chapter 4, a frequency control strategy that keeps the frequency as close as possible to 

resonance by operating along the ZVS border is presented. 
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Figure 3.14 PSC-SRI: (a) Normalized output power as a function of the duty ratio and 
the normalized frequency for O=3 in which the shaded area represents the operating 

region at which ZVS is achieved for Cy = 1.4 nF; and the qjanz Slope is positive. (b) Top 
view of the operating shaded region of (a). 
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Figure 3.15 PSC-SRI: (a) Normalized output power as a function of the duty ratio and 
the normalized frequency for O=5 in which the shaded area represents the operating 

region at which ZVS is achieved for C,,. = /.4 nF: and the tank Slope is positive. (b) Top 
view of the operating shaded region of (a). 
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Figure 3.16 PSC-SRI: (a) Normalized output power as a function of the duty ratio and 
the normalized frequency for O=/0 in which the shaded area represents the operating 

region at which ZVS is achieved for Cy, = 1.4 nF; and the q,.,4 Slope is positive. (b) Top 
view of the operating shaded region of (a). 
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3.4 Power Stage Design Procedure 

3.4.1 Problem Formulation 

When analyzing the heating process power requirements for induction heating 

applications, the common objective is to heat the workpiece with a constant energy value. 

That is, the inverter has to deliver power to the load during a certain amount of time until 

a desired energy value is met [Lavers 1990]. Therefore, for the same energy value, as the 

power level increases, the required heating time decreases. For example, the energy value 

is the same for a 9 kW inverter operating for 2.5 sec, than for a 6 kW inverter operating at 

5.2 sec. 

In induction heating, due to the wide load range variations, it is not always efficient to 

design the power supply to deliver a fixed power value throughout the load range. During 

most of its operation the inverter is set to deliver the maximum power it can provide for 

the low load conditions (low Qs). Then, to protect the circuit from overcurrents, the 

power begins to be regulated at the high Q loads [Peschel 1973]. Thus, in most induction 

heating applications the inverter will deliver lower than the maximum rated power for the 

lowest load points. 

Thus, knowing the power delivering capabilities of the power supply, the designer 

will program the inverter to follow a pre-set power profile in order to achieve the required 

energy injection values. 
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Besides specifying the operating power levels, the operating frequency, @,,,,, is also 

given. As explained in Chapter 2, the load inductance varies; thus, the operating 

frequency will not be constant. Still, for most applications the inductance variation 

(between the maximum and minimum values) is within 25%, causing the operating 

frequencies will vary up to 15%. Thus, since these frequency variations do not 

significantly affect the heating process, for this design procedure the specified operating 

frequency will be designed to occur at the minimum inductance value. However, as it will 

be shown in the next design steps, the specified frequency can always be designed to 

occur at any other load value. 

3.4.2 Power Supply Main Design Objectives 

The design objectives undertaken in this dissertation can be divided into two 

categories: The power stage design objectives and the control system objectives. 

(a) The power stage design objectives are: to minimize the tank peak currents by 

properly designing n and the duty ratio range while maintaining ZVS. The 

design procedure that meets these objectives are provided in the following section. 

(b) The control system objectives are: to maintain ZVS and at the same time to 

operate as close as possible to resonance to reduce the operating frequency range 

and minimize circulating energies. The control system that meets these objectives 

will be explained in Chapter 4. 

65 
PSC-SRI Steady-State Analysis



3.4.3 Design Procedure Including a Design Example 

In this design procedure, guidelines will be provided for the design of the main power 

stage components: the resonant capacitor C, and the turns ratio n. In addition, the 

maximum tank peak current, Jy max, and maximum resonant capacitor voltage, V4 max: 

will be obtained. Furthermore, the frequency range and the duty range will be calculated 

assuming that the inverter will operate as close as possible to resonance. That is, it will be 

assumed that the control system will operate the inverter along the ZVS border line, 

explained in Section 3.3.2.1. 

Design Example Specifications: 

For the design example the following specifications are assumed: 

(a) The maximum rated power level at the highest QO is /0 kW and for the lowest Q 

the inverter is allowed to operate at 8 KW. The switching frequency should be 

operated close to 500 kHz. 

(b) The load range given is: Q,,.,=) and Q,,;,=3, where, 

_— @ ow 

CFR 
(3.19) 

Ww 

Also, the estimated inductance value at these QO points is taken from a load 

characteristics curve similar to that of Figure 2.2 in which the inductance at O 
max? 

Ly Omax=9.44 WH and the inductance at Onin Ly omin=0.55 LH 
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(c) The inverter’s input voltage is V,=300 V. The switch capacitance is C,,=/.4 nf 

(Cyss=2.¢nF at 25 V for the laboratory MOSFETs). 

Resonant Capacitor Design 

As explained in Section 3.4.1, the resonant operating frequency of the system will be 

designed for the lowest inductance value. Therefore, the resonant capacitor is calculated 

from 

1 
C,=—-————__ 3.20 

° 2b ( ) specs*“w Qmax 

then, the capacitance for the example is 

  

C 1 (= =230nF | (3.21) 
(3.14 10° rad/sec) 44H 

Matching Transformer Turns Ratio Design 

The turns ratio is calculated using Equation (3.13), that is P,=P,Z/V,. In this 

equation, Z, represents the characteristic impedance referred to the primary side, then, 

the characteristic impedance referred to the secondary side is Z= Z, /n’. Thus, 

IP, v2 
"DZ (3.22) 

Before, using (3.22) it should be determined which P,, and P, should be use to solve 

forn. As Figure 3.5 shows, the lower the Q, the lower the P,, and consequently the lower 
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the P,. Thus, P, should be selected for the maximum power required at Q,,in. Also, as 

it will be shown later. it is desirable to operate the inverter with maximum duty ratio to 

minimize circulating energy. Thus, at Q,,,;,, the maximum power is obtained when d=/. 

Also, from Equation (3.22) the output power increases as n decreases. Therefore, the 

minimum v7 should be calculated for the maximum power, P, mg, = 8 KW, and for the 

maximum normalized power, P,, max taken from the Q,,,,= 3 curves. That is 

  

2 

n= P, max(Q min) Ve (3.23) 

P, OminZQ min 

where 

Luomin 
Zomin = on (3.24) 

0 

As explained in Section 3.3.2, to minimize circulating energies the inverter must 

operate as close as possible to resonance and still maintain ZVS. The optimum operating 

path is the line where the ZVS region and the No-ZVS region intercept. In Chapter 4, a 

control system that operates along the optimum ZVS line will be provided. Thus, in this 

design procedure, it will be assumed that the inverter operating points will be along this 

line. Hence, from Figure 3.17 it can be seen that for Q,,;,= 3, the maximum normalized 

power occurs when d=/ and f,, are closest to one. And at this point, P,, max(omin) = 2-2. 

Therefore, the turns ratio is, 

2472 
n= | 23.99 (3.25) 

8kKW -1.55Q 
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where, 

Zomn= {oe =1.55. (3.26) 
230nF 

As can be seen in Equation 

) the value of n can be selected to be n=4. 

erating Duty Ratio and Frequency Ran 

  

The duty ratio and the normalized frequency range are calculated using the P,, curves 

with the depicted ZVS region for Q,,,, =5 and Q,,i, = 3. Therefore, the values of P,, 

for each Q should be calculated first (P,,,.2, calculation for Q,,,, = 5): 

p —__FomaxZomax"” _ 10kW-138Q16 _ w2.5, (3.27) 
n max 2 2772 y: 300°V 
  

  
L 

Zo max = o = 1.38. (3.28) 
oO 

Now that the P, values are known for each Q, we can proceed to calculate the 

operating duty ratio range and the frequency range for the given Q range. Thus, 

(a) from Figure 3.17, when QO = 3, and P,,,,,,= 2.2, the duty ratiois d~/ and the 

lowest frequency is f, = 1.055. 

(b) from Figure 3.18, when QO = 5, and P,,,.9, = 2.5, the duty ratio is d= 0.8, and 

the lowest frequency is f, = 1.07. 
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Thus the switching frequency range is: 

  

Tin maxQmax 1.07 f, Q 
max = = = 535 kHz. (3.29) 

2m! LyomaxCo 21.,/0.44H 230nF 

f, Jn minQmin 1039 =472 kHz. (3.30)     

"2m [Lonny 2% 0.55 pH230nF 

Maximum Tank Peak Current 1,4 mg, Calculation 

The tank peak current happens at Q,,,, and at its corresponding d,,,,. For the 

example 1), max happens at Q=5 with d=0.8. For simplicity, the maximum tank peak 

current is calculated from Figure 3.6(a) where f,=/. However, the actual maximum peak 

current will be lower, since f, is greater than one. The MATLAB program provided in 

Appendix C will calculate a more accurate calculation of J); max- Hence, from Figure 3.6 

(a) [,=6 for GnaxQmax = 0.8 then, 

I, max V, I =e BIA. (3.31) pk max 

Omax" 

Maximum Resonant Capacitor Peak Voltage Calculation 
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The resonant capacitor peak voltage happens at Q,,,, and at its corresponding Qyax- 

For the example, 1, may happens at O=5 with d=0.8. For simplicity, the maximum 

capacitor peak voltage (at the primary side) is calculated from Figure 3.6(b), where /,=/. 

However, the actual maximum peak current will be lower, since f, is greater than 

one. The MATLAB program provided in Appendix C will give a more accurate 

calculation of V4 max- Hence, from Figure 3.6(b), V,, = 6 for Apargmax = 9.8 then, 

V pk max( primary ) = VV, = 1800V . (3.32) 

Since the resonant capacitor is placed on the secondary side, 

4 k ( primary ) 

Vox max(secondary) = — = 450V . (3.3 3) 

Turn-off Losses Calculation 

The method used to calculate the turn-off losses is provided in Appendix A. In 

addition, a MATLAB program that calculates the turn-off losses using this 

method is provided in Appendix C. The total turn-off loss calculation for Q = 5, 

with f,=1.07, d=0.8 yields Pog max=314 W. Assuming that all the switches have 

the same drain-to-source capacitance, it can be shown that the highest switch 

turn-off loss occurs when switches Q1 and Q3 turn off because the turn-off 

current 1s greater for these switches. In this example case the maximum turn-off 

loss for QI or Q3 is Poy 07 max 139 W. Due to the magnitude of the turn-off 

losses and the addition of conduction losses, the MOSFETs used fora /0 kW 
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system required cooled heat-sinks. For induction heating applications it is 

common to have the work-coil water cooled; thus, the same cooling system is 

used for the switches’ heat sinks. If the turn-off losses are unacceptable, the value 

of C,, should be increased. Then, the ZVS region of Figure 3.17 and Figure 

3.18 should be recalculated for the new qg,, using the simple steady state model 

of Equation (3.9). 

The following table summarizes the results of the design example. 

Table 3.1 Design results 
  

  

  

  

  

  

  

  

  

  

      

f,=500kHz n=4 Cy, =1.4nF 

V2=300V Zomin=1-55Q. Zomae=1.38Q 

C, 230nF 

Qnin =3 Py maxc= KW Pamx= 2.2, a=1, f,=1.055 

Qnax=5: Py mar= 1OKW, Pi max= 2.5, A=0.8, f,=1.07 

Ss min 472 kHz 

Ss max 535 kHz 

Lok max SIA 

Vk max 450V 

Pog Total 314W 

P conduction 113W   
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Figure 3.17 PSC-SRI (a) Normalized output power as a function of the duty ratio and 
frequency for O=3, with the ZVS region depicted for C,,, = 1.4 nF. (b) Front view. (c) 

Top view. This figure is derived from Figure 3.14. 
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2 P= By Zo/ Va 

_ 2 P= By Zo/ Va 

  
  

    
Figure 3.18 PSC-SRI (a) Normalized output power as a function of the duty ratio and 
frequency for O=5, with the ZVS region depicted for C,,,=/.4nF. (b) Front view. 

(c) Top view. This figure is derived from Figure 3.15. 
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3.4.4 Experimental Results 

The power stage circuit used in the hardware implementation is provided in Appendix D. 

The power MOSFETs bridge was constructed with two half-bridge MOSFET modules 

and placed in a water cooled heat-sink. The bridge was wired with copper foil, and efforts 

were made to connect the MOSFET modules as close and tight as possible to minimize 

stray inductance. In addition, the DC filter capacitors leads were shortened and soldered 

as close as possible to the modules. 

The tank voltage and tank current waveforms of the inverter operating at 10 kW and 

3 kW are shown in Figure 3.19 in which Qx3.8 forthe 10kW case and Q#3 for the 

3 kW case. The theoretical waveforms are shown in Figure 3.20. The estimated losses 

and parameter values for each case are: 

For the /0 kW_case: the conduction losses were P.,,g= 87 W, the total turn-off 

losses were Pog roai=/56W. The estimated turn-off loss for switches Q1 or Q3 is 

Pog gi=62W. The peak current is 1,,=57.6A, and the turn-off current is 

1,g=40.7A. 

For the 3 kW case: the conduction losses were P., = 19.5 W , the total turn-off cond 

losses were Pog roai=102W. The estimated turn-off loss for switches Q1 or Q3 is 

Pog o1=44W. The peak current is /,,=28A, and the turn-off current is [,,=284. 
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Scales: Voltage: 100 V/div., Current: 20 A/div., Time: 500 ns/div. 

  
Scales: Voltage: 100 V/div., Current: 10 A/div., Time: 500 ns/div. 

Figure 3.19 PSC-SRI Experimental waveforms of the tank voltage and the tank current 
(a) f5=520 kHz. P=10 KW and d=0.9. (b) f=560 kHz, P,=3 kW and d=0.7 
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Figure 3.20 PSC-SRI theoretical waveforms of the tank voltage and the tank current 

(a) f.=529 kHz, P,=10.2 kW and O=3.8, d=0.9], f,=1.06 . (b) f=589 kHz, P,=2.97 kW 

and O=3, d=0.7, f=1.22. 
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The experimental waveforms are in good agreement with the theory. For more 

detailed circuit schematics and waveforms see [Grajales et al 1992, 1993a]. Also, 

additional analysis and experimental measurements of the total power losses (switching 

plus conduction losses) for the SRI can be found in [Fisher et al 1993]. 

3.5 Summary 

In this Chapter, the PSC-SRI steady state model was presented. This model is used to 

calculate the output power, the peak voltage and currents of the resonant capacitor. In 

addition. this model is used to analyze the requirements on the switching frequency to 

maintain ZVS. It was shown that although ZVS can be achieved at several operating 

frequency values, there is an optimal operating frequency at which ZVS is achieved and 

the circulating energies are reduced. That is, the optimum switching frequency is that one 

that is closest to resonance and still maintains ZVS. The optimal operating frequency 

trajectory was found by comparing the required charge to achieve ZVS against the charge 

of the tank current during the switching transition. When analyzing the optimum 

operating frequency trajectory for different QO loads, it can be seen that as Q increases, 

the switching frequency can be operated closer to resonance and still achieve ZVS. Thus, 

to minimize circulating energies, it is desirable to have a frequency control strategy that 

moves the operating frequency closer to resonance as Q increases. In this chapter, a 

frequency control strategy that measures q,,,, and compares it against a reference value 

was introduced. This frequency control strategy will follow the optimum operating 
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frequency trajectory. The implementation of this frequency control strategy is explained 

in detail in Chapter 4. 

The last part of this chapter includes a step-by-step design procedure for power stage 

components. Also, a method to predict the duty ratio range, and the operating frequency 

range, and to determine the turn-off losses is explained. In addition, measurements taken 

from a hardware prototype built to operate at 10 kW 500 kHz corroborate the model 

predictions. 
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Chapter Four 

4. PSC-SRI Control System and Small-Signal Analysis 

4.1 Introduction 

The PSC-SRI has two control loops: the phase-shift control loop regulates the output 

power, and the frequency control loop ensures ZVS. The phase-shift is regulated with a 

PWM duty-cycle control strategy. The frequency is regulated using an adaptation of the 

current charge control method. 

Most induction heating applications require heating the work-piece at a given 

temperature for a given time. During the heating process the load resistance can vary up 

to 2-5 times its value. The load inductance can also vary, although not as much as the 

load resistance. It can vary up to 1.5 times its value, especially when reaching the 

material Curie temperatures. And, as explained in Section 2.4.1, the load inductance is 

part of the resonant inductor; thus, the resonant frequency of the system will vary up to 
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1.15 times its value. Hence, in this two-loop system, the duty-cycle control compensates 

for the resistance variations by regulating the output power. The frequency control 

strategy must keep track of the resonant frequency variations to maintain ZVS while 

switching as close as possible to resonance to minimize circulating energy. 

Figure 4.1 shows the system's diagram with the two control loops: frequency and duty 

cycle. The slow loop is the duty cycle control loop, which senses the output power, Poy , 

and varies the duty cycle to maintain P, at the desired value. The fast loop is the 

frequency control loop. which senses the tank current and determines how far above 

resonance it should operate to maintain ZVS. In this chapter, the small-signal model will 

be obtained, first for the power stage, and subsequently for each of the control loops. The 

small-signal modeling method used is the “extended describing function method.” When 

using this method, it is assumed that the perturbations are made with small magnitude 

signal, and that this signal’s modulation frequency is much lower than the switching 

frequency. For further “extended describing function” modeling techniques and other 

resonant circuit models, see Yang ef al [1991 (b)] and Yang [1994]. 
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Figure 4.1 PSC-SRI system diagram 
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4.2 Power Stage Equivalent Circuit and Small-Signal Model 

In this section, a summarized procedure for obtaining the small-signal model of the 

power stage of the PSC-SRI will be given. 

The PSC-SRI power stage circuit can be represented by the equivalent circuit shown 

in Figure 4.2. First, Kirchhoff’s voltage law is applied to the circuit in Figure 4.2 to give 

di 
L—+v+iR = vap, 4.1 

dt a8 GD) 

dv 
C— =i. 4.2 a (4.2) 

The output variable is the average power at the resistance: 

poke 
2 

A harmonic approximation is used for the inductor current and capacitor voltage so that 

(4.3) 

i(t) ~i,(t)-cos(® ,t) +i,(t)-sin(o ,t), (4.4) 

V(t) = v,(t)-cos(@ ,t) + v,(t)-sin(@ ,t), (4.5) 

And, the quasi-square input voltage, v,p, is approximated to the fundamental component 

of the Fourier expansion 

Vip XV, sin(at), (4.6) 

where, 

. tf | f Tt 
Ti =— | vp(tje /°"dt=—v, sin(—d). 4.7 eo J, Vaal) 7 Ve Sin( 4) (4.7) 
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Figure 4.2 Equivalent PSC-SRI Circuit 
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By substituting Equations (4.4)-(4.6) into Equations (4.1)-(4.2), and using the 

harmonic balance procedure, we can decompose Equations (4.1)-(4.2) into four equations 

by grouping separately the sine terms and the cosine terms to obtain: 

sine terms: 

  

  

  

d , Ys sey, (4.8) 
dt C 

di —v.—i.R Os eT Te Le i, (4.9) 
dt L 

cosine terms: 

d , 
ve =e gy, (4.10) 
dt C 

di —v.-i.R ee ee gy (4.11) 
dt L 

Equations (4.8)-(4.11) can now be used to solve for the operating point by letting all 

the derivatives be zero. Their solutions are given in Appendix A. 

The linearized model is found by perturbing the large-signal system given by 

Equations (4.8)-(4.11) around the operating point / Vg, D, Ws, QI, where V, is the input 

voltage, W, is the switching frequency, D is the duty ratio, and Q is the load factor 

  
WL , : 

defined as O= R . The perturbed variables are the inputs, the state variables, and the 

output. Each will have the form of 
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A(t)=H+h(t) (4.12) 

where #H is at the operating point, and h( t) is a small amplitude perturbation. Hence, 

these perturbed variables are replaced in Equations (4.8)-(4.11), and then, by finding the 

Taylor expansion and considering only the first partial derivatives, we obtain the 

linearized model. For example, Equation (4.9) can be expressed as: 

i 
Tha SgVerigricrd ¥g Os), (4.13) 

hence, its linearized equation is 

  di, IF 5,45 G2 Fs Fs AF 2G (4.14) V,+=—¥, stot hk+ 0+ + 
t Oy Ov di,” di,° Go Ov, * ad S c s Ss gZ 

Of . . ; 
where each 2 is evaluated at the operating points. 

Equation (4.14) is acceptable as long as the perturbation is small-signal. since higher 

order terms can be neglected [Verghese 1989]. This linearization procedure is done to 

Equations (4.8)-(4.11) to obtain the complete linearized model: 

> 

av, o
.
 

  

  

  

==+W0,+V0,, 4.15 So tM AVG, (4.15) 

di 7 
$= Sj 4+Wi.+106,+— cos(— D)d +— sin(— Dv,, 4.16 dt L s sc c G ) ( Ve ( ) 

av. i. . Me = 8 WH -VG,, (4.17) 
dt C 
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dig _ Ve Re pe ig (4.18) 
at LoL 

The equivalent circuit of this complete model (Equations (4.15)-(4.18)) is shown in 

Figure 4.3. 

This model can also be expressed in matrix form, 

x = Ax + Bu, + Bou, + B3u; (4.19) 
y=Cx 

| 
| 

where, y is a vector that includes the output variables and x is a vector that includes the 

state variables, such as. 

    
  

x=fi, i, 0, 0],  y=<Bp,>. (4.20) 

Hence, 

TO” FV py xv Tt Te 
— _ —  sin(— D _& —D I. wo Rog LG” 7 OG) | 

x= L L ix+ 0 ve+ 0 d+| 
1 g V § 

c 0 O W. 0 0 c 

0 = -W 0 
L C J 

iy=[Rl, RI, 0 Of 
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Figure 4.3 Small-signal power stage model equivalent circuit. This model was obtained 
from Equations (4.15)-(4.18). 
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The eigen values of the A matrix are the same as the poles of the open loop system. 

These poles are calculated from 

det(sI - A)=0, (4.22) 

which results in four poles located at: 

Poles p,; and p>: ria ilo. [J ~ ae, (4.23) 

29 oi 
Poles p; and py: ~aSe3 «fo, ote, (4.24) 

where O=@,L/R. 

In the small-signal analysis of series resonant converters, poles p,; and p») are 

assumed to be located at the “beat frequency,” © =, —@,, for the case when Q is high 

Equation (4.23) corroborates that assumption. Nevertheless, the beat frequency 

approximation is not satisfactory for low values of Q. The remaining poles, p; and py, 

are located at high frequencies, and their effect on the small-signal response can be 

ignored. 

4.3 Duty Cycle Control Loop 

As explained in Chapter 3, the output power is regulated by varying the duty ratio of 

the tank voltage; the power decreases with decreasing duty ratio as shown in Figure 3.5. 
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In this section the circuit implementation will be described and its small-signal model 

will be derived. 

4.3.1 Duty Cycle Control Circuit 

The duty cycle control implementation is commonly done with a PWM circuit. The 

implementations differ mainly on the selection of the feedback state, which can be: input 

current, phase voltage, or actual output power. 

Figure 4.4 shows the control strategy for the power regulation loop. Its main 

components are the multiplier and a PWM controller IC. Although not shown, there is a 

flip-flop circuit placed right after the PWM IC. Its only purpose is to generate the signals 

for the four power stage switches [Grajales, et al 1993 (b)]. Still, there are already ICs 

that have the PWM and the flip-flop circuitry in one single package. Aside from 

insignificant propagation delays, the flip-flop circuitry does not contribute anything to the 

loop analysis. 

The output power, P,, is calculated by multiplying the coil voltage and current, v,, i,. 

Note that in the actual implementation, v,, i, should be multiplied by their sensors’ gains. 

In order to simplify the circuit schematic, the sensors’ gains and the multiplier’s gain are 

all included in the K; term, where the units of K; are //Amps. Also, since the controller is 

designed to regulate the average output power, resistors R,, R,, and C, have been added 

to average the multiplier instantaneous output power. In Figure 4.4 the instantaneous 
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output power is represented by vp,, and the average output power is represented by vp. 

The vp signal is compared against a reference voltage, V,,,,. Then, if the average output 

power signal is higher than the reference, the duty ratio will decrease, and vice versa. 

4.3.2 Duty Cycle Control Loop Small-Signal Model 

In order to design the compensation for this duty cycle loop, we are interested in 

aA 

Vv 
  Po | in addition to the 

A 

Va 

deriving the small-signal model of the open-loop transfer function 

closed-loop duty cycle control loop. Thus, the transfer function for d versus Vp, iS 

calculated as follows. From Figure 4.4 an equation for d as a function of vp, is found, 

such as, 

VretiGa(S) — vp,(s)G4(s) F 
(st+a,)R,C, (s+a,)R,C, m 
  

d(s)= V eld + Ved Fa (s)- ’ (4.25) 

where Gs) is the compensator’s transfer function, defined as, 

G,( =a ; (4.26) 
a 

91 
PSC-SRI Control System and Small-Signal Analysis



  

        
  

  

  
  

  

  

  

  

      
  

  

  

  

      

        

      

i SE, pom | i 

yi lL Wien 
— Sneed pT multiplier 

| [= MPY634 
A Vo : 

d sof = —{ X 

P, 

Rt } Ki 

Ct 
 caoseeen we 

UC3825 Po 

Zd 
PWM gain LZih 

Ra Vv Rp 

Fm A ww L AA 

‘i < Vrefd T°       

Figure 4.4 Complete control system implementation schematic emphasizing the power 

PSC-SRI Control System and Small-Signal Analysis 

regulation loop (bold lines). 
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and the pole a, is given by, | 

(R,//R,)C, 

Also, F,, is the gain of the pulse width modulator (PWM) defined as [Ridley 1990] 

(4.27) 

  F =——., (4.28) 

where S, is the on-time slope magnitude of the PWM ramp, and t, is the ramp rising 

time, that is the time it takes to rise from its minimum to its maximum value. For this 

; , 1 
implementation, t ,=——. 

° 2 
s 

After perturbing and linearizing Equation (4.25) the obtained transfer function is 

given as, 

d--p, Gat) _ 5 (4.29) 
(st+a,)R,C, 

Note that the term V,,,, is not in Equation (4.29) because it is a constant voltage 

reference. Equation (4.29) is not complete yet; we now have to connect this expression 

for d with the small-signal power stage model. Thus, as shown in Figure 4.4, 

Vpo( SJ=K PS), (4.30) 

where K; is the total gain of the power sensor, including the voltage and current sensors’ 

gains before entering the multiplier. The units of K, are //Amps . 
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Equation (4.30) is perturbed and linearized to give 

Vp, =K; <p>; (4.31) 

where <p,> is the perturbed average output power and its expression is obtained as 

follows. First, the instantaneous output power is given by 

P,=Ri(t)’ =R (i,(t)sino t+i,(t)coso,t) , (4.32) 

the perturbation and linearization of Equation (4.32) results in 

  
. so L.+i 
pon 2R(L,+1i)sin| 01+ Atar ¢ «)] (4.33) 

I, +1, 

where p, is averaged over a switching period to give, 

<p, >=RI,i,+RLi.. (4.34) 

Further details on the derivation of Equation (4.34) are included in Appendix A. 

The complete transfer function can now be expressed as a function of the power stage 

state variables i, , and i. by combining Equation (4.29) with Equation (4.31) and 

Equation (4.34) so that , 

d=-F,K,—Ze =—F,,K,———*~—__| RI, i, + RI.i,). (4.35) 
(sea, JRC ce} 

Equation (4.35) represents the complete power control loop. Its equivalent circuit is 

shown in Figure 4.5. In the next section the frequency loop model will be explained. 
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Figure 4.5 Duty cycle control loop small-signal model. Derived from Equation (4.35). 
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4.4 Frequency Control. Loop 

The frequency control strategy must keep track of the resonant frequency variations to 

maintain ZVS while switching as close as possible to resonance to minimize circulating 

energy. 

The implementation of the frequency control is often done using a phase-locked loop 

(PLL) circuitry. In this implementation the switching frequency varies to maintain a fixed 

phase lag between the tank current and the tank voltage. The PLL implementation works 

well for applications with low switching frequencies (below 200 kHz); however, it 

penalizes the power factor because the phase lag is fixed to the worst-case condition. For 

high frequency applications the penalty on the power factor increases. In this section a 

novel frequency control strategy based on charge control methods is described, and its 

small-signal model is derived. This charge control method minimizes circulating energies 

by operating as close as possible to resonance while ensuring ZVS. In addition, its 

circuitry is much simpler than that of the PLL implementation. 

4.4.1 Frequency Control Circuit 

The frequency control circuit is composed of a charge measurement circuit, a 

compensator, and a voltage-controlled oscillator (VCO), as shown in Figure 4.6(a). In 

summary, the charge circuit measures the primary current i, rectifies it, and measures 
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Figure 4.6 Frequency control: (a) circuit implementation, (b) charge circuit waveforms 
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the integral of the current by charging capacitor, C, during the time,t-B. The result of 

this integration is represented by the charge capacitor voltage, v, . Note that v, is 

directly related to G,an4. Then, voltage v, is compared with the reference voltage, v,,4,, 

to produce a compensated error voltage, v, A simple VCO is built for the PWM 3825 

IC which ensures that the output frequency varies directly proportionally to vw 

[Jovanovic et al 1987]. 

4.4.2 Frequency Control Loop Small-Signal Model 

The objective of the frequency control loop is to maintain constant q,,,,. i.e. constant 

v, ,at all load conditions. Therefore, we are interested in deriving the small-signal model 

_ ve. we 
of the open-loop transfer function —*, in addition to the closed-loop frequency control 

v f 

loop. The following three subsections will explain step by step how to obtain the 

frequency control loop small-signal model. 

Solving for v), and y. as a function of i: 

Figure 4.7 (a) shows the equivalent circuit during the time tf. During this time, 

capacitor C, is charged with i to produce voltage v,;. Diode D, is assumed to be off 

during the charging of C., but even if D, turns on some time during the charging of C), 

the circuit of Figure 4.7 (a) is still a good approximation, since R, //R,; >> R, and 

C.>>C, 
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Figure 4.7 (a) Equivalent charge circuit during tB. (b) Circuit waveforms. 
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Thus, applying Kirchhoff’s current law to the circuit in Figure 4.7(b) results in 

dy, i] wy (4.36) 
“dt n R 

Equation (4.36) provides the solution for v, during the time tB; however, from 

Figure 4.7 (b) we see that v,; remains constant during a period t until it is reset. Hence, 

using Equation (4.36) we can find the value reached by v, at ¢, and assume that it will 

remain at this value until it is reset. There is a slight decrease of v, during the holding 

time (before it is reset) due to resistor R,//R,, and its effect will be included later. The 

solution for v,(t,) will be explained in the next steps. Note that to simplify the 

nomenclature v,(t,) will be defined as v,,. First, the function S(t) is found to be [Kuo 

1980], 

S(t)= > [eer + At, )—u(t-t,)], (4.37) 
k=-00 

where u(t) is the unit step function, 

  

u(t)=0 t<0 (4.38) 

u(t)=1 t>0° 

Hence, the expression for v,, is, 

ty ett -O 

vam | S(t) ji(t)| dt (4.39) 
th] nC, 

where, 
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1 
  

  

a= ; 4.40 RG, (4.40) 

Thus, Equation (4.39) can be decomposed as, 

—-Aty_) ty el) 

vis | 0 dt + | ji(t)| at (4.41) 
te} i Aty_; nC, 

When solving Equation (4.41), it will be assumed that during the integration time, 

t, -At,_, to t,, the magnitude of the current sine term, i,(t), and the cosine term, i,(t), in 

Equation (4.4) remain constant. That is, during the integration time, i,(t) can be assumed 

to be equal to i,(t,—At,_,), and the same condition will be applied to i,(t) . This 

assumption is valid because in this modeling technique it is assumed that i,(t) and i,(t) 

vary at a frequency much lower than the switching frequency. In order to simplify the 

nomenclature, i,(t, —At,_,) will be defined as i,,_,, and, consequently, i.,.,, B,., and 

®,_,- [herefore, during the integration time, i(t) will be defined as i,_,(t), that is, from 

Equation (4.4) 

I, \(t)=iy_, SIN(O at) +ig_p COS(D opt) (4.42) 

Thus, the expression for v,, is then 

  
ty ead) 

Vip= | li,_a(t Jat , (4.43) 
hy - Au; C. 

Also, as defined in Figure 4.7 (b), At,_,=B,_)T,_), then, the solution of Equation (4.43) 

results in 

101 
PSC-SRI Control System and Small-Signal Analysis



Vicky = 

Lp -a@ sk-\ Lops 

—e@ Br-atk-a [Cig + hp n® gpa) SINB g_at + sp_a® sk—-a — Lega) COS Beat | (4.44) 

nC.(a’ +@ xa) 
  

In addition, since i,, i, B and @ are slow varying terms, we can assume that the time 

At is small compared to the time period 1, so that 

  

ska ae 

I Hl 
hk (4.45) 

© ska =O x 

Bra ~By 

Hence, 

liqog -iga- on Bits [Cig + 140 gp) SINB ym + (Egg @ op — ig) COs ,n| 4.46 
Vick) = (4.46) 

nC,(a +@ xx} 

Equation (4.46) can be perturbed and linearized with a mathematical software package 

such as MapleV or Mathematica. The linearized solution around the operating point / Vg. 

D, Wy, Qj, is 

aA 

Vix = A EO sh + Edy + Hiseo sk + Tice i) ’ (4.47) 

where 4, E,, Exo Hise Hicg are gains that depend on the operating points; their 

definitions are given in Appendix A. The letter “H” or “E” is selected depending on 

whether the multiplying variable is a current-controlled voltage source or a voltage- 

PSC-SRI Control System and Small-Signal Analysis



controlled voltage source, respectively. It should be pointed out that the term B was 

expressed as a function of the duty ratio, d, and its relationship is given in Appendix A. 

Equation (4.47) shows a discrete relationship between the output voltage v,, and @,,, 

d,, is, and i, Hence, a z-transformation can be applied [Franklin, Powell 1980] as 

follows: 

51(2)=A{ BO ,(2)+ Egy d(2)+ Higa 'y(2)+ Hicoie(2)); (4.48) 

And, as shown in Figure 4.7(b), voltage v, is held during half of a switching period 

before it is reset and charged again. Thus, Equation (4.48) can be transformed into a 

continuous time expression by multiplying it by the zero-order hold, such as Ogata 

[1990]. 

0 (j= ) A{ Ea ® 5(8)+ Eyl S)+ Hig ig(8)+ Higoi-(S)). (4.49) 

T. 
where T=—. 

2 

Having v,;, we now can solve for v, and take into account the slight discharging 

caused by (R,//R;). Diode D, andthe R,, R;,C, circuit in Figure 4.6(b) do not let v, 

discharge during the resetting and charging of v,. The term (R,//R,C, contributes with 

a pole to the system; therefore, it should be designed together with the compensation 

circuitry to give the desired closed-loop characteristics. Hence, v. is 
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n VCS) 
= TBR Cy , (4.50) 

where 

p-—___ (4.51) 
(RR JC, 

Pole b is a high frequency pole and as stated earlier R, //R; >> R, and C,>>C;. Also, to 

avoid loading v., R>>R,. 

Solving for _v, after the compensation circuit: 

The relationship between v, and v, is found from the circuit Figure 4.6(a) such that, 

¥-(S8)= Vrepy + (V, refw ¥ o(S Fae wl 5) (4.52) 

R; 

which after being perturbed and linearized results in, 

bp a0, “C5 $.G,,(s). (4.53) 
t 

Expressing @, as a function of ve 

A VCO is always operated in the region at which the relationship between @, and 

the input voltage v, is linear, thus, 

@ (8) = Kyco¥ s (Ss), (4.54) 
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where Kyco can be measured experimentally, or it can be approximated by the equation 

given for this particular VCO in Jovanovic et al [1987]. 

The final solution for ©, is obtained by placing Equations (4.49)-(4.53) into Equation 

(4.54), that is, 

6 ,(s) = —KycoG, (SG, (s)A(E,6 (5) + Ego US) + Hg ig (8) + Hoes i,(s)] , (4.55) 

where 

(i-e") 1 
st (s+b)R,C, 
  G,(s)= (4.56) 

and 

Z,,(5) 

i 

Gy (Ss) = 
  (4.57) 

Equation (4.55) represents the complete power control loop. Its equivalent circuit is 

shown in Figure 4.8. 

The expression for the zero order hold term can be approximated to a two-pole 

transfer function using the second order Pade’s approximation for the term e™™', that is, 

(1-e") | ] 
ST 

  ; (4.58) 
1+0.5st+—(st)? 73! ) 
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Figure 4.8 Frequency control loop small-signal model derived from Equation (4.55). 
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where Pade’s second order approximation is given in Appendix A. Also, Equation (4.55) 

can be rearranged and expressed as, 

Ky coGy(8)G(8) A Egy dS) + Hse hy(8)+ Hew tes) 
4.59 ® .(S) 

1+ KycoGy(S)G,(SJAE oe 
: | 

  

4.5 Analysis of the Complete Small-Signal Model 

The complete small-signal model is shown in Figure 4.9. This model was obtained 

from Equations (4.15)-(4.18), (4.36), and (4.49). It should be noted that this model is only 

valid, theoretically, up to one half of the switching frequency [Yang, ef al 1991 (a)]. This 

model can now be numerically implemented using PSPICE, MATLAB, or a similar 

engineering simulation environment, to obtain the frequency response of the system. A 

MATLAB and a PSPICE small-signal model example program is provided in Appendix 

C. In this section the open-loop transfer functions of the duty cycle loop and the 

frequency loop will be studied. In addition, a compensation circuit for each of the loops is 

provided, along with the open-loop and closed loop measurements of the lab prototype. 
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4.5.1 Duty Cycle Control Loop Analysis 

When looking at the duty cycle loop, it can be seen that the duty cycle loop branch 

connects with the power stage circuit model through the voltage source E wg . Also, the 

power stage currents, 7, and 7,, are the inputs to the duty cycle branch. Therefore, we 

VPo want to analyze the open loop transfer function , in order to have insight on the 
Va 

location of the poles and zeros of the system, in addition to its gain. By doing this we can 

. , , ; v 
then design the compensation for this loop. Hence, Figure 4.10 shows the —*2 transfer 

~ 

Va 

functions for Q=3 (top figures) and for Q=10 (bottom figures) for several d operating 

points (where V,=300V, K;=1, f,=1.05). In the two Q cases, these figures show that as d 

decreases the gain increases. This gain behavior can be corroborated by looking at the 

steady state curves of output power vs. duty ratio in Figure 3.5. As these steady state 

curves show, when the duty ratio decreases the slope of the curves increases. 

Figure 4.10 also shows that the phase of the transfer function is independent of the 

operating point d. In addition, analysis of the location of the poles and zeros shows that 

there are two complex poles corresponding to the ones of the power-stage system, 

previously described in Equation (4.23), and these are located at, 

I 

  
fy=5] 1-24, [- 
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where f,=//f,. In these examples, the poles are located at f,=31.5kHz for Q=10 and at 

fp= 78.6 kHz for Q=3. There are also three left hand plane zeros located at a frequency 

higher than the two poles’ frequency, one real an two complex zeros. The real zero is 

located at a frequency above the two complex poles. As f, approaches one, this real zero 

. v 
moves closer to the complex poles. Figure 4.11 shows a laboratory measurement of —*2 

Va 

together with the model predictions. 

As stated earlier, the duty cycle loop is the slow varying loop, and its bandwidth 

should cross zero at a frequency lower than the frequency loop. The suggested 

compensation should provide a pole at zero (integrator) to eliminate the loops’ steady 

state error. Also, to increase the bandwidth, a zero should be placed before the two 

complex poles to compensate for the phase lag caused by the integrator and the power 

stage complex poles. In addition, a high frequency pole should be included to guarantee 

that the loop crosses zero before the appearance of the power-stage complex poles. Pole 

a, in the duty cycle loop can be designed to be this high frequency pole. An example of a 

compensation circuit is given in Section 4.5.3, together with the laboratory closed loop 

measurements. 
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4.5.2 Frequency Control Loop Analysis 

When looking at the frequency loop in Figure 4.9, it can be seen that the frequency 

branch connects with the power stage circuit model through the voltage sources, LI.@, 

and L/J,@,, and the current sources, CV.@, and CV,@, . Also, the power-stage currents, 

i. and 7 5 -» are the inputs to the voltage sources of the frequency branch. Therefore, we 

; ve. ; . 
want to analyze the open loop transfer function, —-, in order to design the compensation 

Vv f 

for this loop. 

A 

Figure 4.12 shows several open-loop “ec transfer functions for two different tn 
A 

Ys 

values. The top transfer functions show that there are two complex poles corresponding to 

the ones of the power-stage system. These poles are located at the frequency given by 

Equation (4.60). In addition, there is a left-half plane zero located at a frequency slightly 

lower than these poles. Also, when looking at the high frequency case (f,=/./5), it can be 

seen that the phase has been shifted by 180 degrees for Q=5 and Q=/0. As it was 

explained in Section 3.3.2.2, these transfer functions reveal the slope sign change in the 

Giang function. When analyzing this transfer function for Q=5 and Q=3 for several f, , 

Figure 4.13 shows that the gain decreases with f,. Also, the left-half plane zero moves 

slightly closer to lower frequencies for those cases when O=3, f,=/.1 and O=5, f,=1.12. 

As the frequency increases, the phase changes 180 degrees as for those cases when O=3, 
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f,=1.25 and QO=5, f,=1.14.. These 180-degree operating points correspond to points in 

the Giang Negative slope region, as it was shown in the curves of Figure 3.10. This slope 

“A 

change can also be observed in the Ye surface plot for Q=5 shown in Figure 4.14. 
A 

vi 

  

As explained in Section 3.3.2.2, and as seen in this small-signal analysis, in order to 

avoid operating in the negative phase region the maximum operating frequency of the 

VCO must be limited. That is, the control circuit must operate in the positive slope region 

denoted in q,,,, steady state curves of Section 3.3.2.2. Hence, based on the specified Q 

load range and the output power, analysis of the steady state operating points should be 

made to determine the maximum frequency of the VCO. 

When designing the compensation for the frequency loop, it should be noted that the 

frequency control loop should have faster response than the duty cycle control loop, since 

ZVS must be achieved at all times. Hence, the compensation should make the bandwidth 

of the frequency loop much greater than the duty cycle loop bandwidth. Also, as seen in 

the frequency open-loop transfer functions, the gain of the compensator will have to be 

large at the low frequencies to overcome the gain reduction as the inverter operates 

farther from resonance. Thus, a high gain integrator at zero will be desirable. Also, to 

increase the bandwidth. a zero should be placed before the complex poles to compensate 

for the excessive phase lag due to the integrator and the power stage complex poles. 

Furthermore, a high frequency pole should be included to ensure that the magnitude of 
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J, values, where Q=5, and Q=3, with d=0.97. As f, increases a zero moves before 

the two power stage complex poles; further increase in the frequency shifts the phase by 

180 degrees, as explained in the steady state curves of Figures 3.10 - 3.13. 
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state curves of Figures 3.10 - 3.12. 
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the loop gain keeps decreasing after the zero dB crossover. Pole 5 in the frequency loop 

can be designed to be this high frequency pole, or an additional high frequency pole can 

be placed in the compensator. An example of a compensation circuit is given in the next 

section. 

The open-loop measurement set-up of the frequency loop is presented in Figure 4.15. 

Experimental measurements and the model predictions of the open-loop frequency to 

charge voltage #,/¥, are presented in Figure 4.16. These measurements were made 

using different workpiece materials with different diameters; in this manner it was 

possible to achieve a wider Q range without having to heat the piece to Curie 

temperatures. In addition, the measurements were made at low power, that is, the input 

voltage V, was reduced to 60-100V. The plot of Q=3.5, fn=1.17 in Figure 4.16 shows 

the left-half plane zero located before the two complex poles, as predicted by the model. 

These plots also show the 180-degrees phase change for the cases when Q=4 operates at 

f,=1.23. Thus, in this case the frequency loop is operating on the negative slope of the 

Steady state curve. 

Additional experimental measurements of the open-loop frequency to charge voltage 

v./V¥, are shown in Figure 4.17. The plot of Figure 4.17 (a) show two curves with 

Q ~ 3.5. These curves show that there is a phase change of 180 degrees as the frequency 

increases for f,=/.1 to f,=/.21. Figure 4.17 (b) shows two curves for O~44 and 

Q~=5. These curves show that as the frequency increases to f,=/./ a left half plane zero 
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appears before the two complex poles. Figure 4.17 (c) shows two curves for Q ~ 6.4 and 

QO ~ 68. These curves show a 180-phase change as the frequency increases from f,=/.05 

to f,=/.1. It should be noted that this phase change occurs at a lower frequency value as 

when Q ~ 3.5. All these measurements corroborate the model’s predictions. 

4.5.3 Close Loop Compensation and Measurements 

As initially stated, the frequency loop is the fast loop and the duty cycle loop is the slow 

loop. Thus, the bandwidth of the frequency loop should be designed to be wider than that 

of the duty cycle loop. Also, as explained in Section 4.5.2, the simplest approach is to 

design the compensator such that the loops cross zero at a frequency lower than the 

power-stage complex poles’ frequency given by Equation (4.60). As can be seen from 

this equation, the lowest frequency location of the poles occurs for the highest Q and the 

lowest switching frequency. For example, if O=5 and f,=/.05, the poles will be located 

at f=57 kHz. Thus the frequency loop will cross zero dB at a lower frequency. The 

suggested compensation for the duty cycle loop and the frequency loop is shown in 

Figure 4.18. The 50Q resistor with its isolation transformer has been added to perform the 

loop gain measurements. 

The compensation for the duty cycle loop provides a pole at zero and a zero located at 

the frequency f:=//2nC>R. Also, there is a high frequency pole located at f,=//2nC,R,. 

In the experimental set-up the following values were given for these components: 
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C,=220nF, R>=4.2kQ., CC, =33nF, R,=3kQ, R= 2.2kQ. 

In this section, the compensation for the frequency loop makes the loop cross the zero 

dB point right before the appearance of the two power-stage complex poles. This 

suggested compensation is an implementation among many possible ones. An alternative 

compensation scheme is provided in Appendix B. Thus, in this section, the compensation 

for the frequency loop is very similar to that of the duty cycle loop, except that an 

additional high frequency pole has been placed in the feedback path of the opamp. 

Therefor, as before, there is a pole at zero and a zero located at the frequency 

f,=1/2nC/R,. Also, there is a high frequency pole located at f, LO +C3) +G3) . In the 
P 2nC,R,C; 

experimental set-up the following values were given for these components: 

C,=47nF, R,=27kQ, C;=220pF,  —-Rj=5.6kQ 

C,=330pF, R,=4709, C.=5.7nF, R,=750Q. 

Also, the gain of the VCO was measured to be K,,.,=75000. 

It should be noted that the resistance, R,, should be selected in the kQ range, such 

that it is not a significant load for the charge capacitor. Furthermore, for applications that 

have wide Q load range. a zener diode is placed in parallel with the resistor R,. In this 

manner, when the tank current is very high, the maximum voltage across R, is clamped 
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to a fixed value. This zener diode provides overvoltage protection for the tank current 

sensor’s rectifier, since the sensors’ currents can be large at the high Qs. 

Figure 4.19 shows the results of the duty cycle loop gain measurements. The zero 

crossing of the duty cycle loop was designed to be below 8 kHz. The same loop-gain 

measurement set-up is used for the frequency loop, except that in this case the duty cycle 

loop is opened. Figure 4.20 shows the results of the frequency loop gain measurement. 

The zero crossing of the frequency loop was designed to be close to 30 kHz. The design 

of this compensator can be modified to further increase the bandwidth of these loops. For 

example, the bandwidth will increase if the zero f=//2nC/R;. is placed closer to the two 

complex poles and the compensator’s gain is increased. Appendix B shows an additional 

design example in which the bandwidth of the loop is greater than 30 kHz. 

124 
PSC-SRI Control System and Small-Signal Analysis



  

    

  

            
  

    
  

            

d | { X 

Os Cy to /“MPY634 
: multiplier 

(on 

Rt 

Ct 

UC3825 

PWM gain 

      

Fm           

  
Figure 4.18 Duty cycle loop gain measurement set-up with the frequency loop closed. 

The suggested compensation for the frequency and duty cycle loops is also shown in the 
schematic. 
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4.6 Summary 

The PSC-SRI has two control loops: the duty cycle control loop regulates the output 

power, and the frequency control loop ensures ZVS. The circuit implementation and the 

small-signal model of these two control loops is given. The complete closed-loop small- 

signal model was obtained using the extended describing function method. 

Analysis of the frequency loop and the duty cycle loop shows that there are two 

predominant complex poles generated by the power stage system. These poles are located 

at the frequency given by Equation (4.60). When analyzing the frequency loop for 

different values of f,, it can be seen that as f, increases, a left-half plane zero moves 

before the two power stage complex poles. Further increase of f, shifts the phase by 180 

degrees. This phase change was explained in the steady state analysis of the charge 

function Giants 1n Which it was shown that the slope sign of this function changes with 

frequency. In most applications, since the inverter is operating in the optimum path for 

ZVS, i.e. as close as possible to resonance, the frequency loop will not see this 180-phase 

change. However, the location of the operating points should be studied to see whether 

the frequency loop can fall into this unstable region. 

When designing the compensation, it should be considered that the frequency loop is 

the fast loop, and its bandwidth should be designed to be greater than the bandwidth of 

the duty cycle loop. In this chapter, to avoid operating with a large phase lag, the 
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compensation for the frequency loop was designed such that the loop will cross the zero 

dB line before the appearance of the two power stage complex poles. In Appendix B, an 

additional frequency loop compensation with a wider loop’s bandwidth is provided. 
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Chapter Five 

5. Conclusions and Recommendations 

5.1 Conclusions 

This dissertation presents the analysis and design of the phase-shift controlled series 

resonant inverter (PSC-SRI) with emphasis on radio frequency induction heating 

applications. Several factors motivated this study, namely: 

(1) The operating frequency and power level specifications of around 500 kHz at 

10 kW narrowed the switch selection to MOSFETs, since presently they are the 

only solid state devices that can switch at such frequencies. However, some high 

frequency studies are considering the use of static induction transistors (SITs). 

(2) The uncommon load characteristics of an induction heating system: (a) the 

resistance variation can be expected to be between twice to five times its value; 
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and, (b) the inductance variations, though not as severe, can vary up to one and a 

half its value. 

The given switching frequency and power level require the MOSFETs to be operated 

with soft switching. Among the many published circuit topologies used for above 100 

kHz induction heating applications, the series resonant inverter (SRI) operating with ZVS 

is preferred over other studied topologies. As explained in Chapter 2, the SRI operating 

with ZVS has the least number of power stage components when switched with 

MOSFETs because no additional fast diodes are required but the MOSFET’s own body 

diodes. In addition, the MOSFET’s drain to source capacitance acts as a snubber during 

the turn-off instants, and, if small, this capacitance should be increased. However, RC 

snubbers are not needed. Within the ZVS series resonant inverter implementations, the 

two most popular are: 

(1) the conventional approach which uses a pre-regulator to regulate the output power 

(2) the PSC-SRI which regulates the output power by phase-shifting the switching 

instant of the full-bridge MOSFETs 

The advantages of PSC-SRI over the conventional approach are that the pre-regulator 

is eliminated, and the number of power stage components is minimized. 

In this dissertation, the PSC-SRI steady state models was presented. This model is 

used to calculate the output power, the peak voltage, and currents of the resonant 
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capacitor. In addition, this model is used to analyze the requirements on the switching 

frequency to maintain ZVS. For the SRI, ZVS is achieved when the switching frequency 

is operated above the inverter’s resonant frequency. However, far above resonance 

operation is undesirable because the inverter will behave more as an inductor; thus, the 

circulating energies are increased. Hence, it is desirable to operate at frequencies as close 

as possible to the resonant frequency while still maintaining ZVS. In this dissertation, the 

ZVS operating region was determined and a frequency control strategy that minimizes 

circulating energies was proposed. This frequency control strategy guarantees ZVS by 

measuring the tank charge during the switching transitions and by regulating it so that it 

is equal to the required ZVS charge. Hence, in this manner, the inverter is operated as 

close as possible to resonance to minimize circulating energies while still achieving ZVS. 

A methodology to design the power stage components, to predict the duty ratio 

operating frequency range, and to determine the turn-off losses was defined. Note that, 

although this analysis was dedicated to the PSC-SRI, the ZVS condition still applies to 

the conventional series resonant inverter. Thus, the ZVS region for the conventional SRI 

is obtained by assuming no duty ratio control, that is, by assuming a constant 100% duty 

ratio, or d = / on the provided curves. 

The complete control system implementation was described. A simple frequency 

control circuit that guarantees ZVS and minimizes circulating energies was presented. In 

addition, the closed-loop small-signal model for the PSC-SRI was obtained using the 
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extended describing function method. The proposed PSC-SRI has two control loops: the 

duty cycle control loop which regulates the output power, and the frequency control loop 

which ensures ZVS. The frequency loop is the fast loop, and its bandwidth should be 

designed to be greater than the bandwidth of the duty cycle loop. The maximum 

bandwidth of the frequency is limited by the presence of two power stage complex poles. 

The location of these poles is provided, and the bandwidth of the frequency loop was 

designed to cross zero at a frequency lower than these poles’ frequency. The feedback 

signal of the frequency loop can present a 180-degree phase change at high f, operations. 

Thus, if the compensation scheme only operates with a positive slope feedback signal, 

then the maximum operating frequency must be limited to avoid falling into the 180 

degree region. This maximum operating frequency can be determined by studying the 

operating Q range, the duty ratio, and frequency range previously obtained from the 

steady state analysis of Chapter 3. Finally, the suggested compensation schemes for the 

frequency and duty cycle loops was described. 

5.2 Future Research 

Many important issues were raised during the development of this research effort, not 

only in the area of the PSC-SRI analysis itself, but also in the study of the PSC-SRI as 

suitable topology for radio frequency induction heating applications. Thus, further study 

is recommended in the following areas: 
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1. The development of the steady-state models and a detailed analysis of the 

topologies, current-fed parallel resonant inverter and three resonant elements 

inverter, considering their requirements for ZCS or ZVS. A comparison of the 

switching losses and circulating energies and their suitability for wide load range 

induction heating applications against those of the PSC-SRI. 

2. The development of a non-linear compensator for the frequency loop that can 

operate in the negative slope region of the q,,,, function and avoid limitations of 

the maximum frequency of the VCO and the duty cycle. 

3. On the theory of induction heating: The study and development of load 

characteristics for different induction heating applications from the power supply 

designer point of view. Also a study of the load inductance, LZ, variations to 

a. ; ; aL 
provide information on the inductance largest _ 

t 

4. Finally, a study that correlates the switching frequencies with the load heating 

efficiencies, so that an adaptable frequency control system can be designed. For 

this system, the switching frequency is varied based on a trade-off study between 

the induction heating efficiencies and the inverter’s circulating energies. In 

addition, the study will determine if the resonant tank capacitor should be adjusted 

with electronic tabs, for applications with large inductance variations, to reduce 

the inverter’s circulating energies. 
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Appendix A 

A. Additional Equations and Constants Definitions 

A.1 Introduction 

This appendix provides the solutions for some of the expressions used in Chapter 3 

and Chapter 4. In addition, this appendix describes the PSC-SRI steady state model used 

to calculate the switches turn-off losses. In this model, all ten topological stages of the 

PSC-SRI are included. 

A.2 Chapter 3 Equations and Turn-Off Loss Calculation 

This section provides an approximated method to calculate the turn-off losses in 

which the PSC-SRI model of Section 3.3.1 is modified to include the switching instants. 

This model will provide insight into the switching transitions and will automatically 

calculate the turn-off losses for any operating condition. The steady state model of the 
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PSC-SRI will be derived taking into consideration the effect of the switch output 

capacitance during the switching instants. The procedure is similar to that presented in 

Section 3.3.1 except that in this case all ten topological stages are included. 

First, the differential equations for all stages that do not include the switching instants 

are easily derived as in Section 3.3.1. However, the differential equations for stages 1, 4, 

6, and 9, in which the switching transitions occur, are constrained by the presence of a 

capacitor-voltage loop. Thus, the topological circuits of stages 1, 4, 6, and 9 are 

transformed into equivalent circuits as shown in Figure A.1. 

The switching process of stages 1, 4, 6, and 9 are very similar and can be explained by 

analyzing, for example, stage (1). In stage (1) the bottom capacitor discharges and its 

voltage reduces from V, to zero. At the same time the top capacitor charges until it 

reaches V,. If the two Cy, are equal, and their voltage change is the same, then it can be 

said that their charges are the same. When switch Q4 turns-off, its turn-off current, iy , 

decreases from J/,y to zero during time f,,. Therefore, the total current flowing 

through both C,, plus the Q4 current, i,,, is equal to the tank current, i. Thus, an 

equivalent circuit can be derived by applying Kirchhoff’s voltage law to the circuit of 

stage (1). From this equation, an equivalent capacitor is obtained by adding the C,, 

capacitors: 

Casce) =Cas1 + Cas? > (A.1) 
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where C,,, is the top switch capacitance and C,,) is the bottom switch capacitance. 

Since the value of these two capacitors depends on their voltage levels, then, from 

Equation 3.15 each C,, can be calculated as 

at cs V. 

Cut =Car |, (A.2) 
Vas 

a Vspecs V, ecs 
Cas? oss Town ’ (A.3) 

g ‘ds 

where vy, is the drain to source voltage of the switch that is turning-off. For the case 

when vg, approaches zero, Equation (A.2) cannot be used; then the maximum value 

given in the specifications for C,,, should be used. The same condition applies for the 

case when V,-v,, approaches zero in Equation (A.3). 

When calculating the turn-off losses, the i,y current is approximated by assuming 

that i,, decays linearly from its maximum value /,, to zero during the time f,7, as shown 

in Figure A.2. In this case, f,7 can be estimated from the experimental measurements of 

the gate-to-source voltage or it can be made equal to the fall time of the MOSFET’s 

specifications. This approximation for i,7 is generally accepted for MOSFET applications 

because f,, is relatively small. The MATLAB program of this model is given in 

Appendix B. 
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Stage (1) 
Q4 turns off 

  

  

    

  

    

          
  

        

  

  
  

  

Stage (6) Q2 turns off 

Vg 

Stage (9) Q3 tums off 

| as Qs 
Las Re 

Vg c L R L R 

to, s <> 8 
~- - nee e rene | od 

on i 

    

  

(d) 

Figure A.1 PSC-SRI stages 1, 4, 6, and 9 taken from Figure 3.3-Figure3.4. The circuits to 

the right are their corresponding equivalent circuits. 
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Q1 turns off 

1 a O-vV, ‘4 ar Cx g 
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‘3 A — B 
_ 

Q3 | +— Vo 0 Q2 —T, % €         

  

  

     Q1 current 

  

Figure A.2 Turn-off switching instant: (a) SRI circuit; (b) resonant tank and switch 

current waveform including the definition of J,, and ijg. 
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The differential equations for all ten topological stages are given as: 

di _sgn(v) Ve. v iR- sgn(e) V4, 
wae “o/s ds (A.4) 
at L LoL L 

dv i “aa A.5 
dt C (0) 

dv, sgn(e) .. . Me SBE) (jj) (A.6) 
dt = Cure) 

where, 

1, for stages (2,3,4) 

sgn(v) =; 0, for stages (1,5,6,10) (A.7) 

-l, for stages (7,8,9) 

I, for stages (1,4,6,9) 
sen(e)= (A.8) 

0, for stages (2,3,5,7,8,10) 

Thus, the state space representation of Equations (A.4) - (A.6) can be given as 

i 

x=y=| v (A.9) 

Vas 

Ve u=| (A.10) 
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aR af ~sgn(e) sen(v) 
L L L 7 0 Il 0 0 

A= “ 0 0 B= 0 0 C=|0 1 0} D=0(A.11) 

sen(e) —sante) 001 
0 0 Casce) 

| Casre) 1     

The i,g current is approximated by assuming that i,g decays linearly from its 

maximum value I,4 to zero during the time t, In this case, t,7 can be estimated from the 

experimental measurements of the gate-to-source voltage or it can be made equal to the 

fall time of the MOSFETs specifications. 

A.3 Chapter 4 Equations and Constants 

Operating Points 

The power stage operating points are found by letting all the derivatives in Equations 

(4.7)-(4.10 ) be equal to zero and finding the solutions for the determinate system with 

four equations with four unknowns. That is, 

  

2772 

p= Tes OR (A.12) 
A 

V _y?2 

A 
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_V-WZ LC) V, A (A.14) 

y= (A.15) 

A =WiC? I? -2W2CL+1+W7C?R? (A.16) 

where Ws is the operating switching frequency, and L and C are the inductance and 

capacitance of the series resonant inverter reflected to the primary side. Also, 

4 1 
V,=—V, sin(—D) (A.17) 

T 2 

where D is the operating duty ratio. 

Power Stage Small-Signal Model Constants 

E ve n D A.18) = Oo . kd 7° (S ) ( 

4 T 
E,, = —sin(— D A.19 

Duty Cycle Average Power Derivation 

I 

2 

P= me +i? so va‘) (A.20) 
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let 

sats ths (A.21) 
i=I,+i, 

thus, 

~ 1 fk Ts a I, +i, 
<p, >=— B,dt = | 2R(I,i, +1,i.)si° [0 satan =e) a (A.22) 

I, 0) T, 0 I, +i, 

and, 

<Pp>=R(I,i,+1,i,). (A.23) 

Frequency Control Definitions 

Definition of B,: 

In Figure 4.6 8 is a dimensionless variable and when multiplied by x it has units of 

radians. To calculate B . first the phase between the fundamental component for the tank 

voltage and the tank current is 

a =—arctan(<-) (A.24) 
i 

AY 

and the zero crossing of the fundamental component of the tank voltage occurs at 

7 
5-4) (A.25) 

thus 7, 1s the difference between Equation (A.24) and Equation (A.25), that is, 
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TB, =-aretan(- )-—(1-d) (A.26) 
Usk 

Definition of A, Eo. Edeos isos Tice Constants: 

From Equation (4.47) 

B 
-a— 

I,W,-I,a—e ™*|(I,a+I,W,) sn B+ (IW, — 1a) cos 8] (A27) 

nC.(a? +W,) 
Vi sign ~ 

then, 

1 , when (Vi; sign) >0 

A= 4-1, when (V;_ sign) <0 (A.28) 

0, when (Vi sign ) =0 

I,, 7 
B=Bn=—arctan(—~)-—(1-D) (A.29) 

s 

B 

Ie ™ | a Wy 30 Hig = KK) ————|— H1+H2|-e ™(asinB+W, cos B)+W,| (A.30) 

ic® 

-at ; 
Ie a eT 

= KK) ~—_|-— H1-H2|+e ™(-W, sinB+acosB)-a| (A31) 

158 
Additional Equations and Constants



Ss 

E, =e ™KK| 2 H14™ H2 
Wo 

  

7 { aB OW Ey = KK|I,-e | H(—-—+,) +1, sin B+ I, cos B 
Wr a’ +W; 

aw, 
~~ (1,W, - 1.4) 

aw?! 

H1=((,a+1,W,) sin B + (1,W, ~1,a) cos B) 

H2=(-(1,a+1,W,) cos B+(1,W, - I,a) sin B) 
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(A.32) 

(A.33) 

(A.34) 

(A.36) 

(A.37) 
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Second Order Pade's Approximation: 

1-0.5st+—2(st)? 
ot J 2 . (A.38) 

1+0.5st+—(st)? 
12 
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Appendix B 

B. Additional Frequency Control Loop Compensation Designs 

B.1 Introduction 

As stated in Section 4.5.3 the bandwidth of the frequency loop is designed to be 

greater than that of the duty cycle loop, to guarantee that ZVS occurs during power 

regulation. In addition, since the inverter’s inductance is composed mostly of the load 

inductance, the resonant frequency of the system will vary during the heating process. 

Thus, for some applications the load changes, might required that the bandwidth of the 

frequency loop be greater than the previously designed 30 kHz. Thus, in this appendix, 

two additional compensation designs that make the bandwidth of the frequency loop 

greater than 30 kHz will be described. It should be pointed out that there are many other 

possible compensation schemes, still the ones suggested in this section are desirable for 

their simple implementation. 
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B.2 Additional Compensation Designs 

The compensation design suggested in Section 4.5.3 can be modified by placing the zero 

f,=1/2nC,R, closer to the power-stage complex poles and by increasing the gain of the 

opamp. Thus the following values are given for the components of the compensation 

circuit shown in Figure 4.18: 

C)=150 pF, R,=27 kQ, C3=100 pF, R=5.6kQ 

C,=330 pF,  R,=470Q, = C,=5.7 nF, R,=750Q. 

The resulting frequency loop gain transfer function is shown in Figure B.1. As, this figure 

shows, the loop gain behaves as an integrator up to the 20 kHz frequency. In this design, 

the zero was placed at 39 kHz, closer to the complex poles than in Section 4.5.3. The 

effect of these complex poles can be seen at 60 kHz. Thus, the complex poles and the 

additional high frequency poles will reduce the gain at the higher frequencies. The 

bandwidth of this modified compensation design is 100 kHz. It should be pointed out, 

that the small-signal model is only valid up to half the switching frequency, i.e. 250 kHz. 

Hence, it will be difficult to determine the effect of high frequency zeros in the stability 

of the system. Thus, further increase of the loop’s bandwidth will require experimental 

measurements throughout the load range, to asses the stability of the system. 
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Another possible compensation scheme is shown in Figure B.2. This compensation has a 

1 
ole at the origin and two zeros located at f,, =————, and _f,, =__-__—___.. Il 

P Fer 2nR,C; faa 2nCy(R; +R) 

C,+C ; ; 
also has two poles located at f=. and Fiyp =? With this 

2NR Cy 27R,C)C3 

compensation scheme, the two zeros will be placed before the power stage complex poles 

to increase the loop’s bandwidth. The two poles will be placed after the power-stage 

complex poles to force zero dB crossing. The following values are given for the 

components of the compensation circuit shown in Figure B.2: 

C.=3 nF, R)=1kQ,  C3=500 pF, R,=3.6 kQ 

C,=400 pF, R,=2.8kQ, 

C,=330 pF,  R,=470Q, C.=5.7nF, — R,=750Q. 

The loop gain transfer function using this compensator is shown in Figure B.3. As this 

figure shows, the bandwidth of the loop was increased up to 200 kHz. Still, since the 

model predictions are not accurate at frequencies higher than this range, experimental 

measurements must be made to asses the stability of the system at the high frequencies. 

163 
Additional Frequency Loop Compensation Designs



  100 

Magnitude 

(dB) so 

    
  

  

100 
  

Phase 

(degrees) 59 fF 

  -50 i poi pil pot 

10° 104 

  
    

frequency (Hz) 

Figure B.1 Frequency loop gain using the compensation suggested in Section 4.5.3 except 

that the zero has been moved closer to the power-stage complex poles. The operating 

points are: O=3, V,=100V, d=0.95, and f,=1.1. 
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Figure B.2 An alternative frequency-loop compensation scheme in which the two zeros 

will be placed before the power stage complex poles to increase the loop’s bandwidth and 

the two poles will be placed after the power-stage complex poles to force zero dB 

crossing. 
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Figure B.3 Frequency loop gain using the compensation suggested in Figure B.2. The 

operating points are: O=3, V,=100V, d=0.95, and f,=1.1. 
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Appendix C 

C. MatLab Programs for the Analytical Models 

C.1 Programs for the Steady State Models 

The following programs are the basic programs used to calculate the PSC-SRI steady 
state waveforms. First, the program main.m should be run. This program will call 

large2.m and steady2.m. Also, the subroutines topo2.m and bounda2.m are called by 

large2.m. This programs use six topological stages of the PSC-SRI. However when 

calculating the switching losses, the subroutines large2.m topo2.m and bounda2.m were 

modified to include all ten topological stages. In addition, the modified large2.m included 

the switch current and the drain to source capacitance as described in Appendix A. 

The Main.M MatLab Function 

oe
 CESEEEEESEEESEEEEESEESEEESESESEESESEEESESEEEEESEEEEEEESEESESEEEESSEESEEEES 

*Phase-Shift Controlled Series-Resonant Inverter steady state response 

scalculates the steady state inductor current and capacitor voltage 

$for a given example 

SESESESTETESESEEESESEECESEESECESEEESESESEEESEEESSEEESESESEEEEEEESEEEEES 

clear 

=a; 

SSSSSSSSESSESESES Operating Point S3SSSSESEEEEESEEEEESEESEESEEEESEEEEEEESS 

C=19.3e-9; stank capacitor 

L=6.77e-6; Stank inductor 

Qs=10; 

Coss=2.4e-9; sMosfet capacitor value at 25V 

Cds=Coss*sqrt (25/Vaq) ; sdrain to source capacitor 

qds=2*Cds*Vg; %ideal drain to source charge 

Zo = sqrt (L/C); sCharacteristic impedance 

Fo = 1/(sqrt (L*C) *2*pi) ‘Resonant frequency 

u = Vg; sDC input voltage 

R = Zo / Qs; sload resistance 

Fsn=1.05; snormalized frequency 

Duty=0.9; 

ESECSEEEEEEEEEEEEEEEEEESEEESEEEEEEEEEEESSEEEESESEESEEEEEEEEEEESEEEEEEESES 
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Fs = Fo * Fsn; 

Ts 1 / Fs; 

ws = Fs * 2 * pi; 

Sinitial current, about 30% of the peak current 

Io = (-4*Vg / (R*pi), *0.3; 

S$initial capacitor voltage, about 80% of peak voltage 

Vo = (-4*Qs*Vg/pi) * 0.8; 

x0 = [Io; 

SESSESEEEEEEEESSE Initialization BEESEEEEETESESEEEEEESECEETESESESEESEEEEES 

— 0 ; 

format compact 

SESESESESESSESSESEESEE Large-Signal Analysis %%%%%% 

n_cycle =4; % number of cycles that 1 

[xend,T,x_T,Time,x,Uin]= large2(n_cycle, x0, dim_ss, Ts, t_delay, 

u, R, num_mode, ws, Duty, L, C); 
$x(1,:) is the tank current, 

$Uin is the tank voltage. 

$x(2,:) is the resonant capacitor voltage 

%clg; 

splot (Time, x(1, :)*10,Time, Uin); grid; 

spause 

SSSESESSEESESESESS Steady-State Analysis SSBESEESEESESESESEEESEESTESESESE 

err_level = 1.0e-5; 

iteration = 20; 

xO = xend; smakes the initial conditions equal to the last value 

sof x previously calculated by large2. 

[x_ss,x_T_ss,T_ss]=steady2 (iteration,x0,dim_ss,Ts, t_delay, u, R, 

num_mode, err_level, ws, Duty, L, C )j; 

sthe function steady2 calculates the steady state initial condition 

susing Newtons method. 

n_cycle = 1; 

[xend,T,x_T,Time,x,Uin]=large2(n_cycle,x_ss, dim_ss, Ts, t_delay, 

u, R, num_mode, ws, Duty, L, C); 

sThe final steady state answer is calculated using large2 for one cycle. 

To plot this answer, remove the comment symbol on the lines below. 

$clg; 

splot (Time, x({1, :)*10,Time, Uin); grid; 

SECTS ESSE SE SESE SES TESTE SESE EC ES EET ETESEEEESESESEEEEEEEEEEEESESESESESESEES 

sAll the calculations for the ZVS operating region, normalized output power, 

snormalized peak currents and peak voltages were calculated using the data of 

$x(1,:) and Uin. 

2 
oS 

CESECESSEEES ESS SEES ESSE SESESESESEEEEEEEEEEEEEESEEEEEEESESEEEEEEEEEEESEES 

6 This function provides the boundary conditions for each of the 
2 
o inverter stages. In this particular model six stages are included. 

function[verify] = boundar2(cur_mode, x, u, t, Ts, Duty) 

while t > Ts, 

t = t - Ts; 

end 
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if cur_mode == 1, 

if x(1) >= 0.0, 

verify = -1; 

else 

verify 

end 

elseif cur_mode == 2, 
if t > Duty * Ts/2; 

verify = -1; 

else 

verify = 1; 

end 

elseif cur_mode == 3, 

if t > 0.5 * Ts; 

verify = -1; 

else 

verify 

end 

elseif cur_mode == 4, 

if x(1) <= 0, 

verify = -1; 

else 

verify = 1; 

end 

elseif cur_mode == 5, 

if t >»(1+Duty) *Ts 

verify = -1; 

else 

verify = 1; 

end 

elseif cur_mode == 6, %last boundary condition is taken care in large 

if t<.5*Ts, 

verify = -1; 

else 

verify 

end 

end 

return 

i ar
y 

1; 

2, 

1; 

SESESSEESSESEESESESESESESESE END Of PROGRAM SESSSEEESESESESESESTSEEESESEETESS 

The _ TOPO2.M MatLab Function 

CESSESEESEEEEEEEESEEEESEEEESESESESEESEEEEEEEEEEEEEEEEEEEEEEEEEEESESESES 

% This subroutine provides the values of the state space matrices 

$x_dot=Ax+Bu, and y=Cx+Du 

function [A, B, C, D, Sg] = topo2(cur_mode, R, Vg, ws, Lr, Cr) 

JX = (ws*Lr-1/(ws*Cr)); 

Iss = Vg/sqrt (R~2+JX*2) ; 
if cur_mode == 1, 

Si=-1; 

Sg=1; 

elseif cur_mode == 2, 

Si=l; 

Sg=1; 

elseif cur_mode == 3, 

Si=l; 

Sg=0; 
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elseif cur_mode == 4, 

Si=l; 

Sg=-1; 

elseif cur_mode == 5, 
Si=-1; 

Sg=-1; 

elseif cur_mode == 6, 

Si=-1; 

Sg=0; 

end 

A = [-R/Lr -1/Lr ; 

1/Cr 0 jd; 

B = [Sg/Lr; 
Oj; 

C = [2*R*Iss 0]; 

D= [0]; 
return 

SESSSSSESSSSSESESEESEESEES END Of PROGRAM 

The LARGE2.M Matlab Function 

SESZSELEEESESEEEEESESSSESEETEESE 

function[xend, T, x_T, Time, x, Uin]=large2(n_cycle, x0, dim_ss, Ts, 

t_delay, u, R, num_mode, ws, Duty, Lr, Cr) 

ws, Lr, Cr); 

boundar2 (cur_mode,x_new, u, t+h, Ts, Duty); 

% switching instance or Tend is found 

Tend = Ts * n_cycile; 

cur_mode = 1; 

h = Ts / 200; 

h_old = h; 

h_min = h_old / 15000; 

x_old = x0; 

k = 1; 

t = 0; 

[Ai, Bi, Ci, Di, sg] = topo2(cur_mode, R, u, 

(Phi, Ksi] = c2d.Ai, Bi, h); 

x(:,1) = x0; 

Time(1) = 0; 

cross _tend = 0; 

Uin(1) = 0; 

while t <= Tend, 

x_new = Phi * x_cid + Ksi * u; 

if t+h > Tend 

cross_tend = 1; 

verify = -1; 

else 

[verify] = 

end 

if h < h_min, 

== t +h; 

x = k +1; 

if t > Tend % approach from right side 

xend = x_old; 

end 

Time (k) = t; 

Uin(k) = sg * uj; 

x(:,k) = x_new; 

x_old = x_new; 

% only record for switching boundary 

if cross_tend == 0, 

T(cur_mode) = t; 
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x_T( :, cur_mode) = x_new; 

end 

h = h_old; 

cur mode = cur_mode + 1; 

if cur_mode > num_mode, 

cur_mode = 1; 

current cycle = round(t / Ts); 

end 

[Ai, Bi, Ci, Di, sg] = topo2(cur_mode, R, u, ws, Lr, Cr); 

[Phi, Ksi] = c2d{(Ai, Bi, h); 

elseif verify == -l, 

% cross switching boundary or Tend 

h=h* .5; 

(Phi, Ksi] = c2d(Ai, Bi, h); 

elseif verify == 1, % in same mode 

k = k +1; 

t =t +h; 

if t > Tend % approach from left side 

xend = x_old; 

end 
x(:,k) = x_new; 

x old = x_new; 

Time (kK) = t; 

Uin(k) = sg * u; 

end 

SSSSSSSSSSSESSSESSEETST END Of PROGRAM SESSESSESSESSEEEEESESEEEEESETESS 

SESESESESESEEEESESESEEEESESESESEESESESSESESEEESESESEESESESESEEEEEESEESESEEEES 

function [x_start_old,x_T,T_ss]=steady2 (cycle, x_start_old, dim_ss, 

Ts, t_delay, u, R, num_mode, err level, ws, Duty, Lr, Cr); 

k = 1; 

steady state = 0; 

n_ cycle = 1.1; 

while k < cycle+l & steady state == 0, 

x_start_new = x_start_old; 

{x _end_old,T_ss,x_T,Time,x,u_in] =large2(n_cycle,x_start_old,dim_ss,.. 

Ts, t_delay, u, R, num_mode, ws, Duty, Lr, Cr); 

x_end_old 

schech steady-state error with tolerance 

x_end_old = x_T(:, num_mode) ; 

x_ diff = x_end_old - x_start_old; 

error = x_diff' * x_diff 

if error < err_level, 

steady state = 1; 

else 

% find Jacobian matrix and next guess of initial conditions 

for i = 1:dim_ss, 

x_start_new(i) = x_start_old(i) * 1.05; 

[x_end_new,T,x_T,Time,x,u_in]=large2(n_cycle, x_start_new, ... 

dim_ss, Ts, t_delay, u, R, num_mode, ws, Duty, Lr, Cr); 

x _end_new = x_T(:, num_mode) ; 

171 
MatLab Programs for the Analytical Models



Jacob(:, i) = ‘x_end_new - x_end_old) / 
(x_start_new(:) - x_start_old(i)); 

x_Start_new(i = x_start_old(i); 

end 

Jacob = Jacob - eye dim_ss); 

Jacob = inv (Jacob) ; 

x start_old = x_start_old -~ Jacob * x_diff; 

k =k + 1; 

end * end of Jacobian 

end % end of iteration 

return 

SESESSSESSESESESESEESSEEE END Of PROGRAM SE3SEEESSSEEESESESEEESESEESESESS 

C.2 Programs for the Small Signal Models 

The OPEND.M MatLab Function 

% opend.m calculates the duty cycle open loop transfer functions 

% and computes several ccntrol d to output Po. Note that the integration pole 

% is not included, nor is included the multipliers gain 

% This program calls sricpen.m and frqconst.m 

clear 

Wo=1/sqrt (L*C) ; 

Fn_vec=[1.01 1.01 1.01]; 

[F_r F n]=size(Fn_vec); 

Q vec=[10 S 3); 

Duty=0.97; 

perf_div=2; ‘%perf_dv=z means that "d" is the pertubed variable 

for i=1:F_n, 

W=Fn_vec (i) *Wo; 

R=Wo*L/Q vec(i); 

(2 P K AA BB CC DD]=sriopen(W,L,C,R,Vg,Duty,perf dv); 

w=2*pi*logspace(0,5.38,40); 

[amplitude, phase(:,i' ] =bode (AA,BB,CC,DD,1,w) ; 

mag (:,i)=20*1l0g10 (amplitude) ; 

zeros(:,1)=2; 

poles(:,1i)=P; 

gain(i)=K; 

end 

F=w/2/pi; 

subplot (211) ,semilogx(F,=-ag),axis([0,0.7e6,0,80] ) 

subplot (212) ,semilogx(F,chase),axis([0,0.7e6,-150,50]) 

or
 Ooceoecoeoeteeeo8t oto Woot ooo =AT 02¢¢900000006060000000090900 60006060000 

SESSEESESSESESESESESESSESESEE END Of PROGRAM SESESSEEEEEEESESEEESESEEEEESEEEES 

The SRIOPEN.M MatLab Function 
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ae
 

Computes the SRI open-loop Z2(zeros), P (poles), and gain K, 

given W, L, C, R, Vg, =>, and the input perturbation selection 

as voltage 'v', duty cycle 'd', or frequency 'w'. 

The output: Pout=(R*Is*is+R*Iic*ic) a
 

of
 

oP
 

ol
? 

ae
 

av
e compute system matrix A: 

AA(1,:)=[( -R/L) ( W) (  -1/L) ( 0); 
AA(2,:)=[( -W) ( -R/L) ( 0) ( -1/L)]; 

AA (3,:)=[( 1/C) ( 0) ( 0) ( W)1; 

AA(4,:)=[( 0) ( 1/C) ( -W) ( O)]; 

2 Compute the operating points 

Ve= (4*Vg/pi)*sin(pi*Duty/2) ; 

Den= (W*4) * (L*2)*(C*2) - 2* (W*2)*L*C + 1 + (R*2)*(C*%2)*(W*2); 

Tc=C*we (1 - (W°2)*L*C) *Ve/Den; 
Is=(C*2) * (W*2) *R*Ve/Den; 

Vc=-C*R*W*Ve/Den; 

Vs=(1 - (W°2) *L*C) *Ve/Den; 
%o--- ee eee ee eee ee 

% compute the input matrix B, according to the perturbation selection: 

if perf dv == 1 sperturb the frequency 

BB=[Ic -Is Vc -Vs]'; 

elseif perf_dv == 2 %perturb the duty cycle 

BB=[(2*Vg/L) *cos(pitDuty/2) 0 0 O]'; 

elseif perf _div == 3 S$perturb the input voltage 

BB=[(4/(pi*L))*sin(pi*Duty/2) 0 0 0O]'; 

end 

% compute the output matrix C: 

CC=[R*Is R*Ic 0 0]; 

DD=0; 

% obtain the Z, P, and K for (xdot=Ax+Bu; y=Cx) 

% NOTE: this requires the CONTROL toolbox. 

[Z P K] =ss2zp(AA,BB,CC,DD,1); 

SSESESSS SSS SECESSEESSEESE END Of PROGRAM SEESESEEESESESESESEESEEESESESEESEES 

The FROCONST.M MatLab Function 

ae
 

oP
 

oe
 

ae
 

rh
 

c 2 Q cr
 

oe
 

CESESESESEESSESEESSEESEESEEEEESEESESSES 

is,Hic Is 1] 

SESEEESEEESEESEEEEESESEESEEESSEES 

ion [Hi ,ic,Vs,Vc,V t(W,L 

% % 

=frqconst (W,L,C,R,Vg,Duty,n,Rch, Cch) 

oe
 

al
? 

kkk KR KKK aK KK Kk KKK KK KKK KKK KKK KKK KKK KEKE KEKEKEKEKKEKKK KA KKK KKKKEKKE KKK KKK 

Computes the SRI operating points Is,Ic,Vs,Vc and the frequency loop 

control constants His Hic Ew Ed. 

given W, L, C, R, Vg, Duty 

and components: 

n=turns ratio of the current sensor, Cch=charge capacitor, 

Rch= resitance paralle* to Cc 
kK KKK KKK KKK KKK KK KR KKK KKK KK KEKE KKKKEKKKK KKK KKKKKKKKKKKK KKK KKK KKEKEK OP

 
o'

P 
aI

P 
ol
 

al
 

al
? 

ol
? 

sOperating Points 

Ve=(4*Vg/pi)*sin(pi*Duty 2); 

Den= (W*4) * (L*2)*(C*2) - 2* (W*2)*L*C + 1 + (R*2)*(C*2) * (W*2) ; 
Ic=C*W* (1 - (W*2) *L*C) *Ve/Den; 

Is=(C%2) * (W*2) *R*Ve/Den; 

Vec=-C*R*W*Ve/Den; 
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2 Frequency Constants 

a=1/(Rch*Cch) ; 

beta in radians 

beta=(-atan(Ic/Is) - (pi* /2.-Duty)/2)); 

KK=1/ (n*Cch* ((a%2)+(W*2)); 

H1=(Is*a+Ic*wW) *sin (beta) - (Is*W-Ic*a) *cos (beta) ; 

H2=- (Is*a+Ic*W) *cos (beta +(Is*W-Ic*a) *sin(beta) ; 

H3=2*W* (Is*W-Ic*a) /((a*2\+(W*2)); 

expo=exp (-a*beta/W) ; 

His=KK* (Ic*expo* (a* (H1/W) +H2) / ((Is*2)+(Ic*2) ) -expo* (a*sin (beta) +W*cos (beta) ) +W) ; 

Hic=KK* (Is*expo* (-a* (H1/W) -H2) /((Is*2)+(Ic*2) ) +expo* (-W*sin (beta) +a*cos (beta) ) - 

a); 
Ed=expo*KK* (a*pi* (H1/(2*wW) )+pi* (H2/2)); 

Ew=KK* (Is-expo* (H1* (a* (beta/ (W*2) ) - 

2* (W/ ( (a2) + (W*2))))+Ic*sin (beta) +Is*cos (beta) ) -H3); 
Qo eee ee eee eee ee 

T= ((Ic*2)+(Is*2))*0.5; Current amplitude 
V1=KK* (Is*W-Ic*a-expo*Hl!; Charge voltage 

BT=beta/W; $Beta in time 

ov
? SESSESTEEESEESEESEEEES END Of PROGRAM %%SS%ESEESEESESEESEESEEEES ESSE SS 

The OPENW.M MatLab Function 

openw.m calculates the frequency open loop transfer functions 

oP
 

al
? 

kkk kkk kkkak kkk kke kkk kke eee KKK KKK KK KK KEK 

sIt calls the sriopenc.m function 

% Computes several control w to output vi (charge voltage) 

% transfer functions for different frequency points. 

oe
 

C=18e-9; 

VCO=75000; 

Duty=0.97; 

perf d_v=l1; sperf d_v=. means that "w" is the pertubed variable 

Q vec=[(3 3 3 3]; 

Vg=300; 

Fn_vec=[1.05 1.1 1.12 1.15]; Normalized frequency 

[F_r F_n])=size(Fn_vec) 

SESESEESESEEEEEEEEEEEEEESESESEEESESESEEEEEESEEEEEEEES 

*Charge sensor and capacitance 

n=170; 

Rch=750; 

Cch=7.8e-9; 

for i=1:F_n, 

Wo=l/sqrt (L*C) ; 

Zo=sqrt (L/C) ; 

W=WotFn_ vec(i); 

Creating the sample and hold function. Pole b is include, also a high 

$frequency pole is added to compensate for the second order numerator of 

the sample and hold 
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tau=pi/W; stau=Ts/2 

Rb=470; 

Rbp=427; %470//5.6k/ 30k 
Cbh=3 .6e-9; 

pole _b=1/(Rbp*Cb) ; 
den_emst=[((tau*2)/12 cau/2 1]; 

num_zch=1; 

den_zcoh=den_emst; ; 

den_chg=conv([1 pole_b],den_zoh); % 

num_chg=1/ (Rb*Cb) ; 

R=WotL/Q vec(i); 
(2 P K AA BB CC DDJ=sriopenc(W,L,C,R,Vg,Duty,perf d_v,n,Rch,Cch) ; 

zerosi(:,i)=abs(Z)/2,/pi; 

polesi(:,i)=abs(P)/2/pi; 

[num_sri,den_sri]=ss2tf(AA,BB,CC,DD,1)j; 

num_op=conv (num_chg,num_sri) ; 

den_op=conv(den_chg,den_sri)j; 
[amplitude,phase(:,i':]=bode (num_op,den_op,w) ; 

mag (:,1)=20*1log10 (amplitude*VCO) ; 

[Z2 P2 K2]=tf2zp(num_op,den_op); 

zeros2(:,i)=abs(Z2)/2/pi; 

poles2(:,i)=abs(P2)/2/pi; 

pzmap (num_op,den_op) 

axis ([-0.1e7,0.2e7,-8e6,8e6]) 

hold on 

pause 

clg 

subplot (21 

subplot (21 

)},semilogx(F,mag),grid 

,semilogx(F,rnase),grid 

ESESEESSESESESSEESESESESSES END Of PROGRAM SESSSEESEEEEEEESEEESEEEESEEEESESES 

The SRIOPENC.M MatLab Function 

function [(Z,P,K,AA,BB,CC,DD] =sriopenc(W,L,C,R,Vg,Duty,perf_d_v,n,Rch, Cch) 

BK KKK KK KKK KKK RK IKKE KKKKKKKKKKEK KKK KKK KKK IK 

scalls: frqconst.m 
Rk kkk ek a a aK KEKE KEKE KKKKKKK KKK KKK KK KKK KKK 

function [Z,P,K,AA,BB,CC]=sriopenc(W,L,C,R,Vg,D,perf_d _v) 

Computes the SRI open-loop Z(zeros), P (poles), and gain K, 

given W, L, C, R, Vg, ©, and the input perturbation is the frequency '‘'w'. 

The output: vl=(His*is-Hic*ic+tEw*w) (sample and hold is included later) ©
 

oP
 

al
? 

ol
? 

Oo J 

o 
oe
 compute system matrix A: 

AA(1,:)=[(  -R/L) ( W) ( -1/L) ( 0)]; 
AA(2,:)=(( -W) ( -R/L) ( Q) ( -1/L)1]; 
AA(3,:)=[( 1/C) ( 0) ( 0) ( W)1; 

BA(4,:)=[( 0) ( 2/C) ( -W) ( 0)]; 

% Compute the input matrix B for "w" as the perturbed input 

% First caiculate the operating point constants: 

(His,Hic,Ew,Ed,Is,Ic,Vs,Vc,V1]=frqconst (W,L,C,R,Vg,Duty,n,Rch,Cch) ; 
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2 %® perturb the frequency input 

BB=[Ic -Is Ve -Vs]'; 

NOTE Y is the voltage az vl (at Ccharge) pole b, Kvco and compensation are not 

included 

% y(z)=His*is(z)+Hic*ic 2) +Ew*w(z) 

% compute the output matrix C: 

sign(V1); 

CC=sign(V1)* [His Hic 0 Ci; 

‘Compute the matrix D 

DD=sign (V1) * [Ew] ; 

ssample and hold portion 

$Ts=(2*pi/W)/2; %tsamplinag is half of the switching period 

y(s) =His*is(s)+Hictic .s) +Ew*w(s) 

[numzh,denzh] =d2cm(1,1,Ts,'zoh'); tthis method or tustin do not show well 

Sk KKK KKK KKK KEKKEKEKEKKKEKK KKK KKK KKK 

8 
oS 

2 
6 

Transforming Ge=Genum/Geden into a state-space form 
Sekkekkekakkeek keke Keke KKK KK KK KKK KKEKKEEKKEKEKKEKKKKEKKKK KK 

obtain the Z, P, and K for (xdot=Ax+Bu; y=Cx) 

% NOTE: this requires the CONTROL toolbox. 

[Z P K)=ss2zp(AA,BB,CC,DD,1); 

¢Fz=abs(Z)/(2*pi); 
$Fp=abs(P)/(2*pi); 

o
e
 

oe
 SSCS SESS SSS ESESESESESSE END Of PROGRAM S3SSESESEESEESESESESESESESESEESES 
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Appendix D 

D. Prototype Schematics and Components Values 

This appendix provides the schematics of the power stage and gate driver. It should 

be noted that special efforts were made to keep the full-bridge MOSFETs tightly coupled 

to minimize stray inductances. In addition, the MOSFET modules were placed on top of a 

water-cooled heat-sink. 
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Figure D.1 Laboratory prototype power stage schematic. 
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Figure D.2 Gate driver schematic. 
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