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ABSTRACT 

Title: High Power and High Frequency Class-DE Inverters 

This thesis mvesugates the various aspects of the theory. design and construcuon of a Class-DE type inverter 

and how these affect the power and lfrequeacy limits over which a Class-DE inverter can feasibly be used to 

produce AC (or RF) power. To this extent. an analysis of Class-DE operation in a half-bridge inverter is 

performed. A si milar approach to Hamill [61 is adopted but a different time reference was used. This allows the 

concept of a conduction angle to b1: introduced and hence enables a more intuitive understanding of the 

.equations thereafter. Equations to callculate circuit element values LCR ne1wor'k are developed. The amount 

above the resonant frequency of the LCR network that the switching frequency must be in order to obtain the 

correct phase lag of the load currenl is shown. The effect of a non-linear output capacitance is studied and 

equations are modified lo take this effect into account. It was found that a Class-DE topology offers a theoretical 

power advantage over a Clalls-E topology. However this power advantage decreases with increasing frequency 

and is dependent on the output capacitance of the actJve switching devices. Using currently available 

MOSFETs, a Class-OE topology has a theoretical power advantage over a Class-E topology up to 

approximately 10MHz. 

However, the prac1ical problems of implementing a Class-DE invener lO work into the HF band are formidable. 

These pracucal problems and the extent to which they ltml! !he operating frequency and power of a Class-DE 

type inverter are investigated Guidelines to solving these practical problems are discussed and some novel 

soluuons are developed that considerably extend the feasible operatmg frequency and power of a Class-DE 

inverter. These solutions enabled a brc,adband design of the control circuitry. communication-link and gate-drive 

to be developed. Using these des[gns, a prototype broadband half-bridge inverter was developed which was 

capable of switching from 50k.Hz through to 6MHz. When operated in the Class-DE mode, the inverter was 

found to be capable of delivering a po,wer output of over J kW from SOk.l-lz to 5Mllz with an efficiency of over 

91 %. The waveforms obtained from the inverter clearly show Class-OE operation. The results of this thesis 

prove that a Class-DE series resonant inverter can produce. RF power up to a frequency of 5MHz with a higher 

combination of power and efficiency than any other present topology. The pracucal problems of even higher 

operaun& frequencies are discussed and some possible solutions suggested. The mismatched load tolerance of a 

Class-DE type inverter is briefly investigated. 

A Class-DE Lype inverter could be used for any applications requiring RF power in the HF band, such as AM or 

SW rransmirters, induction neating and plasma generators. The information presented in this thesis will be 

useful 10 designers wishing lo implement such an invel'ler. In add1non a Class-DE inverter could form the first 

stage of a highly efficient and high frequency DC-DC converter and the 1nformat1on presented here is directly 

applicable to such an application. 

Ian Douglas de Vries 

Email: jan.devries@ieee.org or i an_devries@mai Learn 

http:mail.com
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CHAPTER I. INTR01DUCTION 

1.1 BACKGROUND 

Radio frequency (RF) power is widely used in industry for a variety of applications sucb as induction heating, 

dielectric heating and plasma generation. The majorily of these applications generally require RF power at a 

single frequency, rangjng from the ten:s of kHz through to 27 MHz. The power levels needed range from watts 

lO MW, with the majority of applications requiring a few kW. The RF power sources providing the RF power 

needed for these applications use a vari.ety of different types of topologies and active devices. The basic function 

required of a RF power source for the:~e applications is to produce AC power at a single frequency from a DC 

input source, as shown in Figure 1.1. Various methods of producing this RF power are briefly described below. 

DC Input 
Power 

INVERTER 
(RF Power Source) 

Figurel.1 Basic function ofa11 RF power Source 

AC Output 

Power 

(At required frequency) 

Pre-1980, triode valve oscillators were traditionally used to produce the-RF power, and had a typical efficiency 

of approximately 60-65% [ Lt-]. As valves have a very large power dlssipation capabil1ty, they are still !be only 

means of producing power levels of more Utan 10 kW above a few MHz. However, valve oscillators have a 

number of disadvantages, which lead to the development of a number of different types of solid•state power 

sources, over the last two decades, for the various frequency ranges. Solid-s1.ate power sources offer numerous 

advantages over valve sources. such ai> the stability and control of the output power, repeatability, smaller size 

and weight, lower operating voltages., higher efficiency and a longer lifetime, For these reasons, solid-state 

power sources are required for many applications and have become widely used. 

These solid-state sources employ a variety of different topologies depending on the application, frequency and 

power [2..16,17.55}. Traditionally, many of the HF solid-state power sources operated 10 a Ji.near Class-B or 

Class-C mode. The problem with linear topologies is that the active device is used as a linear current source. 

This limits !.he theoretical efficiency of linear topologies, e.g. a Class-B amplifier delivering a full-output 

sinusoidal waveform into a pure resistive load will have a theoretical efficiency of 78.5%. Ln practice they have 

cypical efficiencies of only 55-65%. This limits for the power output of a solid-stale linear topology as 

transistors have poor power dissipation capabilities compared to valves. Thus for high power single frequency 

applications, efficiency is a priority concern in .a solid state source. 

To improve efficienc.y and increase thle power output of a soUd~state RF power source, one could switch the 

active devices on and off in a switch mode topology. An essential requirement of switching the active devices at 
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very high frequency is low switching losses. Various resonant mode type topologies exist that achieve low 

switching losses by employing zero cU1rrenl and/or zero voltage switching transitions. Of these, the most suitable 

resonant convener topologies for ope'rat,ion at very high frequency are the Class-D voltage-fed series resonant 

inverter. Class-E and more recently thi~ Class-DE voltage-fed series resonant inverter [5,6,7,27]. 

Class-D switching type power sources are available for power levels of up ta hundreds of kW and at freq uencies 

approaching l MHz. At freq uencies above 1 MHz., a Class-D type inverter suffers from practical 

implementation difficulties and its efficiency decreases as it starts to suffer from capacitive switching loss due to 

the parasitic output capacitances of the switching devices. These effects worsen with increasin(!; voltage and 

freq uency. These facts have limited the applications of relatively high power Class-D type topologies at 

freq uencies higher than l MHz [3,5,6 , 7.47.48]. 

Class,£ is a tuned single ended switching inverter that can operate at these frequencies with good efficiency [4]. 

It has zero voltage, zero dv/dt (zero load current) switching conditions and hence does not suffer from the 

switching loss of Class-D. ft is also a single ended topology and hence the gate drive is much simpler co achieve 

than a two-switch Class-D. High frequency operation of a Class-E inverter has been shown to be feasible and 

commercial solid-state Class-E powe.r sources are available up to power levels of 10 kW in (he HF band. 

However, a Class-E topology has one main disadvantage over a Class-D circuit, in that its switch utilization 

factor is 0.098 and tha1 uf a Class-D i;s 0.159. This lheoretically enables a Class-D circuit LO produce 62% more 

power than a Class-E with the same current and voltage stresses on their switches. 

Class-DE offers some of the better features of Class-D and Class-E. It is based on a Class-D voltage-fed series 

resonant inverter, but it employs the zero-voltage and ,.e,o-load-curre111 turn-on transitjons associated with a 

Class-E topology, and it has a switch utilization factor approaching that of a Class-D (0.159) . Operating a 

voltage-fed series resonant circuit in the Class-DE mode effectively eliminates the capacitive switching losses 

and hence enables operation at higher frequencies [5,6.7]. 

1.2 THESIS OBJECTIVES 

The aim of this thesis was to investiga'le the various aspects of the theory. design and construction of a Class-DE 

type inverter and how these affect the power and frequency limits over which a Class-DE inverter can feasibly 

be used to produce RF power. To this extent an analysis and a description of Class-DE operation was 

undertaken with 1he intent of developing simple and intuitive design equations. The effect of the non-linear 

output capacitance was investigated and found w be considerable and hence the equations were adapted to take 

this effect into account. ft was found that a Class-DE topology. using current power MOSFETs, offers a 

theoretical power advantage over a C lass-E topology up to approx.imale ly 10 MHz, depending on the output 

capacitance of lhe switching MOSFE1r. However, an investigation into the technical aspects of implementing a 

Class-DE in-verter to work up to this frequency were fou nd to be formidable and to a large extent these technfcal 

problems have limited the p-actical applications of half-bridge inverters to less than I M.Hz. Aspects of these 

technical problems and guidelines to solving them are discussed. Areas that could be improved were 
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investigated and some novel solutions were developed Lhat considerably extehded the feasible operating 

frequency of a high ~ower half-bridge iinvener. Usi ng these solutions, the development of prototype voltage-fed 

half-bridge series resonant inverter tha1t could operate in Class-DE mode was undertaken. An initial target of l 

kW at 5 MHz was thought to be feasible. Some of the practical problems of even higher operating frequencies 

are discussed and some possible solutio,ns suggested·. 

An isolated DC-DC converter basically consists of an inverter producing AC power from a DC power input, the 

AC power is then fed into a transformer, followed by a rectifier. A method of regulating the power flow through 

the inverter is used to maintain the comxt DC output voltage. The desirable characteristics of an inverter used in 

a DC-DC converter are; high efftcien.cy, high frequency, low EMI and a good switch uti lization factor. A 

Class-DE inverter can potentially achieve very high efficiency at high frequencies (> 1 MHz) with low switchi ng 

losses, a good switch uti lization factor, no tum-on current spikes and hence very low radiated EM!. This makes 

It a very attractive inverter for use in DC-DC converters. The design and construction of a Class-DE inverter is 

essentially the same whether the RF output is rectified in10 a DC voltage, or fed into a load, as shown in Figure 

l. l. The issues investigated in thi1; thesis will therefore be of directly applicable ro designers when 

implementing a Class-DE type inverter in a DC-DC converter. 

1.3 THESIS CONTENTS 

Chapter 2 provides a description and an anal ysjs 01 Class-DE operation. Design equat1ons for calculating circuit 

element values are developed The effoct of a non-linear output capacitance is studied and the design equations. 

are modified to take this effect into accoum. Chapter 3 deals with some of the aspects of implementing a real 

inverter, such as the choice of topology and the choic.e of the switching devices. Simulations of the inverter with 

the selected MOSFETs and topology are then performed. Chapter 4 investigates the various aspects of 

controlli ng the ,inverter in order to achieve C lass-DE operation. These include ddving the gate capacitance to 

achieve the required switching times and generation of the control signals for the high and low-side MOSFETs. 

Chapter 5 provides a summary of the various methods of controlling the high-side switch. A fiber optic 

communication-link is demonstrated t<> be the optimal choice, and a fiber optic link to control the high-side 

switch is developed. Chapter 6 investigates the aspects that affect the higp frequency perfom1ance of a half

bridge inverter and deals with the design of the physical construction of the inverter. Chapter 7 presents the 

operating waveforms and resulls of 11he prototype inverter at various frequencies and powers. Chapter 8 

investigates the effect of a mismatched load on Lhe operation of the inverter and the factors affecting the 

tolerance of the inverter to mismatched loads. Conclusions drawn from the work and results presented in this 

thesis are given in chapter 9. Appendi:~ A gives the derivation of the fundamental component of the midpoint 

voltage. Appendix B shows the HB-Plu1s simulation results of the theoretical design exampJe given in chapter 2. 

Appendix C provides the circuit schem11tics of the various circuits used throughout the thesis. Appendix D gives 

a summary of the design equations for II Class-DE inverter developed Tn this thesis. 



CHAPTER 2. ANALYSIS AND DESIGN EQUATIONS 

2.1 THE CLASS-D VOL TA GE-FED SERIES RESONANT INVERTER 
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The classic Class-D voltage-fed half-bridge series resonant inverter was first introduced by Baxandall [lJ and is 

given in Figure 2 .1. lt consistS of a voltage-fed half-bridge inverter wuh a series LCR circuit added to the 

midpoint. The transfer function of this LCR network between the input at the inductor and the output across the 

resistor is given by 

R 
H(j(JJ) = -----

1~ +1·wL+-1-
jwC 

The natural resonant frequency, ru,, a1nd loaded quality factor. Q, of the LCR c ircuit are given by 

a) 
l 

QJ ==--
' ✓LC 

b) Q= w,L 
R 

(2.l.I) 

(2.1.2) 

An analysis of the Class-D operation !be-gins by assuming the switches are ideal with zero switching times, no 

on-res1s1.ance and no parasitic capacitruace [L2,3J. As MOSFETs are the primary switching devices that are used 

tn high frequency converters, an ideal diode is put m parallel w,Lh each switch to model the internal diode of the 

MOSFET. It is also assumed that all the components of the tuned LCR resonant network are lossless, rime 

invanant and linear. For Class-O operation, the high and low-side switches of the half-bridge are alternately 

switched o n and off with a 50% duty cycle. The mid-point vol1age, v,,,(t), will therefore be a symmetrical square 

wave of amplitude V1 /2 as shown in Fi.gure 2.1 (b)- The Fourier senes representation of v,,,( 1) is then 

v'" (t) = V, 3..sin(ms1) + V, ~sin(3a>/) + v •. ~sin(5a>,r) .... _ 
1r 3,r 51r 

(2. l.3) 

wherew1 is the switching frequency (also referred to as the operating frequency or drivmg frequency} of 1he 

half-bridge inverter. 

The switching frequency, w 1 , of the inverter is set equal 10 the resonant frequency, OJr , of the LCR network, to 

obtain tuned series resonant operation. When thjs is the case, to find the output voltage across 1he load resistor. 

we must examine the Fourier series of lhe midpoint voltage and transfer function of the LCR network. The 

normalized moduli of rhe midpomr voltage's frequency spectrum, IV,,, (OJ) I, and the transfer function, I H (jOJ) I, 

are ploned in Figure 2.2. The frequency spcc1rum or the output voltage is the product of V,,,(w) and H (jw) . 

The Dirac deltas of V,,,(a>) thus sample the frequency response of H (JW) at their respective frequencies. At 

the resonant frequency or the LCR circuit, the transfer function H (j(JJ) simply equals one. Thus the 

fundamental component of midpoint voltage. referred to as v,,,J(t), will be transmitted with no amplitude or 

phase change. To find the amplitude of the nexl most .significant harmonic, namely the third, we must evaluate 

the transfer function at W = 3ru,.. This can be done by using the following subst11ution, 

QR = ru,L = 1 

w,C 
('2. l.4) 
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0.8 

06 

I H(jw) I, 
IVm(W)I 04 

0.2 
l/5 

0 
0 2 

Normali1cd Frequ~ncy 

Figure 2.2 Frequency Spectrum of the Midpoint Voltage and Transfer F1mctio11 of LCR mned Circuit 

Thus evaluating the transfer function at l.tJ = 3ro, and using the subslllut1ons of equa1Jon (2-L4) we have 

fl(j'JOJT) 
3 

3+ jSQ 
(2.1.5) 

and IH(j'.3u,r)I 
3 

= 
.J9 +64Q2 

(2.1.6) 

From the Fourier series of the midpoint voltage we know that the amplitude of the third harmonic will be one 

third that of the fundamental. Hence the ratio of the of the third harmonic to the fundamental in the output 

voltage can now be found using equation (2.1.6), giving 

IVm:il _ I 

jvmil - .J9+64Q2 
(2.1.7) 

For a Q of 3, the ratio of the third harmonic to the fundamental is 4%. All higher harmonics will be reduced to 

an amplitude considerably le~s than this. The amount of harmonic content that can be tolerated depends on the 

application and is at the discretion of the designer. For the subsequent analysis, the Q will be assumed to be high 

enough to reduce all the harmonics 10 a negligible amount. The output voltage. v,,(t), wtll then simply be the 

fundamental component of mrdpoim v1:>Jtage, referred 10 as v,..1(1), given by 

(2. J _8) 

Tbe fundamental component of the midpoint voltage, v,,,i(t), whlch is also the output voltage. v,lt), can be seen 

m Figure 2. I (b). 
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The current out of the midpoint and into the LCR network (referred to as the load curre111) will be lhe same as 

lhe current through the load resistor. The current through the load resistor 1s determined by the mnpul voltage 

across ll and will therefore be a sinusoid in phase wilh the driving voltage. as shown in Figure 2.1 (b). given by 

where 
2 \/ 

1 = --· 
P rr R 

2V 
== __ s sin(W,t) = I P sin(WJ) 

1! R 
(2. 1.9) 

(2.1.10) 

The load currenr is alternately conducted by each switch for half a period. The current through each switch when 

it is on is thus a half sinusoid with a pc:ak value of lp, When the switch is off the voltage across it will be the rail 

to rail potential difference, \/ .. This can be seen in Figure 2.1 (c). which shows the voltage across the high side 

switch SJ, l'sifr). and the current through it, is1(r). The average current, l sn•g, and the RMS current, ls.mis, 

through each swHch are !hen 

a) b) (2.1 I l) 

The power output, Pm11, delivered to the load resistance l5 

l 2 R 2V? 
P = __ s_ 

2 1r
2 R 

(2.1. 12) 

An aflernarive way 10 calculate the power output 1s to multiply the average current delivered through each 

switch trom the supply to the midpointt. by the supply voltage. Thus the output power can also be expressed as 

(2.1.13) 

This method will be used in lacer power output calculations. The switch utilization factor, U. for switches used 

rn a Class-D topology is defined by the following equation, 

P.,u, 
U=---

n VP 1 P 
= 

1 
2n 

{2. J. 14) 

where P ""' 1s lhe power output of Lht~ inverter. n 1s the number of switches used and VP and lp are 1he peak 

voltage and current imposed stresses on each switch .. For the classic Class-D invener U = I /'ln = 0.159 , 

when Lhe maximum peak current is used in the calculauon A perfect converter topology with the highest 

possible switch utilization factor would have a square voltage and current imposed on its switches (3]. It has a 

switch utilization factor of U = 0.25, to which Class-D compares favorably. 
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1f the switching devices arc MOSFETS however, 1t is more meaningful to use lbe maximum permissible RMS 

current to calculate the switch utilization factor. which then gives the ideal converter a switch utilization factor 

of U = 0.354. Using the maximum permissible RMS current to calculate the switch utihzatton factor for a 

Class-O topology. gives it a switch utilization factor of U = 0.318. The Class-D series resonant inverter would 

then compare very favorably to the ideal topology. 

In Figure 2. l (c) il can be seen that each switch never simultaneously has volcagc across it aad cu.rrent through 

1L 1deally this would mean that no power is dissipated in the switches and the efficiency 1s theoretically 100%. 

However, each switch turns on at zero-load-current but must swing the midpoint voltage from one rail to the 

other instantaneously. In practice this is impossible, as each switching device has an output capacitance. The 

switch turning on will have to dischar~ie its own capacitance and charge the other device's capacitance from one 

supply rail to the other. This will cause a capacitive energy loss durmg each switching transition and hence the 

total power loss, Po, will be oroportional to the switching frequency and is given by lhe expression, 

(2. l.15) 

where C0 is the ou1pu1 capacitance of each switch, and h is the swuching frequency of lhe inverter. To calculate 

a more realistic power loss when using MOSFl:.1s with a non-linear output capacitance, it will be more practical 

to use the effective output capacitance in equation (2.1.15) defined later in the text in section 2.2.4. However, 

from equa11on (2. 1.15) we can see the power dissipation increases with increasing switching frequency and 

hence the efficiency of a C,ass-D se1Ties resonant inverter will therefore decrease with increasing operating 

frequencies. 
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2.2 THE CLASS-DE VOLTAGE-FED SERIES RESONANT INVERTER 

2.2.1 Operation 

Figure 2.3 (a) shows a voltage-fed hlalf-bndge series resonant inverter with each switch havmg an output 

capacitance, C11• All components are assumed to be ideal and time invariant. The inverter is operated in a similar 

manner to a Class-D invener but with :some key differences in order to achieve Class-DE type opetation, which 

are now elaborated upon. The capaciti~·e switching_ losses present in classic Class-D operation can be reduced by 

simply operating the inverter above the resonant frequency of the tuned circuit and reducing the conduction 

angle of the switches i.e. reduci ng the duty cycle below 50%, [3). ff the switching frequency of the inverter is 

above the resonant frequency of the LCR network. the load will look inductive and hence the load current will 

be lagging the (driving) midpoiru voh:1ge. The Q of the series resonant rs assumed to be high enough to force 

the load current to be sinusoidal and I.he harmonic content negligible. The phase lag of the load current and the 

conduction angle of the switches can be actually be adjusted until each sw11ch tums on when the load current 1s 

zero and there is zero voltage across it. The mechanism of operation may be described by the following 

sequence of events: 

The conducting switch will turn off before the current through it has completed a half smusoid. This current will 

I.hen be divened into the 1wo output capacitances and st.an to charge them. and thus the midpoint voltage will 

swing towards the. opposite rail. One output capacitance will be charging and the other will be discharging_ The 

curve traced out by the midpoint voltage as it swings from one rail to the other during the dead-time will be the 

last part of a sinusoidal waveform. Jf clhe phase lag and dead-time are correct, then the midpomt voltage should 

reach the opposite rail as the load current reaches zero. The opposing swnch now turns on with zero voltage 

across le and as the load current is zer,o, there will be uro dvldr across the switch and zero current rhrough it. 

The switch therefore will not have co conduct any load current as ii turns on. Hence zero-voltage and 

,ero•load-current turn-on is achieved l27,5,6,7]. This will give Class-E swHching conditions in a rradiuonal 

Class-O topology and thus this method of operation has been termed Class-DE [7]. The energy stored in the 

output capaciuinces 1s simply oscillated! from one 10 the other with no power dissipation occurring. These effects 

can be seen in the waveforms of Figure 2.3, Class-DE effectively utilizes the intrinsic output capacitances of the 

switching devices 3S loss-less snubbers and hence this method of operation 1s theoreucally 100% efficient. 

If the load current is defined as, 

(2.2.1) 

:ind the inverter is operated in Class-DE mode. then the waveforms shown in Figure 2.3 are obtained. Shown in 

Figure 2.3 (b) is the midpoint voltage, v,,,(t), the current out of the midpoim, h(t), and Lhe fundamental 

component of the midpoint voltage, v,,,,(t). Figure 2.3 (c) shows the voltage across, vs1(t}, and the current 

through, is1(1), the high side ,witch, S l. Figure 2.3 (d) shows the current through the high side switch's output 

capacitance, ic,(t). The voll!lge and current waveforms for S2 are identical to those of S l but are phase shifted 

by exactly 180°. 
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The analysis of Class-DE operation begins by examining Lhe conditions under which zero-voltage and zero

load-current turn-on is achieved. In order tO achieve zero-voltage and zero-load-current 1urn--on, the total charge. 

2Qa, removed from m1dpom by the load current during the dead-time must equal the total charge required to 

charge both output capacitances through a voltage of V1• To calculate the conduction angle (or duty-cycle, D) 

required 10 obtain this. these 1wo are equated. giving 

Expanding for 2Qn (2.2.2) 

This can be solved for cos~ giving 

cos,p (2.2.3) 

The conduction angle of the switches can vary from zero to a maximum value of 180°. A conduction angle of 

180° represents the classic C1ass-D operation. The maximum frequency of operation for a given Ip and C0 is 

ob1atned when the conduction angle approaches its minimum value (i.e. zero). Setting the conduction angle to 

tero gives a maximum opera I mg frequency of 

w=, c,,v., 
(2.2.4) 

Thus for high-frequency operation, a !nigh ratio of Ip IVs and a low output capacitance, Cu, are preferable. A 

more realistic minimum conduction angle of 90° gives a maximum oper:iting frequency of half of the above. The 

above expression is only valid for Class-DE operation, Higher frequencies can be achieved 1f capacitive 

switching losses are allowed. 

The average current through each switc:h for a conduction angle of <P may be expressed as 

/ S-111•, 

=~(!-cos¢) 
2n 

The RMS current through each switch for a conduction ang le of ¢, is 

I S • /'111; 

=!__g_ (2¢-sin 2¢) 
2 2rc 

(2.2.5) 

(2.2.6) 
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Apart from the usual ratings of a switc.h, another specification is of importance at high frequencies and pertains 

to the maximum allowed rate of change of voltage across the switch. The max'imum vohage slew rate (dvldt) 

imposed on a switch occurs a· tho insta1nt of its turn off. At this point the load current has a value of Ip sin~ and 

it is all being <livened into the two output capacitances. thus using dvldl = I IC, we have 

dv 

dl MIAX 

(2.2.7) 

At operating frequencies considerably lower than the upper -limit of the MOSFET, discrete capacitance may be 

added to the midpoiat to increase C0 , hc~nce lower,ing the dvldt and reducing the amount of EMI produced, 

The power output of the inverter can be calculated by multiplying the average current delivered through. each 

switch b)' the supply voltage, giving 

\I, I P ( ) P0u, = -- 1-coslp 
2rr 

(2,2.8) 

From this equation, it can be seen that power flow through the inverter may be controlled by varying the 

conduction angle" As the conduction angle is varied from 180° to zero, the power output will be reduced from its 

maximum value down to zero. This sho,uld be useful in such applications as DC-DC converters. 

The switch utilization factor, :.J. of Class-DE operation depends on the conduction angle and is given below 

Pou, 1 ( ) U .::, _..;.c.a__ = - 1-cosq'.> 
n VP IP 4n 

(2.2.9) 

The switch utilization factor approache:s that of a Class-D topology (0.159), as the conduction angle approaches 

180". For a conduction angle of 90", 1be1 switch utllization factor 1s 0.08. 

2.2.2 Fundamental Cc,mpone.nt of the Midpoint Voltage 

The path the midpoint voltage traces ou.t during the first dead-time will be a part of a sinusoid and is gjven by 

(2.2.10) 

Integrating and using the boundary condition that v m (111n) = V ~ /2 . gives 

V V. [1-cost/>] v,,,(t)=----cos(cv,r) + - -
(1 + cost/>) 2 1 + cos¢, 

(2.2.1 1) 

A similar result can be obtained for the path the midpoint voltage traces out during the second dead-time. The 

midpoint voltage is thus defined for a full period and its fundamental component can be found using Fourier 

analysis. If a complex exponential Fourier series representation of the midpoint voltage is used, the positive 

coefficient of the fundamental compone:nt is shown in Appendix A to be 
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(2.2. [2) 

The fundamental component, Vm1(l), of the rnidpo1nc voltage, vm(t), is then shown in Appendix A co be given by 

(2..2.13) 

where (2.2.14) 

and 
( 

. 2 ,1, 1 a -I - sm 't' 
/J = tan 

n -¢+sin ¢cos¢ 
(2.2.15) 

The amplitude of the fundamental varies from 2V1 /n for a conduction angle of 180°, down to Yr/2 for a 

conduction angle of zero. The phase arngle, a, between the fundamental and the load current will then be given 

by. a= /3 + n/2. This is equjvalem to shifting the fundamental by 90" which can be done by multiplying its 

phaser representation by j. Hence the phase angle a may be expressed as 

-•[ ,r -tp + sin (/,cos</) 1 a= tan . ., ,.. 
sm-'f' 

(2.2.I 6) 

A graph of the phase angle, a, verses tlhe conduction angle, ¢, is shown in Figure 2.4. From Figure 2.4 it can be 

seen that for a conduction angle of 180° (i.e. classic Class-D opera1ion), the phase angle is zero and so tbe load 

current will be in phase with the fundamental as expec1ed. As the conduction angle is reduced the phase lag of 

the load current is increased, reaching 90° for a conduction 11-ngle of zero. AL this point the load appears as a pure 

induc1ance and hence there will be zero, power output. 
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2.2.3 LCR Series Resonant Network 

The characteristic parameters of-a series LCR network are defined below 

The natural resonant frequency 
I 

(JJ = --
r .JLc 

The loaded quality factor Q 
_ w.,L _ 1 
--- ---

R m,CR 

The input impedance of the LCR netwqrk at a frequency of (J) is given by 

where 

lzl-R r+ ]Q1
( :, - : J] 

0-~n-•H :. -: ll 
R = jzj cos0 

X=jZI sin0 

Dividing equation (2.2.23) by (2.2.22) and equating the result lo equal.ion (2.2.21) we have 

tan0=-=Q ---X ( (J) (J)t l 
R w, (J) 

14 

(2.2.16) 

l2,2. 17) 

(2.2. 18) 

(2..2. I 9) 

(2.2.20) 

(2.2.2J) 

(2.2.22) 

(2.2.23) 

(2.2.24) 

For Class-DE operation the load current must be lagging the fundamental COij]ponent of the midpoint voltage. 

The mductive reactance required to obtain a lagging load current can simply be achieved by driving the LCR 

network above its resonant frequency,, The fundamental component of the midpoint voltage will then see an 

Effective Load Impedance, Z, comprised of jX and R. The LCR network may then be separated into a 

hypothetical equivalent circuit, shown in Figure 2.5, consisting of a series resonant tank (L; and C) and the 

effe.ctive load impedance, Z. The seric~s resonant tank can be considered to eliminate all of the harmonics of the 

midpoint voltage except for the fundamental component. which will appear across the effecdve load impedance 

Z. To find Out what the effective load, impedance must be for Class-DE operation, the fundamental component 

of the midpoi nL voltage must be related to the load current. 
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The fundamental component. v,r11(t), can be represented by the real pan of the phasor 2 Vi eJOI,' . as shown in 

Appendix A. The load current can be n:preseoced by I.he real part of the phasor - JI P e1'"·'. Hence the effective 

load impedance required to achieve the correct magnitude and phase lag of the load curren1 con be found by 

using the phasor relauonshtp V =I· Z, giving 

(2.2.25) 

Rearranging for Z gives 

(2.2.26) 

Pulling Z = R + JX Where"- is the re.al part of the load impedance and Xis the reacllve part (inductive). then 

(2.2.27) 

X =lln-<f,+sinlf)cos<f,] 
,r / P l+ cos~ 

(2.2.28) 

For Class-DE operation, the equations above show what the effective load impedance must be with various 

conduction angles and operating impedance levels (-V, /IP ). lt can be seen how R and X vary over the fuH 

range of the conduction angle by normalizing R and X to R' and x· by setting v. / IP = l . Figure 2.6 shows 

plms of R' and X' versus the conducLion ang)e. 
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The required circuit element ·,alues of Lhe LCR network to obtain Class-DE operation must now be found. The 

resistance will simply be Lhe value given by equal.ion (2.2.27). The values of the inductance and capacitance in 

lhe LCR network can now be found by using the values of Rand X calculated m equations (2.2.27) and (2.2.28) 

1n equation (2.2.24). Thus we have 

(2.2.29) 

Rearranging tile above equation will result in a quadratic equation in (J)r . Taking the positive root of the 

quadratic gives the following expression for co, 

(2.2.30) 

The switching frequency co, and Lana are known and the designer must now select the desired value for the Q 

of the LCR nelwork (usually in the region of 3 to 5). The natural resonanr frequency wr of che LCR network 

can then be calculated. Using this value of m,. the value of the inductance and capacitance in the LCR network 

can be found us,ng the following two e;<pressions 

a) b) C = , 
co, - L 

(2.2.31) 

An altematrve method 10 calculate the ,circuit element values of the LCR network ,s for the desigJ1er to specify 

the series resonant capacitance, C, as opposed to lhe Q of the network. The inductance of the LCR circuit can 

then be found usin,g the equivalent circuit representation of the LCR network giving 

(2.2 .31) 
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The inductive reactance of !he load impedance is achieved by driving the LCR c1rcui1 above its resonant 

frequency. The amounl abovt the resonant frequency. W,. by which the LCR circuit must be driven depends on 

the Q of the LCR network and the conducllon angle required. An expression showing the rauo of 1he switching 

frequency. w,. 10 the resonant frequency, m,, can be found usmg equation (2.2.30) and is given below 

( tana)2 

+ 4 
' Q 

(2.2.32) 

Plots of m,/w, versus the conduction angle and for various values of Qare given in Figure 2.7. For a given 

Q, conduction angle and desired opera1fog frequency, (J)~. the required resonant frequency of LCR network can 

be found from Figure 2. 7. 
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2.2.4 The Effect of a Non-Linear Output Capacitance 

For high frequency (>I MHz) and high power (>100 W), the most suitable switching devices are currenlly 

MOSFETs. Cf the operating frequency is approaching the upper limits of the MOSFET, any added capacitance 

to the midpoim should be a kepi to a minimum and the output capac11ance wi ll be predominated by the intrinsic 

output capacitance of the device [ 13.55}. The output capacit.ance of a MOSFET 1s highly non-linear and varies 

with the applied dram-source voltage. A plot of the output capacitance of an IRF450 versus drain source voltage 

is given in Figure 2.8. This variation of output capacitance w11h applied drain-source voltage is typical of most 

MOSFETs. 
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This large variation of the output capa1citance leads lo a difficulty in selecting an actual value for tbe output 

capacitance when calculating tbe conduction angle. The output capacitance given in lhe data sbeet of a 

MOSFET is specified at Vos = 25 V . Tlus value of capacitance ,viii not give an accurate result if used in 

Equation (2,2.3) to calculate the condu1:1ion angle. An alternative method of calculating tbe conduc1ion angle 1s 

now developed to take in account the effect of the non-linear capacitance. 
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Figure 2.9 shows lhe total amount of charge needed, Qr, 10 charge the output capac1lll1lce of an IRF450 10 a 

drain source voltage of Vos- The charge needed can enher be measured experimentally (wilh lhe gate-source 

shorted) or calculated using numencal integration of the output capacitance given in the data sheets (9). Figure 

2.9 JS the result of such a numerical integration. The energy stored m the output capacitance is the area between 

the y-axis and the charging curve ofFigure 2.9. 

This non-linear capacitance will affect the shape of the midpoint voltage as it swings from one rail to the other 

during the dead-time, which will no longer be sinusoidal. To study the affect that this non-linear capacitance has 

on the midpoint voltage. it will be assumed that the ourput capacitance is a loss-less non-linear capacitor with no 

hysteresis i.e. the energy required tio charge it equals the energy returned during discharging and the 

charge/discharge curves are identical. [I is also assumed that the load current is sti ll sinusoidal and that the 

inverter is operating in Class-DE mode. With these assumpllons, the effect that this loss-less non-linear 

capacitor has on the shape of the midpoint voltage can be calculated using numerical integration. The result of 

such a numerical inlegrauon can be seen in Figure 2.10. which shows the voltage across the high side switch. 

vsJf t). for both a linear and a non-linear output capacit.ance. and the current into the high side switch, is1(t). 

which 1s the same in both cases. The waveforms observed experiment.ally showed a similar effect on the 

midpoint voltage. 

Vs1(T), 
is,(t) 

0 
-- v51(t) with non-linear output capacitance 

vs,(l) with linear output capacitance 

......... istf t) 

Figure 2. 10 The affect of a Non-Linear Owput Capacitance 011 the Midpoillf Volta8e 

This non-linear capacitance has a number of advantageous effects for high frequency operation. The first is that 

1t will lower the initial dv/dt imposed on the switch immediately after turn-off. For the interval just after turn

off. the drain-source voltage i~ kept at.a lower value for a longer time, and as a real switch will take a finite time 

to tum off, this will lessen lhe turn-off switching losses_ For the interval j ust before tum-on, the drain-source 

volt.age slays close 10 2.ero for a longer time allowing more latitude of the turn-on instant. As the switch turning 

off will have a larger output capacitance, a larger portion of the load current will be shunted into tts capacitance 

and so less current has lO be commuta1ted into the opposite switches output capacitance. Hence both switches 

will experience a lower dildt at the switch off instant. 
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from Figure 2.9 we can sec. that a MOSFET will require a specific amount of charge, Qr, to raise its drain

source voltage to a given supply voltage. V,. If the inverter is operating in Class-DE mode. then we can say the 

charge removed from the midpoint by the load current mus1 equal 1he lotal charge needed to raise one and lower 

the other output capacitance of each MOSFET through a voltage of V1 • Thus, to calculate the conduction angle 

needed for this supply voltage, we can equate the charge removed from the midpoint dunng the dead-lime to 

Qr, giving 

(2.2.33) 

Solving the integral, we have 

(2.2.34) 

This equation has effective!) replaced C0 V,. with the total charge needed to charge the output capacitance, Qr. 

and as Qr 1s a measurable fixed quantity. it will give a more definitive result for the conducuon angle required. 

As Qr is a non-linear function of V,, the conduction angle required (given a constant load) will now vary as Vr 

changes and the conduction angle calculated above will only be true for one value of the supply voltage. 

A useful Quantity 10 the designer. nam,~ly the effective owpur capacitance, Cn ,fl, of the MOSFET is now defined 

as 

(2.2.35) 

This is the effective output capacitance of the MOSFET at only one particular supply voltage. However, if it is 

calcula1ed for 11s normal operating voltage level e.g. 80% of its maximum Vos, it will give the designer a good 

mei)Sure of the MOSFET h1gh-frequ1ency characteristics. This value of output capacitance can be used in 

s,muJations of the inverter, in power dissipation calculations and in equation (2.2.4) 10 calculate the maximum 

operaring frequency. It will also give t.be same result as equation (2.2.34) for the conduction angJe if used in 

equation (2.2.3). 

Lf turn-on occurs at zero-load-current, then the power delivered can be calculated as before in equation (2.2.8) 

by multiplying average current through each switch by the supply voltage, giving 

V, IP (· ) P011, = -- I-cos¢ 
2tr 

(2.2.36) 
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Since this result is noL dependent on the wave-shape of the midpoint voHage during the dead-time, this equation 

will hold for non ZVS provided turn on occurs at zero-load-current. If the output capacitance is loss-less, the 

real part of the load impedance may be, calcuJated by equating power delivered to power dissipated, giving 

vs,,,( ) --- 1- costp = 
2n 

(2.2.37) 

Rearranging the above for R we have 

V 
R = -' (1-cosit,) 

n IP 
(2.2.38) 

This 1s the result obtained previously tn equation (2.2.27) using the effective load impedance approach. however 

this result shows that the value of R required is not dependent on the shape of the midpoint voltage during the 

de<\d-time. The phase of the fundameniral. of the midpoint voltage with a non-linear capacitance will be similar to 

that of the one with a linear capacitanc,e. Tbus, the inductance and capacitance required in the LCR network may 

be found to a good degree of accurac:y by using the conduction angle calculated in (2.2.34) in the equations 

developed previously (2.2.27 -2.2.3 I) uising the effective load impedance approach. 

2.2.5 Design Exampk 

A summary of Lhe design equations and procedll.re fo llowed when designing a half-bridge Class-DE inverter is 

given in Appendix D. A typical design procedure for a Class-DE rnverter would start by selecting Lbe desired 

operating Voltage V1 and peak current Ip for a particular switching device. ln this case, the switching devices 

being used are two IRFP450 MOSFETS. These are 500 V, 14 A devices with an output capacitance of, Cor• = 

720 pF, specified at Vos= 25 V. The supply voltage of the inverter is selected to be V, = 300 V, the peak current 

through Lhe device to be lp = 16 A, and the desired operating frequency to be 5 MHz. The conduction angle 

required at t.his supply volt.age, operati1ng current and frequency must now be calculated. ff the specified ourput 

capacitance, Cos•• given in the data sheet as 720 pF, is used in equation (2.2.3), then 

The above method produces an inaccUlrate value of t/> because of the large variation of tbe output capacitance, 

but is included here for comparison with the total charge method. The total charge needed tO charge the ourpul 

capacitance to 300 V can be seen fronn Figure 2.9 to be 110 nC. Using Q7 = 110 nC in equation (2.2.34), we 

have 

This is a more accurate resu.1t and thus this conduction angle will be used in the followi ng calculatiQns. The 

power output of the inverter will be gi,1en by equation (2.2.8), thus 

http:2.2.27-2.2.31
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Vj IP ( ) P"'" = ---- l - cos¢ = 1.202 kW 
2n 

The phase lag, a, between the fundamental component of the midpoint voltage and the load current can be 

found using equation (2.2. 16), hence 

_1 (n -</> + sin¢cos¢) 360 a =tan ------- = 
• ? ,i, 

SID- 'I' 

22 

The designer must now select the des1ired value of the Q of the resonant LCR network (usually about 3 to 5). 

Selecting Q = 3. 74 (this value is selected with prior knowledge of the actual practical value of the series 

resonant capacitance used later in the: text), the natural resonant frequency of the LCR network can then be 

found ,using equation (22.30), giving 

ta~ a ] ~ 4.54 MHz 

Using this value off,.,. the val ue of the resistance, inductance and capacitance in the LCR network can be found 

using equation (2.2.27) and the followin_g expressions (where m, = 2nf,) 

L = QR 
--= 
w,. 

l.23µH C 
l 

= --- = ---w/ L w,QR 

1 
1 nF 

The Average current and RMS current through each switch can be using equation (2.2.22) and (2.2.23) 

Is-avg 

To summarize: 

~ (1-cosq,) = 4 A 
2n: 

/ S-rms 
(2</>- sin 2¢) 

2rc 

The total inductance of the LCR network must be 1.23 µH, \he capacitance 1s l nF and the load resistance 1s 

9.4 Q. The resonant frequency of the LCR network will be 4.54 MHz. The peak current through the MOSFETs 

is l6 A, the RMS currem is 7 .3A and the maximum voltage across lhem will be 300 V. The power output of the 

mverter will be 1.2 kW at 5 MHz, and the switches will have to be operated at a conduction angle of 125 ° (i.e. 

:). dUly cycle of 35 %). 

The theoretical analysis and design eqvations were confirmed by simulation on HB-Plus. The above design 

example was simulated on 1-ffi-PJus [57] using ideal switches with an effective output capacitance of 367 pF 

(calculated using equation (2.2.35)). Title results can be seen in Append1x B and are in excellent agreement with 

theoretical predictions. 
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2.6 Other Class-DE Topologjes 

The two other topology types capable of operating in Class-DE mode are the voltage-fed series resonant 

full-bridge inverter and the voltage-fed series resonant push-pull mvener. The principle of the operation is 

1den11cal to that of a half-bndge. The design equations for these will require impedance transformations of the 

equations developed for a half-bridge inverter. The various realizations of these two topologies are not 

investigated here. One fact of concern in a push-pull invener however, is rhat when a switch turns off. half the 

current will be commutated into its ou1tput capacitance, but the other half must be instantaneously commutated 

into the other leg of the transformer, t1) charge the other switch's output capacitance. Rapidly changing currentS 

m transformers will cause practical problems. In addition 10 Class-DE inverters, a family of Class-DE rectifiers 

has also been introduced by Hamill [8,25]. This gives rise to the possibility of Class-DE2 DC/DC converters but 

neither of these is discussed here. 
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The three main rcalizarions of a Class-DE invener are in the form of a half-bridge inverter, full-bridge inverter 

and a push-pull inverter. Push-Pull offers some advantages over the full-bridge or half-bndge fonn. The main 

advantage of the push-pull form is that the drive signals (i.e. Gate drive signal) for both switches are referenced 

10 ground. Hence there is no level shifting required and an absence of all its associated practical problems. For 

!his reason the first attempt of implemc!nting a Class-DE inverter was in the form of a I MHz, 500 W push-pull 

inverter using a conventional lransfornner. However, I.here are some inherent lim1tations of a push-pull inverter 

associated with its coupling transformer. Conventional transformers have a maximum frequency and power 

111ml. They also have inherent parasllic leakage inductances. coupling capacicaoce::. and winding capacitances. 

These parasitics made the operallonal waveforms of the push-pull inverter extremely oscillatory and thus very 

difficult to adjust the invener to Class-DE operation. A bener solution when implementing a push-pull topology 

would be 10 use a hybrid-balun type transformer with the DC supply connected to the common center terminal. 

This has a bener high frequency response than a conventional transformer but will still have the limitations 

menuoned above. High efficiency operation may possibly be auruned with some tuning at a specific frequency 

but some ringing will alway:. be present Thus using a push-pull topology it is difficult to obtam discernible 

Class-DE operation m the HF band at power levels above a few hundred watts. 

A half-bridge inverter has a major advantage over a push-pull topology 1n lhat it does not require a Lransformer 

and hence does no1 have the •nherent practical limitations associated with it. If the parasitic impedances due to 

the inter-connections and the physical construction of the inverter can be reduced to an acceptably low 

magnitude at the operating frequency, then a half-bridge inverter is almost certain to be perform as expected. 

The acrual operation of a half-bridge iinverter can be deduced from the midpoint voltage and load current for 

almost aJI load conditions. The invener can be adjusted 10 Class-DE mode of operation by simply observing the 

m1dpoim voltage. A half-bridge inverter is fundamentally a very broadband topology and its bandwidth can 

poten11ally extend from DC to its highest designed operating frequency. However, the maJor disadvantage of a 

half bridge inverter is that ii has two independent switches. one of which is floating. Hence, in the MHz region, 

there are considerable practical problems associated with physical construction of the half-bridge inverter and 

layout difficull.ies caused by having two independent switches. Likewise, the control, timing and gate-drive of 

two independent MOSFETs. one of which is floating, present some challenging technical problems in the MHz 

region. However. the practical problems associated with a half-bndge inverter at high powers and high 

frequenc ies (MHz region) are found in this thesis to be solvable to a Satisfactory degree. 

A full-bridge inverter has the same swilch utilization factor as a half-bridge inverter. However it requires four 

switches instead of two. which multiply the technical problems associated with the physical construction of the 

inverter and time skew between the various drive signals. At M:Hz frequencies. a ful l-bridge inverter thus offers 
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no advantages over a half-bridge inverter. It is therefore the author's opinion that the most suitable topology for 

a Class-DE mvener operating, 10 the HF band at power levels greater than a few hundred watts, is a voltage-fed 

half-bridge series resonant inverter. 

3.2 CHOICE OF THE SWITCHING DEVICE 

An ideal switch should have no on-res:is1.ance, an infinite blocking voltage capability, no parasiric inductance or 

capacitance and infinitesimal switching times. The switch should requ1te minimal energy to change its state 

from on to off or vice-versa. Solid-state transistors approximate an ideal switch to a good degree up to many 

kHz. They have enabled power switch-mode type circuits to be widely implemented for many applications. 

The principal requiremenl of a switching device used in a switch-mode type circuit is that it has fast enough 

switching times for operation at the desired frequency. As a rough guide it should be capable of switching 

completely on or off m less than 5% of the period. Presently, the solid-state power devices most suited for 

switching operation in the MHz region. are switch-mode and RF MOSFETs [ 161. MOSFETs have fast switching 

umes as they are rnaJority earner devices and hence thei:r tum off time is not dependent on the recombination of 

rrunority carriers. The most common and fastest power MOSFET is an n-channel enhancement type. 

3.2.1 N-Channel Enhanceme111t-Type MOSFET 

Figure 3.1 shows a cross section of a cell of planar vertical MOSFET 

typically used in power MOSFETs. The power MOSFET is comprised of 

many of these parallel-connected enhancement-mode MOSFET cells which 

cover the surface of the si licon die. 
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A n-channel MOSFET consists of a lightly doped p-type substrate between two n-type regions which form the 

drain and source. The region between the drain and source is termed the channel. Surface metallisation forms 

the source and drain contacts together wnh the gate electrode. The gate electrode 1s separated from the p-type 

substrate by an insulating layer of silicon dioxide. The source is usually shorted to the p-type substrate body as 

shown in Figure 3.1 When a positive field 1s applied between the gate electrode and the p-type substrate by 

increasing the gate-source voltage, n-type charge carriers are attracted into the channel region. If the gate-source 

voltage is increased sufficiently. the net negative charge density at the surface of lhe substrate becomes greater 

than the pos11ive charge density causing the s urface layer ta invert, becoming n-type. This surface inversion 

layer provides a conducting channel between then+ source and drain regions, 

The theoretical bandwidtb of a MOSEET is dependent on the time it takes for the charge carriers to transverse 

the channel region. The theoretical switching time of the device will therefore be determined by the channel 

length and the drift veloc1ly of the cha1Tge carriers. For a channel length of one micron and a drift velocity for 

electrons of 90km/s, the theoreucaJ switching time 1s 12 ps [9]. This is never approached in practice because of 

the various parasuic capacitances associated with the die structure and stray impedances due to packaging etc. 

limit the ra1e of change of vohages and currems in the device. 

The limiting faclor on the sw1tchmg time of a MOSFET is thus determined by how fast the gate voltage can be 

changed and 1s not an inherent lirrutauon due to the physics of operation. Figure 3.2 shows the approx1ma1e 

equivalent circui1 model of a power MOSFET including the parasilic BJT. ln the equivalent circuit, the various 

parasitic elements of the MOSFET ane modeled as lumped components and these are added externally to an 

ideal MOSFET, 

Cea 

Rn 

s 

Figure 3. 2 ApproxunaJe tiquivalenr circuit of a n-cl1a11nel power MOSFET. 

In practice Re; will be a distributed internal resistance due 10 the sheet resistance of lhe polysilicoo gate electrode 

and various contacl resistances. The gate capacitance will form a distributed RC network wilh the gate 

resistance. For high-frequency operatic,n both gate resistance and gate capacitance should be as low a_s possible. 

MOSr'"ETs have an integral reverse diode due to the short circuit between the source and the substrate. In the 

MHz region, 1he invener can be assumed to never operate i.n 1hc capacitive mode (i.e. a leading load current), 

Thus the integral diode of thf. MOSFET can be assumed to never conduct at the end of u,e conduction period 

and hence the reverse recovery ratings of the diode are of no concern. However, if the charge removed from the 

midpoint dwing the dead-lime is too large, then the midpoint voltage will swing below or above the respective 
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rail voltage, causing a negati· •e voltage across the MOSFET. This could cause the internal diodes to conduct for 

a shon while at the beginning of 1.he conduction period before the current reverses direcrion. At MHz 

frequencies, the amount of charge that flows through the diode will be relatively small and considerably less 

than the reverse recovery charge. The current through the MOSFET will I.hen reverse direction and the 

MOSFET will conduct forward current as normal. Thus the: forward current will return the charge removed out 

of the diode. The MOSFET will then turn off at the end of the conduction period as normal and experience the 

tum-off dv/dr. Whet.her the s mall amoiunt of charge removed from the diode at the beginning of the conduction 

period will affect the turn-off dvldt capability of the MOSFET at the end of the conduction period is not clear 

and remains to be investigated. A similar problem can occur in a Closs-E inverter. However, the non-linear 

output capacitance of the MOSFET iiricreases rapidly as the drain-source voltage approaches zero and as it 

swings negative. This will act to prevent the reverse diode from conducting under most normal load conditions. 

3.2.2 Selection of the MOSFETs 

The main objective of this thesis was to investigate the feasibility of producing RF power in the HF-band with a 

Class-DE topology. To th!S c:xceot it was desired to produce the maximum RF power possible with only two 

MOSFETs at the highest practical frequency. To obtain the highest power output. the DC power handling 

capability of the MOSFET, (given by Vos x 10 ), should be a maximum. MOSFETs with the highest power 

ratings lie in the 500-600 V reg1on. For maximum operating frequency. the various capacitances of the 

MOSFET should all be a minimum. A MOSFET's parasitic capacitances increase with increasing cUrTent rating 

(i.e. increasing die s12e). The output capacitance can be accommodated by operating in Class-DE mode but it is 

still desirable to keep this to a minimum as a larger capacitance will decrease the upper operating frequency. 

reduce the power output and increase capacitive switching losses m the case of non-zero volLage switching. 

External discrete capacitance cao always be added if it is found to be necessary. Driving the gate capacitance 

becomes the main limiting. factor when switching a MOSFET at higher frequencies. As the switching frequency 

is increased, the gate drive currents become excessive and the power dissipation m the internal gate resistance 

and gate-dnver becomes problematic. IHeoce for high-frequency operation the gate-source capacitance, reverse 

transfer capacitance and the internal dist.ributed gate resistance should all be minimal. The power dissipation 

capability of the MOSFET should be a maximum as this will decrease its operating temperature and increase its 

reliability in the case of a mismatched load. Another specification of importance js the ability of the switch to 

withstand large voltage slew raLes at tum off. The higher the operating frequency, currenL and supply voltage, 

the higher the voltage slew ra1e will be. This voltage slew rate requirement pertains to the normal tum-off dv/dt 

of the MOSFET (sometimes known as the off-state dvldt 1341) and must not be confused with the reverse diode 

recovery dvldr. The maximum dvldt cam be calculated using equation (2.2.7). and for 5 MHz_ 1 kW inverter can 

be expected to be in the region of 20-30 V/ns. The off-state dvldr is not specified by the manufacturers. but is 

thought to be in the region of JOO V/ns for a 500 V MOSFET (34J, which should be adequate for operation into 

I.he MHz region. The off-state dv/dr rat.ing will be increased with smaller values of R 8 and thus a low value of 

Re is desirable. Any stray impedances that are added externally to the MOSFET due to packaging and layout 

will also greatly affect the switching pE:rformance. The gate, drain and source lead inductance due to packaging 

should be as small as possible. Layout and packaging requirements are discussed further in chapter 6 , 
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An optimum ra1io of the above requirements must be selected. An IRFP450 MOSFET was found to have a good 

balance between power rating, output capacitance and gate drive re4uiremems. This is a 500 V, 14 A device 

w1Lh a total gate charge of 150 nC. an output capacitance, c_: 720 pF, and reverse Lransfer capacitance, C~, = 
340 pF, with both capacitances specified for V0s = 25 V, VGs == 0 V and measured at I MHz. Hinchliffe et al 

[19), showed 1ha1 this MOSFET with an adequate gate <;Inver and low inductance connections. is capable of 

turning completely on or off in less than lOns. This switching time was thought to be fast enough for operation 

up to 5 MHz. This MOSFET was suc:cessfuUy used in a Class-E invener operating up to 3.3 MHz, 450 W 

[ 18.2 IJ. It was decided to first operate, the MOSFETs with a maximum DC supply voltage of 300 V and at a 

peak current of 16 A. This would provide an adequate safety margin and allow the MOSPETs to run relatively 

cool. An ideal Class-DE inverter operating at 5 MHz with a 300 V DC surply and I 6A-peak current should 

provide a theoretical output power of 1.2 kW as shown in section 2.2.5. A Spice simulation was then performed 

of a hatr bridge inverter ustng two IRFP450 MOSFETs, operating al 5 MHz. The results of the simulation are 

discussed in the following section. 

The actual device used later to practically implement I.he invener was the IR.FP450LC. This has equivalent 

power ratings of an I.RFP450 bl.lt has lower device capacitances. This makes it considerably more suitable for 

high frequency operation The lower output capacitance means the gate drive requirements are reduced and a 

smaller conduction angle will be required. Hence I.he power output will be higher These facts enable the device 

to operate at higher frequencies with a beuer efficiency. 
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3.3 SI1\11ULA TJON OF THE INVERTER 

The objective of 1he simulating the mvener was lo gain ins1ghL into 11s operauon and determine the feasibility of 

Lhe mvener working up to 5 MHz using the IRFP450 MOSFETs selected m the previous section. The simulation 

will give a more realislic picture of the actual operation of the invener when using non-ideal switches. Jt also 

enables the designer to learn what the effect of changing various parameters has on the operation of the inverter 

and l.hus gain 10s1ght 1010 the mechanics of its operation and observe the voltages and currents thal will be 

experienced in the circuit. The simulations were performed using PSpice. 

3.3.l Simulation of a Class-D Voltage-Fed Series Resonant Inverter 

The first simulation auemptec was of a classic Class-D half bridge mverrer operating at 5 MHz with a 300V DC 

supply, using two IR.FP450 MOSFETs, and is included here to show the effect of capacitive switching losses. 

The PSp1ce schematic c1rcu1t diagram used for the s1mulal!on of the Cla.ss-D mvener is given 10 Figure 3.3 and 

the results of the simulation are given i11 Figure 3.4. The MOSFET model used in the simulation was simply che 

IRF450 MOSFET model pro'-'ided in the standard part libraries of rhe commercial version of PSpice. 

150V R-load 

VPulsc Source5 - (YI and V2) 
Tr. Tf-=IOns ; PW= 10us; Period =200us 

Figure 3.3 PSp1ce ScltemaJic of the Class-D inverter 
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The series resonant capacitance of LCR load network was selected to be JnF and the inductance found 

accordingly. The value of the load resistance required to achieve a peak curreni of 16A in a Class-D inverter 

can be calculated usmg equation (2.1.7) and was found to be 11.9 ohms. The dead-time between swttcbmg 

transitions must be selected by the designer and for this simulation it was chosen to be 10% of the period (20ns). 

The simulation results of the Class-D inverter are given in Figwe 3.4. The first plot of Figure 3.4 shows the 

midpoint voltage, Y(MJ :s), and the lc1ad current, I(L I), as indicated by the voltage and current markers on the 

ciTcu1t diagram. The second plot shows the voltage across, ( 150-V{M I :s)), and the current through, lD(M I), the 

high side MOSFET. ll should be not•~ that the current, ID(Ml), is the lOtal switch current as it includes the 

current into r.he output capacitance which is an integral pan of the MOSFET. The rJ1ird plot shows 1he gate-to

source voltage, {V(Ml :g)-V(Ml:s)) of the high side MOSFET. 

The various simulation calculations of power input, power oucput etc. are given below the simulation 

waveforms. The most prominent feature of the sjmulation waveforms in Figure 3.6 is Lhe current spike needed to 

charge/discharge the output capacitances which must be provided by the MOSFET turning on. This causes 

excessive power loss and hence the inverter has an efficiency of only 58%. The high power dissipa11on in the 

MOSFETs (>500 W) makes such an inverter impracocal 

3.3.2 Simulation of a Class-DE Voltage-Fed Series Resonant Inverter 

The inverter given in design example of section 2.2.S was then used as a basis for the next simulation. As the 

MOSFETs are not ideal sw1tcbes. minor adjustments to the c1rcuh parameters have 10 be made in order to 

achieve optimum Class-DE operation. The optimum values of the LCR circuH and duty-cycle are given in the 

PSpice schematic of Figure 3.S. The simulation results of the Class-DE inverter are given in Figure 3.6. 

l 
;=:i VI 

LI 

I 245ull 

Cl 

150V1 vz~q 
- ---~------I-RFP-4-50-1 

8.JJQ R-load 

VPulse Sources • (Vl aud V2) 
Tr. Tf"' LOns. PW= 70ns ~ P~iod = 200ns 

Figure 3.S PSpice Schematic of the Class-DE invener 

The magnitude of the load current was lower than the designed 16 A because I.he MOSFETs are non-ideal and 

have a non-zero on-resisrnnce. l n order to increase the amplitude of the load current to the desired 16 A, the 

magnitude of Lhe load resmance has tar be lowered. 
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To achieve Lhe optimum Class-DE operarioa (i.e. zero-voltage and zero-load-currem 1urn on). all that needs 10 

be adjusted is the phase lag of lhe load current and lhe pulse width of the gare drive signal. To increase the phase 

lag of the load current. eilher a) lhe frequency can be increased making the load look more mduc1..1ve. orb) the 

inductance and/or the capacitance of the LCR network can be increased, thus increasing itS inductive reactance. 

In this simulation, the frequency is fixed at 5 MHz. and the inductance is varied to obtain the correct phase lag. 

The optimum Class-DE operation was achieved by a succession of adjustments to the inductive reactance and 

the duty-cycle of VPulse sources. 

The three plots show the same voltag<~s and currents as shown in the simulation waveforms of Figure 3.4 for a 

Class-O inverter. Again it should be noted that the current, ID(Ml), is the total switch current and consists of the 

current through the MOSFETs co11dU(;ting channel added to the current needed to charge/discharge its integral 

output capacitance. As in Figure 3.4, the various simulation calculations of power input, power output etc. are 

given below the simulation y,aveforms, 

From the results of Figure 3.6, we can see that the MOSFETs now 1urn-on at almost zero voltage and zero-load

currenL The output power has decreased slig_htly to l090 W, but the efficiency has dramatically increased LO 

94.7%. The power dissipation m the MOSFETs has decreased to a more pracucal value of only 30 W. Thus 

from a power dissipation aspect, this mverter is practically more feasible. These s1mulation results also clearly 

illustrate that by operating the inverter in Class-DE mode. the capacitive switching losses of a classic Class-D 

inverter can be effectively eltmrnated. The simulation also shows that the PSp1ce model of rhe lRFP450 

MOSfET is capable of operating at 5 !MHz producing over l kW of power. 

The PSpice simulation of the Class-DE inverter will predict a performance that is better than what can be 

expected in practice as the simulation performed has the following limitations; 

a) The PSpice model of the MOSE-ET is idealized and not entirely accurate, 

b) No MOSFET dvldt failure of any kind is modeled, 

c) Thermal aspects. interference, ground loops and EMT are not considered, 

d) Additional parasitics due to the physical layout of the circuit have not been included. 

The additional parasitics can be included to a certain ex.tent but the actual values have to be obtained empirica11y 

off a fully constructed inverter or found approximately using calculations. This was considered not 10 be 

worthwhile for these simulations. Even with the above shortcomings. the PSpice simulation will give a 

reasonable evaluation of the how the inverter will perform, provided the MOSFETs are driven as required, and 

1he resultS were encour:iging. lt was felt that 1f the practical problems of implementing such an inverter can be 

overcome, the inverter would have a good chance of working. As mentioned previously. lhe physical 

lmplememauon of 1he half-bridge inverter in the MHz region presents some challenging practical problems 

associated with having two independent switches. These briefly are: 1he control. relative timing and gate-dnve 

of lwo independent MOSFETs. of which one is floating, and finally the layout and physical construction of the 

inverter. These problems are dealt with in the following chapters. 
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CHAPTER 4. DRIVING THE INVERTER 

The operalion of a half bridge inverter requires t he high and low-side switches to be alternately turned on and 

off at the desired frequency and with the required duty-cycle. The switcl, state (i,e. on or off) is controlled by the 

switch' s drive signal. In a Class-DE inverter the switches will be driven at exactly the same frequency and duty 

cycle, but the drive signal for the high-side switch must be phase shifted exactly 180° degrees relative to the 

low-side switch's drive signal. The frequency and duty cycle required will depend on the values of LCR load 

network and the output capacitance of the switches. The duty cycle wj(] be bet ween 0% and 50%. 

A half-bridge inverteT is fundamentally a very broadband topology and its bandwidth can potentially extend 

from DC to its highest practically fe:asible operating frequency. In order to take advantage of this fact the 

inverter driving circuitry must be capable of driving the half-bridge inverter over the widest range of frequencies 

possible and with a variable duty cycle. If a means of varying the frequency and duty cycle of the inverter are 

provided, then the only circuit changes that would be needed for different operating frequencies are the. 

inductance and capacitance of the tuined network. The inverter couid then be tuned to Class-DE mode of 

operation by simply adjusting the switching frequency and duty cycle of the inverter. This would enable very 

quick modifications for different op,~rating frequencies. The half-bridge invener could lhen be used as a 

broadband RF power supply. 

The switches in a half-bridge inverter are controlled by the high and low-side switch dri.ve signals. Therefore, in 

order for the frequency and duty cycle of the inverter to be varied, a means of varying the frequency and duty 

cycle of the switch drive signals over the widest range possible must be provided. Generation of these drive 

signals is deah with in the second section of this chapter. Operation of the inverter in a switching mode requires 

the MOSFETs to be turned on and off by the drive signals, Turning the MOSFET on and off involves charging 

and discharging the gate capacitance aind this is dealt with in the next section. 
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4.1 DRIVING THE MOSF'ET GA TE 

4.1.1 Requirements of the G:~te-driver 

ln a switch-mode topo logy, the amount of time it takes for tbe switch to cum on or off is relatively important. 

For reasonable performance io a Class-DE inverter, Lhe switching devices should be capable of a switching in 

less than approximately 5% of the period (for conduction angles is the region of 80°- 150'?). If the MOSFETs are 

to, switch in less than 5% of the periord at 5 MHz, then their total time to switch on or off should be less than 

lOns. Hence the MOSFET gate must be charged / discharged in less than lOns. 

The effective gate capacitance or input capacitance, Crss, of MOSFET can be seen from Figure 3.2 to be 

comprised of the gate-source capacitance and the gate-drain capacitance (or Miller capacitance) [3 l]. The total 

gate charge, Q8, required to charge thre gate of an IRFP450 MOSFET from O V to 12 V is 120 nC. This total 

charge includes the (Miller) charge required to discharge the gate-drain capacitance when 1he MOSFET 

switches from the off-state, with a Vos of 300 V, to the on state. If this entire charge is to be delivered in lOns 

then the gate-driver must supply an av,erage cu.rrentor TR= l20nC/10ns = 12 A. 

The loops around whicb lhe currem will flow when charging and discharging the gate capacitance can be seen in 

Figure 4. l. The current required to charge/discharge the gate capacitance must increase in a few nanoseconds 

from zero to maximum of 12 Amps cir more. If the rate of current rise is to be in the order of 4Nns, then an 

inductance of lnH in the charging/discharging loop will cause a 4V voltage drop across it, reducing the drive 

voltage available and slowing the rate ,of rise of the current ( 19,361- It can be seen, therefore, that it is imperative 

to keep the inductance of the. gate charging and discharging loop to a minimum. The source-lead inductance is 

part of the gate charging and dischairging loop and in addition it has an induced voltage across it due the 

changing drain current w hich further reduces the gate-drive voltage available. Thus the source-lead inductance 

adversely effects the switching times and so it is desirable to keep it to an absolute minimum [l9] 
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The gate-driver of Figure 4.J can be considered to be a simple model of a commercial MOS-gate driver. If the 

gate is to be charged and discharged through a resistive path, as shown in Figure 4.1, then all of the energy 

supplied by the gate-driver will be dfasipated in its internal resistances. The total power dissipated, Pd, in the 

gate-driver circuitry will then be depe1r1den1 upon the total gate charge, Q,, the gate-driver supply voltage, Vd,,, 

and !he operating frequency,! Hence 

(4. 1) 

Calculating !.he power dissipated in a gate-driver, with a 12 V supply voltage. driving the gate of a IRl-"1'450 

MOSFET at 5 MHz, we have. Pr1 = 110 nC x l2 V x 5 MHz= 7.2 W. Hence the gate-driver must be capable of 

dissipating 7 W or more. 

To summarize: 

The MOSFET gate must be charged o,r discharged in less than J0ns. so the gate,.driver must have rise and fall 

times of less chan l0ns. The gate-driver must source and sink in excess of l2A and should have as low an outpuL 

impedance as possible to prevent spwiious tum on with high dVosldJ. The gate-driver must be able to dissipate 

in excess of7 W. The charging and diiicharging loop must have the least inductance possible and its supply rails 

should be very well decoupled. 

4.1.2 Choice of the Method Used to Drive the MOSFET Gates 

There are two practical choices for driving the gate capacitance with a square wave al a few MHz. The first uses 

a gate-driver coupled 10 the gate through a transformer. The transformer ,s used to provide galvanic isolation 

and the level shifting required for the high-side switch. The advantage of this system is that the high-side gate

driver does not require a floating power supply as the power is coupled through the transformer. The 

disadvantage is that transformers inherently have leakage inductances and coupling capacitances associated with 

their construction. The leakage inductance of the windings makes it very difficult to obtain the rapid rise of 

current requrred and will cause excessive ringing. The coupling capacitances limiL the dvldt and noise immunity 

of the transformer. Transformer coup:ling also makes it complex to transfer DC information (i.e. duty ratio). 

(mproved operation can be obtained by using a large sinusoidal drive, as the transformer does not require the 

high bandwidth needed for a square wave drive, and the leakage inductance of the transformer can be included 

into a resonant circuit topology. EI-Hamamsy [5]. In a resonant circuit topology, the energy stored in the gate 

capacitance is resonated to an induc!a1nce and back again and hence much less power is dissipated than in a 

hard.switched system. The disadvama:ges of a resonant circuit topology are that it is a si ngle frequency system 

and o nly a limited adjustment of the dead-time is possible. For the above reasons. a transformer-coupled gate 

drive was considered not to be the best solution for Chis application. 

The second way of driving the gate capacitance is to drive the gate directly with a gate-driver as shown in 

Figure 4.1. This method will have the lowest loop inductances. provided the physical layout is designed 

correctly, and thus will have the fastest charge and discharge times. If the MOSFET gate-drivers are provided 
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with an independent power supply, tlh.ey can then drive the MOSFET gates over the full bandwidth (DC-5 

MHz). with any duty cycle. As fast switching times and a variable duty cycle are quintessential requirements of 

a Class-DE inverter, this method was considered to be the best solution. 

However this method has two practical problems, the first being that the high-side gate-driver must be provided 

with a DC and RF isolated indepei1dent power supply. The high-side power supply's negative rail will 

referenced to tne source of the high-sidle MOSFET (the midpoint). The midpoint swings between ground and the 

supply voltage at the operating RF frequency with slew rates of more lhan 30V/ns. The high-side power supply 

should therefore have a minimum coupling capacitance from the point of connection at the high-side gate-driver 

to ground, as this effectively appears as a capacitance added to the midpoint. The high-side power supply should 

therefore appear as a very high impedance to ground at the operating RF frequency. The second problem of this 

method is that the high-side gate-dd11er drive signal reference must be transferred or level~sbifted from the 

control circuitry's reference, so that it is referenced to the midpoinr. This problem is dealt with in the following 

chapter. 

4.1.3 The Gate-Driver 

Incorporating the gate-driver directly onto lhe same die as the power MOSFET enables the lowest loop 

inductances to be achieved and hence the fastest rise and fall times [9,36). This solution was beyond the scope 

and budget of this thesis and is lefl for future development. The next best solution is to mount the gate-driver 

directly from the gate to the source a1nd design the charging and dis.charging loop with the minimum leakage 

inductance. This was lhe approach that was followed for this inverter. 

For this application, the most feasible way to make the gate-driver, in terms of cosr .and development ttme, was 

found to parallel four commercial MOS-gate drivers together, The most suitable commercial MOS-gaie driver 

was found to be the EL7104 in a DIPl.4 package from elantec. These have rise and fall times of l0ns with lnF 

load, can source and sink 4 A with 12 V supply voltage and have an output impedance of 3 ohms. Four of these 

drivers paralleled will have a source atnd sink capability of 16 A and an output impedance of 0.75 ohms. The 

power dissjpation capability of the EL7104 is I. W with the ambient at 25 °C. Four of them in parallel will 

therefore only have a power dissipation capability of 4 W, which is not high enough to dissipate the expected 7 

W of power. However, the power dissipation capability was suitably increased by adding external heatsinking 

with some air-cooling and this is discw,sed further in Chapter 6. 

4.1.4 High and Low-side Gate-Driver Power suppJies 

The most common way of providing a floating power-supply for the high-side is to use a bootstrap capacitor and 

diode. The bootstrap diode in this inverter would have to withstand operation at 5 MHz, a blocking voltage 

300 V, a forward current of more than l A and a recovery dvldi of 30 V/ns. Operation at this frequency, voltage 

and current would mean the reverse recovery losses of any commercial diode CWTently available would be 

excessive. The reverse recovery current effectively adds more capacitance to the midpoint, which is undesirable. 
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For these reasons a bootstrap supply is unsuitable for this inverter. A better solution was to use an independent 

isolated power source. A 15 V. I A is,olated DC-DC converter provided the floating power source and the DC 

isolation needed for lhe high side. A ccirnrno n mode choke between the power supply and MOSFET gate-drivers 

provided the RF isolation required. The common mode choke must be designed to minimize the coupling 

capacitance across it. 'The lo\l. side power supply was provided by a non-isolated 15 V. I A DC-DC converter. 

A 5 W, 8 Q series resistance was included in both high and low-side 15 V power supply rails to limit the power 

dissipation in the gate-driver~ to a maximum of7 W. Figure 4-.2 shows the supply voltage, the power dissipated 

and the current drawn by the gate-drive:r with an 8 Q series resistance in the power supply rail. 

IS 

14 

13 

12 
II 

10 

9 

Figure 4.2 

8 
7 

6 

5 
4 

3 

2 

I 

0 

~ 5MH z operaung pomt 

--S....ti -
"""'-1~ 

' ~ l,...,CI 

J~ 

-s....~ 
0-..., ...__ 

-7 ;:1-,...c-, 

'"s... -...... r--
_.,.-

__,.,,. 

./ 
_.v 

V 
0 0.1 0.2 0,3 0.4 0.5 0.6 0.7 0.8 0.9 

Gale-Driver supply Current in Amps 

load-line of t/ie Gate-Driver Power Supplies 

4.1.5 Final Gate..Orive System 

-e-Gale-Driver 
supply 
voltage, Vrf,, 

._Power 
dissipated in 
Gate-Driver, 

P0 , in Watts 

Figure 4.3 shows an overview of the: final gate-driver and power supplies for the high and low-side. The 

complete circuit can be found in Appeindix C. High frequency layout 1echniques are imperative when designing 

the circuit board and this is discussed further in Chapter 6. figure 4.4 shows the gate to source voltage of the 

high and low-side MOSFETs, The MOSFETs used are CRFP45OLCs and waveforms were obtained with the 

supply voHage al zero volts, hence the gate to source voltage of the high side MOSFET c-ould be measured 

directly. The ma.in limitations of this s,ystern are the power dissipation, the leakage inductance, and the rise or 

fall times can not be reduced much below lOns. This system will not work much above 5 MHz. At higher 

frequencies, new techniques such as those used by Leedham [36] and El-Hamamsy [SJ. will have to be 

implemented to drive the gate capacitance. Driving the gate capacitance of high power MOSFETs will be one of 

the main technical problems when implementing an inverter to work up higher frequencies such as 13.56 MHz 

or27 MHz. 
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4.1.6 MOSFET Gate Currenlt when Operating in Class-DE Mode 

If the inverter is operating in Class-DE mode then the entire gate charge will not have to• be supplied all at once 

in order to tum I.he MOSFET on or off. The Miller charge due to the gate to drain capacitance will be sDurced 

before the MOSFET is turned on and sunk after the MOSFET has turned off. This will lower the demand 

placed on the gate-driver in one switching instant. These effects of Class-DE operalion on the gate-drive 

requ1rements can be seen in the waveforms of Figure 4.6. The voltage and current waveforms of Figure 4.6 ,ife 

marked on PSpice schematic of Figun:: 4.5. They are the current into the MOSFET gate, lg(MJ), the voltage 

across the MOSFET, (150-V(Ml:s))/J0, and the gate to source voltage of the MOSFET. V(Ml:g)-V(Ml:s). 

The periods during which the gate-drain capacit.ance is being charged and discharged is marked on Figure 4.6 as 

the "Miller current". 
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The mechanism of operation may be described by the following sequence of events. After the low-sfde 

MOSFET has turned off, the midpoint voltage will n se and !he voltage across lhc high side switch will fall. The 

gate voltage of the high-side. MOSFET will still be low, but as the voltage across the MOSFET is falling the 

high-side gate-dnver must first source the current needed m discharge the gate-dram capacnance (Miller 

current). Once the voltage across the MOSFET has stopped falling and reached zero, lhe current needed to 

discharge the gate-drain capacitance will cease but the gate-driver must now source the current needed to charge 

the gate of the MOSFET to J2V (Vnr,) to tum it on. Similarly, when the MOSFET is turned off the gate 

capacitance must be discharged from 'l2Y(Vn,i) to OY first, ruming the MOSFET off. The gate-driver must then 

sink the current injected into the gate 'terminal by the gate-drain capacitance as the voltage across the MOSFET 

nses (Mlller current). The gate-driver must therefore have a low enough impedance to sink this current without 

the gate Voltage rising high enough to turn the MOSFET back on. 
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4.2 DRJVE SlGNAL GENERATION 

4.2.1 Requirements of the Dt·ive-Signal-Generator 

The first requirement of the drive-s1g11al-genera1or rs the ability 1wo generate IWo drive signals of exactly the 

same frequency and duty cycle but are always phase shifted exac1ly 1800 degrees relative to each other. The 

second requirement of the drive-signal-generator is the ability to vary the frequency and duty cycle of the drive 

signals. The duly cycle (or dead-time) of both the high and low drive signals should be adjusted simultaneously 

by a single adjustment method. This wiJI enswe that both drive si.gnals always have 1he same duty cycle. The 

frequency range of the inverter was desired to be 50 kHz ,to 5 MHz. Resolution of the dnve signals should be at 

least 2% of period which at 5 MHz coirresponds to rise and fall times of less Lhan 4ns. The duty cycle should be 

adjustable over the range 25%-48%, At 5 MHz this means the dead-time will range from 4ns to 50ns. Lower 

frequencies will require longer dead-times, hence a dead-time range of 4 - 400ns was thought to be reasonable 

for testing purposes. 

4.2.2 ConceptuaJ Circuit of the Drive-Signal-Generator 

Any circuit used co generate the drive signals should incorporate a divide by two circuit on the clock signal to 

obtain a 50% duty cycle (even symmetry of each half cycle). The path tha1 the two drive signals take should also 

be of similar length and incorporate tht:. same gates to ensure that Lhe time skew between the 1wo drive signals is 

minimized. The number of gaces should also be kept to a minimum, as the delay variation of each gate will have 

a cumulative effect on the total delay variation of each drive signal. The dead-lime for both drive sjgnals should 

be generated by the same circuit to en:sure that both signals have the same duty cycle. This wilJ also enable the 

duty cycle of both drive signals to be adjusted simultaneously. The conceptual circuit used to generate the 

con1rol circuit is given in Figure4.7. 
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The operation of the circuit in Figure 4.7 is as follows: The rising edge of the clock will Lrigger rhe f11p-tlop and 

the monostable. The outputs of the flip-flop will then invert and the monostable will generate a negative-going 

pulse. The pulse wrdth shoutd be equal to the reqmred dead-time. The negative pulse of the monostable will 

keep the posilive-going drivf signal from going high until the dead-time penod 1s complete. Exactly the same 

thing happens with the second drive signal on the next rising edge of the clock. To adjust the dead-time of bolh 

drive signals, only the pulse width of this one monostable needs be varied. As both drive signals use the same 

monostable to produce their dead-rime, the.ir respective duty cyc.les should I.hen always be the same, even when 

the dead-time is being adJusted. As both the flip-flop and the monoslable trigger on the nsing edge of the clock 

signal it is in effect a divide by two circuit, giving the required symmetry to the two half periods of the drive 

signal. Varying the frequency of the clock signal will vary the frequency of the dr!ve signals independently 

from the dead-lime. 

4.2.3 Final Drive-signal-Gem~rator Circuit 

The final circuit to generate the drive signals is given in Figure 4.8. AC CMOS logic devices were used for their 

fast rise and fall nmc:s and short delay umes. High frequency layout techniques are imperative and were used 

through out lhe whole circuit. The clock signal was generated by a variable frequency oscillator which enabled 

the switching frequency to bt, adjusted wilhout affecting the dead-time. The frequency range was from 50 kHz -

6 MHz, and the duty cycle range was from 25% 10 48% (Duty cycle could not be adjusted this low at the lower 

frequencies). The mal'.imum time skew between the two drive signals was in the order of 2ns. The duty cycle 

difference between the two drive signals was less than 0.5%. The drive signals for the high and low-side are 

shown lo the waveforms of Figure 4.8. 
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A lirrut.ation of this circuit 1s lhat it has a mimmum du1y cycle of 25%. which may be limiting al higher 

frequencies. A second disadvantage of this circuit is that the dead-time is generated using an analog RC circuit 

This 1s sensitive to noise and can ca1JSe timing jmer. A better solution would be 10 use a digital generated 

dead•Lime. A digital generated dead-time and a method of adjusting the duly cycle lO less than 25%, are both 

recommended for use al higher frequencies. The remaining problem of conrrolling the inverter 1s sending the 

control infonnation to the high side switch. This is th.e subject of lhe next chapter. The complete circuit of the 

Drive-signal-generator is given in Appendix-C. A possible furure circuit thal solves the above problems is given 

below. 

4.2.4 Possible Future Circuit 
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The two drive signals for the switches in rhe half-bridge inverter are generated by the COOlrol circuitry and are 

both referenced to a common potential (normally the same ground as for rhe inverter). The drive signals must 

now be transferred to the MOSFET ga.tes via the MOSFET gate-drivers. This is illustrated in Figure 5.1. Jf the 

low-side MOSFET gate-source voltag<: is referenced to the same potential as the drive signals, then lo transmiL 

the drive signal to the gate is a simple matter, requiring only a direct connection. However, the high-side 

MOSFET gate-source voltage is referenced to the midpoint of the inverter. Thus the high side drive signal, 

which slam off referenced to ground, 1111usl be transferred so it 1s referenced to the midpoint voltage i.e. it floats 

on top of the midpoint voltage. The midpoint voltage swings between the two rails at the operating frequency 

and hence it is a dynamic potential reference. The transference of a signal reference from one potential to 

another is often called level-shifting. Another way of thinking about it 1s that the on/off infonnation must be 

communicated to the high side switch :~cross a potential difference. The means of transferring the drive srgnal is 

conventionally described m the literature as a level-shifter but the term 'commwucatwn-link ' is used here as 

communication is esscntiall~• the function that is performed and 1L embodies all the v11Tious methods of 

controlling the high-side switch. A major problem of operating a half~bridge inverter mto the HF band and at 

relatively high powers (>500 W), is controlling the high-side MOSFET. The requirements of the 

communication-link (abbreviated as the corns-link), needed to conlrol che high-side swnch in such an inverter, 

are described in the following se.ction. 
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5.1 REQUJREMENTS OF THE COMMUNICATION-LINK 

In order to operate a half-bridge invener in Class-DE mode, the timing of the switch turn on and off ls relat.ively 

important. For reasonably low noise. the resolution of the drive signal to the switch should be at least 2% of I.he 

penod. To obtain this resolution, the bandwidth of the communication-link will have to be at least twelve times 

the required operating frequency. At 5MHz, the period is 200ns, hence the rise and fall umes of the gate drive 

signal should be at most 4ns. The bandwidth required of the communication-link to achieve these rise and fall 

times will be 60MHz. The duty cycle of the dnve signal will also be varying from approx.imately 10-50%. The 

communication-link must therefore a.lso be capable of transferring DC information. As the relative timing 

between the two switches of lhe inverter is of fundamental importance Lo the operation of tbe inverter, the two 

drive signals must be received without any time skewing, loss of Information, or pulse width distortion relative 

to the other sides drive signal. 

When the high-side switch is on, the rnidpoint will be at the supply potential and the full supply voltage will be 

applied across the communication-link and hence 1t must have an isolation voltage rated accordingly. Another 

specification of importance is the dv/dr immunity of communication-link. During each switching transition. the 

m1dpomt voltage swings from one rail to the other. This causes a high dvldt at the midpoint and hence across the 

comrnunica11on-link The higher Lhe frequency, power and voltage. the higher dv/dJ will be. The m:mmum dvldt 

expected in the inverter when operating at 5MHz.with a 300V supply voltage and a I kW power output, ism the 

region of 30V/ns. The communicalio,n-Link must withstand these large voltage slew-rates without any false 

triggering occWTing. When operating a half-bridge invener at high frequencies, 1t is desired that the output 

capacitance from the midpoint to ground be kept to a minimum. The coupling capacitance across the 

communication-link appears as a capacitance from the midpoint to ground and thus this should also be kepl to a 

minimum. [n addition to -the above conditions, the receiver side of the communication-link will be subjected 10 a 

large amount of EMI caused by the. rapidly changing voltages and currents of the power output stage. The 

receiver should have a high immunity to this EMl and it should not cause any false tnggering. In order for a half 

bridge to be useful over a large range of frequencies and loads. the frequency and duty-cycle of the drive signals 

should be variable over the largest range feasible. To this extent, the commumcation-link should not be the 

limiting factor and should therefore be capable of transferring the drive signal over the specified frequency 

range and for all the required duty-cycles. 
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5.2 METHODS OF' CONTROLLING THE HIGH-SIDE SWJTCH 

5.2. l Pulse Transformer 

The circuir given in Figure 5.2 uses a pulse-transformer to provide the galvanic .isolation and 

communication-link. The information is sent in a magnetic medium through tbe core of the transformer. A low 

power pulse-transformer would be used to obtain a large bandwidth, followed by a current buffer. Transformers, 

however, can noc be built without inherent parasitic elements and will have a upper an lower frequency limit. 

There is also always a trade off to be imade between high frequency and low frequency response. To reduce the 

rise and fall times, the primary and seicondary windings should be tightly coupled. The tighter the coupling of 

the windings, the higher the coupling capacitance between the primary and secondary will be. This coupling 

capacitance will cause problems with it large dv/dt, inducing spurious signals into the windings. The capacitance 

will also appear across the output of the inverter, which is undesirable. The leakage inductance of the windings 

makes it difficult to obtain fast rise a111d fall limes and will cause tinging. The windings of the transformer will 

also act. as pick up coils and are prrn~e to EMI. Transformer coupling also makes it complex_ to lransfer DC 

information (i.e. duty ratios other than 50%). The close physical proximity of input and output restrict the layout 

options the designer has when physically constructing the inverter, To summarize, with a square wave drive, it 

will be difficult to obtain good signal fidelity using a transformer in a high power inverter operating in the HF 

band. 
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Figure S.2 Pulse-Transformer Isolation Figure 5.3 Elec1ro11ic Level-shifter 
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5.2.2 Electronic Level-Shifte:rs 

An electronic level-shifter works on thie principle of hav,ing a current source referenced to a fixed potential. The 

reference potential is usually that of the low side switch's source, hence they also called common .source level

shifters. The drive signal causes a certain current to be drawn th.rough a current source regardless 6f the voltage 

across it. The current is sensed by the 1receiving side and turned into on/off information. Electronic Jevel-shifters 

do not provide galvanic isolation. A simple common source non-inv~rting lev~l-shifter is given in ~he Figure 

5.3. The output capacitance and the p•ower dissipated by the current. source, limit rhe frequency and voltage it 

can feasibly work at. A better solution, that decreases the amount of power dissipated, is to use a pulsed current 

source, which is then latched on the receiving side. Current Pulsed circuits are based on the following two 

topologies; 

Dual Current Pulsed Latch 

This topology employs two pulsed current sources. One pulsed current 1s used to set a ffrp-llop, which turns on 

the switch, the other is used to reset the flip-flop, which turns off the switch. Many commercial half-bridge 

drivers use this type of circuit. The problem with this circuit is that the reset current source has lhe full supply 

voltage across it when it conducts the ,current pulse, causing power dissipation during each switching transition. 

Hence the power dissipaced by this topology increases with increasing frequency and becomes the limiting 

factor at higher frequencies ['9,24]. 

Single-Ended Current Pu.lsed Larch 

The single-ended current pulsed latch was developed by Carter [9,24J. This circuit solves the problem of the 

high power dissipation of the reset pul:se by only having a single turn on cu.rrenl pulse. This pulse triggers a one 

shot timer with a pulse width equal to, Ton, followed by a delay that incorporates the dead time. The circuit is 

relatively complex to implement and is most useful for fixed frequency power supplies of moderate power 

levels (lOOW). Ir is not as useful in a high power RF generator as i\ is limited in irs frequency range and dead 

time adjustment. 

T he current source in al.I of the above circuits will have an output capacitance that appears across the 

level-shifter. This capacitance limits tlhe bandwidth and decreases the noise immunity of the level-shifter. The 

dvldt and isolation voltage is limited tC> the breakdown ratings of the current source transistor, Layouc is difficult 

because of the close proximity of the input to the output The EMI immunity is low compared to optical 

1solatioo. 
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S.2.3 Opto-couplers 

Logic to logic opto,couplers are in principle very simple to use. A logic input appears as a logic output on the 

high side. They can transfer DC informatioo and have static vO!Lage isolation ratings of up to 5kV. They are 

commemially available of up to 20Mbd. with rise and fall times of 10-20ns. This is not fast enough for this 

application. Another problem of opto-couplers is that the propagation delay times change considerably wilh 

temperature causing pulse width disrortion and time skewing. The m~x..imum dvldt that opto-couplers are rated 

for is in the region of lOV/ns which is below the required 30V/ns. The layout options are limited because of the 

close proximity of the input to the output. 

5.2.4 Fiber Optic Link 

A basic fiber optic communication system is given in Figure 5.4. The LED is current driven by the drive signal. 

The light emjtted from the LED is sent down a length of fiber optic cable to the receiver. The receiver converts 

the received optical signal into an analog output voltage. The recejver consists of a PIN photodcode and a 

cransimpedance amplifier. The outpult voltage of the amplifier is then level detected by a comparator and 

converted into logic signal. 

LED Transminer 

PfN Pbo1odiode 
Receiver 

Figure 5.4 Fiber Optic Communicatio11-li11k 

+v. 

Comparator 

The galvanic isolation and dvldt rating of this communication-link can be increased to almost any desired value 

by simply lengthening the fiber optic cable. For a modest length of 10cm of fiber optic cable. the isolation 

voltage is c1pproximarely lOOkV. The dv/dJ rating is difficult to calculate but as the coupling capacitance is 

practically zero, even the highest realizable dvldJ will have little effect. The bandwidth available js an order of 

magnitude higher than needed for this application, bul the higher the bandwidth the higher the cost. The fiber 

optic .connection selected should have enough bandwidth to achieve the rise and fall times required. A fiber 

optic link's propagation delays are re.Jatively constant over the working temperature range. Hence the pulse 

width distortion and time skew are not degraded due to temperature variations. The only external electrically 

conducting connections to the receiver side are the RF-isolated power supply connections. As the receiver-side 
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circuitry is referenced to the midpoint:. it can thus be total ly enclosed by a screen connected to the midpoinl. 

offering excellent shielding from EML Electrical conductors are susceptible to electromagnetic fields and hence 

will radiate and pick up EM noise, Fiber optic links neither emit nor receive EM noise and pass through noisy 

environments unaffected. In addition 1:0 the above, when dealing with very rapidly changing currents, ground 

noise c-an become a problem. A fiber c:>ptic link practically eliminates any ground loop or common mode noise 

problems. To summarize, there are no fundamental limitations of a fiber optic system for this type of 

application. It has more thar enough bandwidth, dvldt and voltage isolation capabilities and can transfer DC 

information. 

5.2.S RF Modulated carrier signal 

Another not well known method of communicating the on/off information 1s to use an RF modulated carrier 

signal at a suitably high freq uency, of say 100MHz. The carrier signal could be transferred across the isolation 

barrier either magtietically (using, for ,example, a small poorly coupled transformer or a pair of loop antennas), 

or electrically (using smaU picofarad or sub- picofarad capacjlances). This method was nol explored in detail by 

the author but offers ao interesting alternative method. Possible problems will be EMI susceptibility causing 

spurious turn-on/off, and dvldt immunity during the actual switching transitions. 

5.2.6 Summary 

Summary table 

DC 
Usable Isc1lation Dv/dt Information Coupling EMI 

frequency Voltage Capability (Duty Ratio) Capacitance immunity 

Pulse Limited to -low kV Limited Difficult Present Low 
Transformer -lOMHz 

Couc of 
Electronic -<l4MHz -<IOOOV Limited by Yes Current Low 

Level- current Source 
shifters source 

Opto- <20Mbd <:5kV <I0v/ns Yes Very low Good 
Couplers 

Fiber optics !GHz+ As lhigh as As high as Yes Negligible Excellent 
Re,quired Required 

From the above table it can be seen that a fiber optic link is the only communication-link: that is guaranteed to 

meet all the specifications needed for this application., A fiber optic link is relatively easy .to implement and it 

can be expected to perform to its specifications. It is the only communication-link that will work to the upper 

end of the Hf-band and ls therefore the best method of controlling the high-side switch in a high power 

RF-inverter. The following section deals with the development of a fiber optic communications link that is 

suitable for a 5MHz, 1 kW half-bridge inverter. 
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5.3 IMPLEMENTATION OF A FIBER OPTIC COMMUNICATION-LINK 

A primary requirement of the invener is that I.here must be no cime skew between Lhe high and low-side dnve 

signals on reaching their respective switches. To solve this problem. identical fiber optic links were used to 

transfer both the high and low-side dnve signals. This enabled 1denucal circuits to be used for both sides. so the 

propagation delays of the drive signals would be the same. thus minimizing the time skew between them. 

Similar circuits for boc.h high and low-side also increases the modulanty of the inverter. Having fiber optic links 

10 both sides means that the output stage can be galvanically isolated from all the control circuitry. which will 

protect the control board in the case of catastrophic failure of lhc output stage. It also enables the control 

circuury to have a large physical separation from the power output stage and chis creates many options for the 

design of the layout. This large physical separation, in fact, allows an entire faraday cage to be constructed 

between the control board and output power stage. This gives excellent 1sola1ion and shielding capabilities and 

hence good EMl ,mmunicy. The phyi,ical separation possible with fiber optic links was found to be a major 

advantage when designing and building a high frequency half bridge 

The fiber optic system selected was a 50Mbd link using cheap I mm plastic fiber opuc cable. The HFBR-1526 

transmiuer and HFBR-2526 receiver are used. and the fiber optic link has typical rise and fall times of 3.Sns. 

The price of these components is relatt vely cheap for the bandwidth available, and so these were a cost-effective 

solution. I mm plastic fiber optic cable is readily available and easy to terminate. High frequency layout 

techniques must be used throughout the transmitter and receiver circuits, to obtain the best performance. 

5.3.1 LED Transmitter Driv•~ Circuit 

To obtain the bes, performance fronri the LED transmitter. it i~ preferable for the LED driver co employ 

prebi:ising and current peaking. To prebias the LED, it should be driven between a low and high current co 

represent low and high logic levels respectively, and never completely turned off. The prebias current prevents 

the junction and parasitic capacitances from discharging completely when the LED is in the "off' scale, thus 

reducing the amount of charge that the driver must transfer to curn the emuter back on. The simple invener 

circuit given tn Figure 55 will provide a bi-level current drive co the LED. This circuit is used as the basis for 

1he LED dnver circuit, and the calculations of the values of the drive resistors, Ro and Rs, are given the 

followfog paragraph. 

+5v 

Rs 

LED 

Figure 5.5 Bi-Level Current Driver for rhe LED 
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The most suitable high and low currents, / F1,n and lFoff, through the LEP transmitter for the respective on and off 

logic levels, must be chosen. From the data sheets of the LED, the forward voltage. VFOJI and V Foff, at the high 

and low current levels respectively, ca1n be obtained. For the circuit of Figure 5.5, two expressions can then be 

written relating the LED current and Lhe1r forward voltage to drive resistors. Equatioh 5.3 .J shows Lhe 

(elationship of the high-level current, lFQn, through the LED when the output of the inverter is hi gh, to the drive 

resistors. Equation 5.3.2 shows the relationship of the low- level current, iFoff, through the LED when Lhe output 

of the inverter is low, to the drive resistors. 

(5.3.1) 

I Fbf[ 

5-VFoff 
=---

Ra 
{5.3,2) 

A high current of 120mA and a low current of 2mA were sel'ected as being suitable for the HFBR-1526 LED 

transmitter. From the data sheets. VFon and VFQfffor these two currents can be found. Equations 5.1 aod 5.2 can 

now be solved for Ro and RB hence R.o was found to be 40.Q and Rn to be 91.Q. The actual values of Ro and Rn 

used are given in Figure 5.7. To prac1tically implement this LED current driver, AC type CMOS inverters are 

used as they have the fast rise and fall times required, can sink and source up to 24mA continuously, and have a 

peak current rating of 75mA. T he inverter of Figure 5.5 was implemented by paralleling four of the inverters 

from a 74ACl4 hex. inverter to give Uhe required current rating. When the LED driver circuit of Figure 5.5 is 

used to drive the LED, slow rise and fall times are observed. This can be seen in Figure 5.6, where the upper 

trace shows the LED forward voltage and the lower trace shows the output of the fiber optic receiver. The fiber 

optic receiver output voltage varies between l.8V and 2.8V giving a 1 Vpp output voltage swing. 
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Figure 5.6 LED Forward Voltage and Fiber Optic Receiver Output Voftage 
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The slow nse and fall limes observed in Figure 5.6 occur bec.iuse Lhe parasitic and Junction capacitances of the 

LED have to charged nnd discharged. The rise and fall 11mes can be improved considerably by using curreTII 

peaking. The addition of a simple RC speed-up network in parallel w1Lh the drive resistor, Ro, of the circu11 

given in Figure 5.5. was found 10 be highly effective. A series resistor-capacitor comb1na11on was found to be 

preferable to just a plain capacitor, as this induced coo much ringing. The optimum RC values were found 

ernpuically and their values are given in the final LED driver circuit of Figure 5.7. The AC-CMOS inverters 

have a peak source/sink current rating of 75tnA each, and so they can easily provide the peak currents required. 

+Sv 

Rb IOOR 
37R 330pF 

\Iv\,---, 

Rd 

39R 

LED 

Figure 5.7 F,na/ LED Driver Circuit 

The waveforms obtained with the final LED driver circuit of Figure 5.7 can be seen m Figure 5 .8. The circuir 

was found to be simple to implement and effective, achieving the fast rise and fall times reqwred. The upper 

trace of Figure 5.8 shows the LED forward voltage and the lower trace shows the output of the fiber optic 

receiver. 

2 400~ ,r0.00s :f1 STOP 
.,. 

. ; . . + ·······••i·• .. ·····•i••·· ···-=···.J, .. -4- -i······· .. ~ ·-·····•i• 1
• 

i 

• • •, • • • l · • • • • • .. • • : • • • • • • • • • • • • • • • • l • • • • "• i • • • • • • • • • i • • • • • • • • • i • • • • • • . . 
' . . . . . 

i ...... . ?· .• 

• - .!. 

• l • l • l • l • i• I I l • l • i • l • I • l · i • I I I I j - 1· 1- 1 t+l • l · l · l • j 1 • 1 

'.Lola-- - - :- - - ~ - - l - -x,.,....- r ~ - - ....; - - -· - - -• • T 
••••••• ! •••••••• i .•....•. ~ . . . .... t. . '.: ••.•••••• ~ ... ...... : .... . 

i 

· • • • • l • · • •• • · · · i • • • • . . 

' T 
I 2 

'-----,--,----=--------,----=-~:e=-..,..,...--,..,.,...-=---::::--=-:'="--:-,------'+ 
VbaseC 1'=1 .475 V VbaseC2)=1.863 V VtcpC2)=2.813 V 
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As mentioned before. fiber optic links of idemical lengt.hs with matching driver and receiver circuits are used to 

transfer the drive signals to both high and low-side MOSFETs. This was done to minimize the time skew and 

pulse width dist0rtion between the s,,gnals, and as the two links are in close proximity to each other, the 

temperature effects on both links should be similar. Figure 5.9 shows the fiber optic receiver ourput voltage for 

both the high and low side. The time skew between the two received signaJs wa.o; observed to be less than 2 

nanoseconds over rhe full range of duty-cycles and frequencies. The waveforms of Figure 5.9 were obtained 

with the supply voltage held at zero volts, so the high side signal could be measured relative to ground. 
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Figure 5.9 High and l(}w-sid.e Fiber Optic Receiver Owput Voltage 

5.3.2 Comparator 

The amplitude of the outpul signal from the fiber optic receiver 1s at best l V peak to peak, and must be 

convened into a 5V on/off logic signal. However, converting this to a logic signal is complicated by the fact that 

the DC offset of the received signal catn drift up to +/- IV with changing temperature. Thus the received signal 

ca.n not simply be compared to a set reference level. This problem could be solved by using capacitive 

decoupling, but then permanent on or off information would be lost. and MOSFETs could not be held on or off 

reliably for an indefinite amount of Lime. The problem was solved using an average DC-level crossing detector 

with hysteresis added (memory). Ttus is done by combining two simple circuits, an inverting comparator with 

hysteresis and a DC-level crossing detector (also inverting). The two circuit diagrams of Figure 5 10 explain the 

development of the circuit. The idea is that the low pass RC filter of the DC level crossing detector will tend 

towards lhe average DC level of the inicoming signal. However, with the correct hysteresis added, the DC level 

of the RC til ter will be kept !>lightly albove or below the average DC of the incoming signal, depending on rhe 

last state the comparator was m, Thus the hysteresis acts as a form of memory1 keeping the comparator in its last 

state . The average DC-level crossing d,etecto r enables the comparator to track slow changes in rhe DC offset due 

to temperature effects and the hysteresis (memory) enables the comparator LO stay in its last state for an 
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indefinite period of ume. The approximate values of resistors can be calculated approximately using a simple 

circuit analysis and refined using a Spice simulation. The capacuor is atiached 10 +SV instead of ground to 

ensure the correct start-up state I e. the MOSFETs are off on stan•up. The signals from the high and low side 

comparaLors are shown in Figure 5.11. The comparator used was an LT10 16 and lhe complete circuit can be 

seen in Appendix C. 

+Sv +511 

+Sv I 
Cl 1 

2.2n 249k 
ISOk 

IOk 

)- -.. Vout 
Vin Vin 

332k 

DC Level Crossing detector DC Level Crossing detector with hyster~is 

Figure 5.10 Development of the Comparator for the Fiber Optic Receiver 
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5.4 CONCLUSIONS 

This Fiber optic link was 1ested on a n:alf bridge operating up 10 1 kW at 5MHz. with slew rates of up to 30V/ns, 

From I.he midpoint voltage of the half bridge. it could be ascertained that the MOSFE'fs were switching at the 

correct instants. The drive signal information must therefore have been transferred to the high and low side 

switches correctly. and it can be cone luded that the fiber optic link 1s functioning as required. The Fiber optic 

communicarion-link proved 10 be a comprehensive solution that was relatively easy to implement has excellent 

£MI and dvldt immunity. Its high barndwidth enabled reliable operation from DC up to 5MHz, with almost any 

duty cycle possible. To summarize, the fiber optic communication-link enabled a broadband, versatile and 

adaptable half-bridge inverte.r to be built. 

5.5 DISCUSSION 

A type of idealistic half bridge inverter wouJd have two light activated switches, which require minimal input 

power and have mfinuesimal switching times. To operate the inverter one would then simply direct light into the 

desired switch to turn it on. By using a fiber optic cable with a receiver, comparator and current buffer, we are in 

effect emulating such an ideal switch. The use of Fiber optic links in high power. high frequency inverters to 

control floating devices has not been fuJly explored and its advantages have not been fully realized. The cost and 

complexity of fiber opuc links may have limited their use in the past but simple logic to logic fiber optic links 

using cheap plasuc fiber are now available. 

The fiber optic com1111micac1011-l111k d1!scribed in this chapter was used to driven-channel MOSFETs. This is a 

switch with its on/off signal referenced to irs cathode. A switching device may have its on/off signal reference-el 

lo either ,ts cathode or anooe. A fibe:r optic communication-link can easily be adapted for use on both these 

types of switches. Using Fiber optic connections to both high low side switches enables any combination of the 

above switches to be used. <\.nother possible application of fiber optic communication-link is to drive power 

devices that have been stacked in series to increase their voltage rating. This would enable simultaneous 

switching of the power devices, which are all at different potentials. ln microprocessor controlled converters · 

where a communicauons link is requu·ed between the micro-board and the output stage, a fiber optic link could 

perform the communication and level shifting in one step. 

A fiber optic commun1ca11on-link should be an excellent solution in any demanding power electronic 

applications where frequency, voltage, dvldt or EMI requirements preclude the use of more conve□tional 

methods. A fiber optic link will also improve greatly improve the ruggedness of less demanding applications 

and a 1mm plastic fiber link will provide a relatively inexpensive system. 
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CHAPTER 7. EXPERIMENTAL RESULTS 

The broadband design of the control c~rcuitry, communication-link and gace-dnve enabled the half-bridge output 

stage to be driven from 50 kHz through ro 6 MHz. The only circuit changes needed for lhe different operating 

frequencies an~ the inductance and capacitance of the tuned network. The calculation of the values of the 

inductance and capacitance for tuned LC network is simple and fast. The tuning procedure fur Class-DE mode 

of operation is relatively simple and can be done without any circuit changes. This enabled very quick 

modifications for different operating frequencies. Wnen operated m the Class-DE mode, the inverter was found 

to be capable of delivering a power output of over l kW from 50 kHz to 5 MHz with an efficiency of over 90%. 

The inverter used lRFP450LC MOSF.ETs, as these have a lower input, reverse transfer and output capacitance. 

This lower ourput capacitance means lhe switches can be operated with a larger conduction angle for a given 

frequency, and hence will output more power. Thus, at a operating frequency of 5 MHz, a supply voltage of 

300 V and with load resistance of 8.33 ohms. the inverter can be expected to output slightly more power than 

shown in the simula11on of Section 3.3.3, which used IRF450 MOSFETs. The lower gate charge requrred for 

the IRF450LC also lowered the power dissipated in the gate-drivers and allowed for 3 higtier gate-dnve voltage. 

Tests on the inverter started at a low frequency and power and both were systematically increased. The inverter 

could be operated in normal Class-D operation up 10 approximately I MHz. Up co this frequency, the inverter 

operation was as good as could be expected using non-idenJ switches and liule problems were experienced. 

Above l MHz, the inverter sl)ould be operated in such a way that the capaciuve switchrng losses are ,educed. 

Above 3 MHz and <IL power 1evels greater than 500 W. the inverter must be operated as close as possible to true 

Class-DE type of operation. When the inverter was operated in a non-zero voltage-switching mode, (i.e. the 

switches were turning on with a non-.zero voltage across them), the ringing noise and EMl emitted were very 

apparen1. Operating the inve'1:er in the Class-DE mode reduced the ringing noise and 'EMl to a level that was 

barely noticeable. 

When operaung below 3 MHz in Class-DE mode, the only significant loss an the inverter was due to the 

on-resistance of the MOSFETs. The efficiency of the inverter at full output power for all frequencies up to 

3 MHz was therefore in the region of 94%. The results up to 3 MHz were close 10 perfect and do not give the 

designer much pracucal information. The test results presented in this thesis are therefore from 3 MHz upwards. 

Above 3 MHz. the efficiency begins to decrease which is thought ro be due to a number of reasons. These are: 

a) Some 1urn-off loss will occur due to non-instantaneous switching, 

b) H 1gher RMS currents will be ex.pe.rienced because of the smaller conduction angle required, 

c) Loss associated wilh the drift resimance of the MOSFET when charging/discharging the output capacitance 

d) Some c11pac11i ve discl)arge loss wi II occur at tum-on. 
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7.1 TUNING PROCEDUR:E FOR CLASS-DE OPERA TlON 

The process of obtaining Class-DE operation starts by making I.he inductance and capacitance of the LC tuned 

network with values as close as possible to the calculated ones. The conduction angle of I.he switches should 

then be set 10 a value smaller lhan what was calculated (i.e. a larger dead-time). The supply voltage to I.he 

invener should be set at a relatively low value, which in this case was 100 V. The approximately correct phase 

lag of the load current to the midpomt voltage should then be obtained. This is done by increasing the driving 

frequency of the inverter above the resonant frequency of the LCR ne1work until the midpoint voltage is seen to 

swing almost to the opposite rail after turn-off. this effect can only be observed 1f the dead-time is larger tban 

required. The dead-time must then be adjusted until the switches tum on at Lhe instant where the voltage across 

rhem is the lowest. This process can then be repeated with smaller adjus1ments until optimum Class-DE 

operation is obtained. The induciance: and/or the capacitance of rhe 1uned network can now be appropriately 

adjusted to increase or decrease the operating frequency. The process described above is then repeated until the 

inverter operates in Class-D13 mode at the desired frequency. As the supply voltage is increased above 100 V, 

slightly less dead-time and phase lag are required to obtain optimum Class-DE operation due to the non-linear 

outpu1 capncitance of 1he MOSFETs. 

The following secuon (Figure 7.1 to Figure 7.4) shows four cases of oscilloscope waveforms obtained while 

tuning the inverter for Class-DE operation. The supply voltage in all four cases is 100 V and I.he LCR tuned 

network remains unchanged. The only parameters that are varied are the switching frequency of the inverter and 

the conduction angle of the switches. 1fhe oscilloscope waveforms shown for each case are the midpoint voltage, 

the load current and the gate-source voJiage of the low-side MOSFET. The waveforms are captured on a 

HP54615B 500 MHz digital oscilloscope. for each case, the first oscilloscope screen capture shows the 

midpoint voltage on channel-! and the load current on channel-2. The voltage and current scale are both 1: l. 

The second oscilloscope screen capture shows the gale-source voltage of the low-side MOSFET. Both of the 

screen caprures are triggered on the rrridpoint voliage and hence 1hey have the same time lfoe. Relative timing 

comparisons between the two screen captures can thus be performed. figure 7.5 shows how the efficiency varies 

over I.he tuning procedure. 
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From the osc1lloscope waveforms of Figure 7, I, il can be seen that non-zero voltage switching is occurring. 

This 1s because in the period betweelil the switch off ins!ant and lhe point where the load current reaches zero, 

the m1dpoinl voltage does not swing all the way across to the opposite rail. This mean~ that not enough charge 

1s removed from the midpoint by the load current before it reverses d irection. To mcrease the charge removed 

from lhe midpoint, the phast.! lag of the load current to Lhe midpoint voltage must be increased. This 1s achieved 

by increasing the switching frequerncy of the inverter and the effect of this can be seen in the following 

waveforms of Case 2. Figure 7.2. 
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From the oscilloscope waveform of the m1dpo1nt voltage in Figure 7 .2. it can be seen that after lhe switch-off 

instant the midpoint voltage swings almost all the way 10 the opposite rail before the load current reaches zero. 

The opposing switch however does not tum on at this instant and so when the current reverses direction the 

midpoint vohage starts to swing back towards its original rail. The opposing switch only turns on after the 

midpoint voltage has swung almost half way back to original rail. This means that the phase lag of lhe load 

current is correct but the conduction :angle is too small (i.e. the dead-ume is 100 large) and the switch is turning 

on too late. To remedy this the conduction angle simply has to be increased and lhe effect of this can be seen in 

the following waveforms of Ca~e 3. Figure 7 .3. 
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The oscilloscope waveforms of Figure 7.3, show optimum Class-DE operation. The midpoint voltage swings 

almost all the way to the opposite rail before the load current reverse direction and lhe opposing swi[ch turns 

on at this instant. Thus the switches are turning on at zero-voltage and z.ero-load-currenl (zero dv/dt). This 

considerably reduces the amount of ringing caused by the switching transitions and tbe EMI emitted. T hese 

effects can be observed in the clean waveforms above as compared to the previous cases. If the conducuon 

angle is increased further still then the switches will turn on before the midpoint voltage has reached the 

opposite rail (i.e. they will 1urn on too early). The effect of increasing the conduction angle too much can be 

seen in the following waveforms ofCase-4. Figure 7.4. 
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From lhe osc1lloscope waveforms of Figure 7.4, it can be seen lhat the swttches are turning on before the 

midpoint voltage has swung all the way to the opposite rail and there 1s still a voltage across the switches. It 

can also be observed that the switches turn on before the load current has reached zero. which means that they 

are turning on too early. The conduction angle has therefore been increased roo much and should be reduced 

until the waveforms of case-3 are again observed. 
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Figure 7.5 shows how th,· efficiency of the inverter varies with switching frequency for a specific LCR 

nelwork. The LCR network has a natural resonant frequency of 3.60 MHz, and lhe load resis1ance is 12.5 Q . 

For this test, the inverter was fim adjusted for optimum Class-DE operation with the supply voltage set at 

JOOV. Optimum Class-DE operauon occurred at a frequency of 3.90 MHz. The supply voltage (JOOV) and the 

dead-time were then kept constant, while the switching frequency wns varied. The power input and output were 

then measured Lhe efficiency calculated. The results can be seen in Figure 7 .5. 
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7.2 OPERATING WAVEFORMS, POWER OUTPUT AND EFFICIENCY OF THE 
INVERTER 

The results presented in this section show the operating waveforms of the inverter at various tests ranging from 

3 to 6MHz, together with the corresponding power and efficiency calculations. The waveforms shown for each 

test are the same as in section 7 .1 with the first oscilloscope screen capture showing the midpoint voltage on 

channel-I and the load curren~ on channel-2. The voltage and current scale are both I: I. The second 

oscilloscope screen capture shows tine gate-source voltage of the low-side MOSFET. The various power 

measurements are given below the oscilloscope waveforms. Three methods of measuring power output are used. 

The first uses the RMS value shown on the digital oscilloscope of the output vollage measured directly across 

the load resistance. The power output is then simply V;,,,)R, where R is the load resistance, and hence is 

labeled as the ''RMS Load 'voltage, P,0111 ''. The second method uses the RMS value of load current as shown on 

the digitaJ oscilloscope. The power output is then simply / ~,is R , where R is the load resistance, and hence is 

labeled as the "RMS Load current, P0111•·. The third calculation is done by importing the midpoint voltage and 

load current waveform data into a spn!adsheet where they are multiplied together and averaged over one period 

to obtain the power outpuc. Both of first two methods have inaccuracies and are only used as a comparison lo 

confirm the spreadsheet power output calculation, which the value taken as the actual output power. The 

auxiliary power is the power used by the ancillary circuirs such as the gate-driver circuit boards, fans etc. The 

output stage efficiency is then simply the power output over the DC po'wer input. The total system efficiency is 

calculated by adding the auxiliary power to the DC input power, The first sec of tests was performed with. the 

load resistance equal to 8.33Q. Further tests were performed with the load resistance equal to 12.SQ and 16.7Q. 

However, the 50Q load resistances w,ere not capable of dissipating more than 300W each and their resistance 

increased considerably at these powers. Hence the RMS current power calculation is not valid for these tests. 

The IRFP450LC MOSFETs have a maximum voltage rating of 500V and a maximum RMS current rating of 

14A. If they were to be operated in a Class-D topology at this voltage and current level, the theoretical power 

output would be over 4kW. Operating the MOSFETs at a more realistic voltage of say 450V and lOA RMS 

current would give 3kW of output po,wer in a Class-D topology. The MOSFETs should definitely be able to 

produce close to this amount of power in a Class-DE mode up to I MHz. However, as the frequency is increased 

from I to 5MHz the power output capability will decrease. How much it will be decreased by is unknown as it is 

nm clear how the voltage, current, dvldr, die temperature and switching stresses wlll effect the MOSFET 

performance at these frequencies. Uirifor:tunately the author: did no1 have- the time or resources to test the 

MOSFETs to their absotutel:,1 full pmential but the results presented here were thought co be good enougll to 

show the effectiveness of a Class-DE topology. The results also give a good indication of the switching 

performance of the MOSFETs at MHz frequencies. It is the authors opinion that the power output of the inverter 

using two IRFP450LC MOSFETs can possibly be extended to 2kW at 5MHz. It should be noted though, that if 

the devices are operating close to their Um its, their tolerance to mismatches will be considerably reduced. 
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Midpoint Voltage and Load current 

i Q 50.0V 2 5.00V .-o.oos .fi STOP 

. . . . . . . , ' 

•. •" '! • • • ••• •• . •I•• 

I : 
• I •• - • ! - . 

• • • I • • • .. • ! • • 
• 
I 
I ; 

FreqC1>=5.714MH2 

••1 ·· ······ •.· ·· 

. l .... . 

.,. f .: ...... ; ... .... •I· 
+ I :. : t : : 

Vp-pC2)=:30 .47 V VrmsC2)=10.97 V 

2 4 .00V .-o .oos 50.0~/ f 1 STOP 

•••• •. ! . . • - . • • 

' 
' 

. • • . . i . . 
---+---- . - t ~-----

···• •!·· --- · .,. f .. .... .... i, ----~---. . 

I I 

VtopC2)= 11.88 V VbaseC2)=125 .0mV Out'::j C'::j(2)=3 l. 77. 

Gale-Source Voltage of the Low-side MOSFET 

Frequency = 5.71MHz 

Load Resistance = 8.33Q 

Auxiliary Power [n = 26W 

DC Voltage Input = 260V 

DC Current Input = 4.40A 

DC Power lnput = 1144W 
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Spreadsheet. P 0,,, 

Total System Efficiency = 86% Inverter Output Stage Efficiency = 88% 

Figure 7.9 Test 4. 5.71MHz lkW R = 8.33Q 
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Midpoint Voltage and Load current 
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Midpoknt Voltage and Load current 

1 Q 50.0V 2 5 .00V .-o.oos 50.0~/ f i STOP 

• f • • • •• ' ••. j .•.•.... I ••••••••• ~• •• ••••• 1 • •.... , ••. •! 

+ 
• .! ~ : .;. 
: .••. , .• , • .!••·····•·!••···•·•·: ······ + · f• ••••• 

+ 
4 

l 
.i. 

~ ...... _..~T-;T•Oo -• •• f •• .. -•••oi ♦ •oo •• ~ •i•••••••••;•••••••••io , ♦♦ 
t ~ ~ ~ + : : : 

• • • • • • • • • i ·' • • ·\r.--------~'""...:~ · r ·, • ····I····•·.,. i • • ··•·••·I·••• • ••••,• .. • 

freq( 1):2 .535MH2 Phase(l+2)=20.76 ° VrmsC2)=7.092 V 

2 4.00V .-o.oos f i smP 
• 
I -: .J ........ . , .. 

..... . r· ····-:- ·-· . · l · ·-···•···· .... : ......... ; ....... , 
·······• •t•• . .... f .......... ; •••..•••• i, ..... ! . ····••!••·· .. , ................ .... . . . ... ~ 

' I : : • :.: 
• I : ; : -

,-..,..-M~ . ,, ~1•r-t·, ~,.,.. r·i ~,~~-.., ~j•,-.lr . ., 
[ : j : i I .,. : 

........ l··;· .. ···!·········j······· .. 1·· ·: ..... ± ....... 1 ......... 1 ......... ; ....... .. ........ . 

......... i.·:······l-··· .. ••·l···· · .. ·)··1 .. . . 1 -•····l····-,···!·•· ·· •···) .. ··· •·· ! .. ...... . 
; I ; : + : ! : ; 
' I • ; ; I + : ' .. : •.. .• ' ... i . ' : . ' . . . l .. • • • • • • • ! ... ... ... :: ' .... . . . T .. t • ••••• i • ••• ~ ... , ! . I ••••• • • : •• ••••••• ! ......... ; I 
• i' • . ' 
: I ! ~ i : 
~ 

Out~ c~C2>=38.7 7. +WidthC2)=152.7ns Vtop(2)=12.88 V 

Gate-Source Voltage of the Low-side MOSFET 

Frequency = 2.53MHz = 
= 

2 

Load Resistance = - I 6.7Q 

Auxiliary Power l n = 23W 

DC Voltage Inpu1 = 322V 

DC Current lnpu1 = 3. !SA 

DC Power Input = 1017W 

RMS Load Voltage, P,,u, 

RMS Load current. P""' 

Spreadsheet, P (Jut = 959W 

Total System Efficiency = 92% lrnverter Output Stage Efficiency = 94.3% 

Figure 7.11 Test 6. 2.53MHz 960W R- 16.7!2 
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Midpoint Yol1.age and Load curreni 
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CHAPTERS. MISMATCHED LOAD TOLERANCE 

Many real industrial RF loads are not constant with time and cannot be represented by a fixed impedance. For 

example. the load could vary with time over a heating cycle or it could exhibit brief instabilities for reasons such 

as arcing in a plasma chamber. The tolerance of an RF power source to the variation of the load impedance is 

therefore of interest to the designer and the end user. The tolerance of a Class-DE inverter will depend on the 

matching network used but only a simple LCR network, as shown in Figure 8.1, is considered here. 

L C 

~t---, 

The Effective Load lmpedance Z ---'> 

(As seen by the Fuqdamental Cocnponenl 
of the Midpoint Voltage) 

Figure 8.1 LCR Series Reson,imt Network Showing 1he Load Impedance 

- The Load 
ZL Impedance 

Figure 8.1 shows a LCR series resonant network consisting of a series resonant inductance, L, a series resonant 

capacitance, C. and a load imoedance, ZL . The load impedance is defi ned by 

8.1 

This investigation will only consider an inverter operating at a fi,ted frequency and duty cycle designed for 

optimum Class-DE operation into a specific LCR network. Hence for optimum opera1ion the load impedance 

must simply be lhe nominal load resisr.rince, R. for which the inverter is deigned to operate into. The normalized 

load impedance is then defined by, 

8.2 

where R is !he nominal load resistance. The normalized nominal load 1mpe<iance is therefore simply equal to I. 

Jf the LCR resonant nelwork es dnven by a voltage fed inverter, then the frequency and/or the duty cycle of the 

inverter could be adjusted to obtain optimum or close to opcimum Class-DE operation for a very wide range of 

load impedances, However, automatic control of the frequency and duty cycle of the inverter to maintain high 

efficiency operation with various loads represents a large area of further research .and is not investigated here. 

This should be possible but it will bec:ome increasingly difficult with bigher frequencies, particularly above L 

MHz. If the load impedance, 21., deviates from the nominal Load resistance, R, the inverter will no longer be 

operating in optimum Class-DE mode. The effect the deviation of the load impedance has on the operation of 

the inverter and the extent to which the inverter can tolerate this mismatched load is now investigated. 
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8.1 IDEAL CLASS-D INVERTER 

To investigate the effect of the load impedance, we will first consider an ideal Class-O vo)tage-fed series 

resonant inverter. This drives the LCR circuit at resonance and the switches have no output capacitance and an 

ideal reverse diode. The load current will simply be given by the fundamental component of the midpoint 

voltage (always square) divided by the load impedance [3]. The only limitation of the load cuITent in this case is 

that it should not exceed a maximum vaJue given by lmax· The load impedance should therefore not be less than 

the value that gives rise this maximum load current, thus 

2V, 
I - . < I 

m - -1-1 - nu1.1 n Z1.. 
Hence l2LI ~ 8.1. l 

The region that this condition excludes can be seen on the normalized load impedance plane of Figure 8.2. For 

an idea1 Class-D inverter. the load impedance can therefore take on any value up to infinity (open circuit) except 

for the shaded region shown in Figure 8.2. The power dissipated wlll always be zero and the efficiency will 

always be 100%. The voltage stress Oil each switch will always only be the supply voltage, V,. It can therefore 

be seen that it is fuodamelltally a very robust tqpology. 

FigUl'C 8.2 

j 

-j 

-2j 

- Operation in 
Shaded Area 
to be avoided 

Normalized Load Impedance Plane showing rhe Range of Load Impedances 
Tolera,ed by a11 Ideal Class-D Inverter 
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8.2 PRACTICAL CLASS-D INVERTER 

To feasibly operate an inverter in the conventional CJass-D mode, the output capacitances of the switching 

devices must have a negligible effect on the operation of the inverter. This will only happen if the switching 

frequency is low enough so that the CV j losses are negligible, even with no load. Using currently available 

MOSFETs. a half-bridge vol'.age-fed series resonant inverter can feasibly operate in the conventional Class-D 

mode lip to approximately a few hundred kHz. At higher frequencies, the capacitive switching loss will have to 

be considered. However, even at low frequencies. a practical Class-D inverter using MOSFETs will have a 

failure mode associated with che MOSF.ET's reverse integral diode. This diode has a maximum reverse recovery 

dvldr rating that cannot be exceeded as it will cause device failure. This will occur if the inverter is operating in 

the capacitive mode and the MOSFETs are being hard switched. In the capacitive mode the inverter wi ll be 

driving the LCR network beJow resonance and have a leading load current. Hence the switch's diode will be 

conducting at the end of the conductio1n period. If the MOSFETs are being hard-switched, then the dvldt rating 

of the integral reverse diode will be e,:ceeded when the opposing switch turns-on and the device will fail. The 

load impedance can therefore not have any capacitive rellctance. ln praclice, howeve.r, the inverter will be 

operating slightly above resonance and so some capacitive reactance will be tolerated, but this is not shown lo 

Figure 8.3. The load current may a!so not exceed a maxLmum value and so the same condition -as with an ideal 

Class-D inverter applies. Except for th•~ shaded regions shown m Figure 8.3, all other reactive load impedances 

will be tolerated up to infinity (open circuit). The voltage stress on each switch will always only be the supply 

voltage, V.,. Assuming the capacitive switching losses are small, then the power dissipated should remain close 

to the normal operating value for all t~1e allowed load impedances. The tolerated range of load impedances can 

be seen in the normalized load impedance plane of Figure 8.3. 

Figure 8.3 

j 

R' 
0 

-j 

-2j ,----~~--------

- Operation in 
Shaded Area 
to be avoided 

Normalized Load Impedance Plane showing the Range of load Impedances 
Tolerated by GI Practical Class-D lllverter using MOSFETs 
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8.3 THE CLASS-DE INVE.RTER 

The term "Class-DE~ ts applied here to an inverter where the output capacitance cannot be neglected. ll is also 

referred to in the literature as a zero-voltage,.switching (ZVS) Class-D series resonant inverter [54]. These 

inverters must employ some means of reducing lhe capacitive switching losses. The mtsmatched load tolerance 

of a Class-DE inverter will depend on a number of parameters and follows certain trends described below; 

A higher output capacitance ==> Decreases the tolerance of an inverter as the capacitive switching 

losses will be increased, 

[ncreaslng the switching frequency ==> Decreases the tolerance of an inverter as the capacitive switching 

losses will be increased, 

Increasing the impedance levels ==> Decreases the tolerance of an inverter as lhe higher supply voltage 

Decreasing the conduction angle 

implies increased capacitive switching losses, 

=> Decreases the tolerance of an inverter as Lhis implies either or all of 

the followrng; a high output capacitance, a high switching frequency, 

or high impedance levels. 

The actual range of load impedances :t Class-DE inverter can tolerate is difficult ta specify exactly but general 

guidelines can be investigated. This investigation will only consider a Class-DE inverter using MOSFETs. A 

Class-DE inverter operating into its d,esigned nominal LCR network will see an effective load impedance, as 

defined in Section 2.2.3, defined by 

Z = R+ jX 8.3.l 

where R and X are given by equation (2.2.27) and equation (2.2.28) of Seccioo 2,2.3. As the load impedance 

varies away from its nominal load resistance, R, I.hen I.he effective load impedance that the fundamental 

component of the midpoint voltage will see is given by 

8.3.2 

The effect of the variation ot the load impedance can now be investigated. lf the load impedance's resistance 

mcreases, then the load current will be decreased and the midpoint voltage will not swing all the way to the 

opposite rall and capacitive switching losses will occur. This 1s illustrated in Figure 8.4 1hal shows the power 

dissipation increasing with increasing load resistance. 1f the load impedance's resistance decreases, the load 

current will increase and lhe midpoint voltage will swing past the opposite rail causing the diode to conduct at 

the beginning of the conduction period (ZVS turn-on will occur). Assuming tha.t the diode conduction at the 

beginning of the conduction period has no adverse affects, then there will be no power dissipated in this region 

of operation. 

The effect of load reacto.nce on the inverter is not so clear. As the reactance of load impedances varies it will 

change the phase and magnitude of the: load curreru. However, the actual shape of the midpoint voltage will be 
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complicated due to lhe fact that the switches are operating with a duty cycle of less than 50%. The first 

consideration is that as in a practical C lass-D inverter, the dvldt reverse recovery rating of lhe diode means the 

inverter must not operate in the capacitive mode (diode conducting at the ead of lhe conduction period). F rom 

equation 8.3.2, we can make the intuitive deduction that the load impedance can have a capacitive reactance of 

least up 10 -JX before the inverter will be operating in the capacitive mode. As the capacitive reactance of the 

load impedance increases from zero to -JX, the capacitive switching losses will gradually increase reaching a 

maximum at some point. At this point 1.he MOSFETs will be turning on with the full supply voltage across them 

and this represents the worst case of calPacitive switching losses. The amount of capacitive reactance the inverter 

can tolerate therefore depend!. on its power dissipation capability and this is illusLrated in Figure 8.4. ff the load 

impedance's inductive reactance increa:ses then the phase lag of the load current will increase and this will cause 

the diode to conduct at the beginninlg of the conduction period (ZVS turn-on will occur). However, the 

magnitude ofan inductive load impeda·nce may only increase to certain amount before the magnitude of the load 

current is too small too swing the midpoin1 voltage all the way to the opposite rail. As in an ideal Class-D 

inverter. the magnitude of load impeda,nce cannot be less than a specific value. bul this magnitude will include 

the reac.tance jX, hence this c.:ircle will be centered around -JX'. These conditions are illustrated by the shaded 

regions of figure 8.4 which shows the range of load impedances tolerated by a Class-bE inverter in the 

normalized load impedance plane. 

ZVS switching 
Occurring in this region 

2j 

(i.e. No Power Dissipation) j 

0 

2 
I Po Incre mg -jX'+-___ ....._ __ __.. _____ _ 

-2j 

- Operation in 
Shaded Area 
to be a voided 

Figure8.4 Normalized Load Impedance Plane showing the Range of Load Impedances 
Tolerated by a Class-DE lnvener using MOSFETs 

From Figure 8.4 we can see that the im•erter will tolerate a fairly large range of induc(ive load impedances whlle 

still maintaining ZVS and hence have no power dissipation. Capacitive reactance will increase capacitive 

switching losses and hence power d issipated. As in a Class-D inverter, the voltage stress on each switch wilt 
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always only be Lhe supply voltage. V1 • for all load impedances. It should also be noted that mismatcbed load 

tolerance depends LO large extent on the power dissipation capability of the mvener. As a Class-DE inverter 

should be operaung very effic,ently, it should have ample power dissipation capab11i1y an reserve. From this fact, 

together with the results of Figure 8.4, it can be deduced that a Class-DE inverter should have a very good 

mismatched load tolerance. However, Figure 8.4 only serves as a guide and more quantitative information can 

be obtained by simulation on a program such as HB-Plus [57}. Ulumately the load tolerance. of the inverter w,11 

have to be determined experimentally. 
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CHAPTER 9. CONCLUSIONS 

This thesis investigated the various aspects of the theory. design and construction of high frequency aod high 

power Class-DE lype DC/AC inverters. From the analysis presented in Chapter2 it can be seen that a Class-DE 

inverter has a theoretical pov·er advantage over a Class-E inverter up to approximately 6 MHz using standard 

swi•tch-mode type MOSFET~. The practical aspects of implementing a Class-DE inverter to work up to this 

frequency were then investigated. rt was found that a half-bridge type inverter was the most suitable topology. 

as it does not fundamentally limit the operating power or frequency. The limiting factor will actuaUy be the 

switching devices themselves. The main practical problems of implementing a half-bridge inverter were found 

to be the gate-drive, the physical construction of the inverter output stage, the generation of the control signals 

and the communication-link to the h.iglh-1,ide switch. The use of a fiber optic link as· communica1jon-link to the 

high-side switch proved to be. an eitcellent solution, enabling the i.nverter to be controlled from DC - 5 MHz. A 

fiber optic communication link will not be a limiting factor to the maximum feasible operating power and 

frequency of a Class-DE inverter. Generation of the control signals was suitably achieved for Class-DE type 

operation from 50 kHz to 5 MHz. Thie implementation of a digital dead-time should enable suitable control 

signals to be generated for C,ass-DE type operation over the entire .HP band. The physical construcrion of the 

inverter becomes more difficult with increasing frequency and power (i.e. les& tolerance of stray in,pedance), 

An innovative construction of the output stage of the inverter enabled very clean and discernible Class-DE type 

operation to be achieved up to 5 MHz at a power level of I kW (with an operating impedance level of 10 Q). 

Hybrid circuit technology using ceram,ic substrates should enable a half-bridge inverter to be constructed with 

low enough stray impedances for operation up to 13.56 MHz. and possibly for power levels of up to 10 kW. 

Driving the gate capacitance directly with a suitably low impedance driver enabled Lhe required rise and fall 

times to be achieved, and for the MOSJ:<ETs to be driven from DC-5 MHz with any duty cycle. However, power 

dissipation and the physical size of the gate-driver were problems. For higher operating frequencies new 

techniques will have to be investigated to reduce the rise and fall times, increase the power dissipation capability 

and reduce the physical size of the gate-driver circuitry. 

The broadband design of the control circuitry, communication-link and gate-drive enabled the half-bridge 

inverter output stage to be driven from 50 kHz through to 6 MHz. The half-bridge topology proved to be an 

excellent solution as it enabled very c lean and discernible waveforms to be observed that clearly showed 

Class-DE operation. It also enabled the mechanism of the operation of the inverter to be ascertained for various 

operating conditions. The broadband 1:apability of the half-bridge enabled the inverter to produce RF power 

from 50 kHz to 6 MHz with the only circuit changeS needed for the different frequencies being the inductance 

and capacitance of the tuned network. The design equations developed in Chapter 2 enabled s.1mple and fast 

calculation of the values of the inducta nee and capacitance. The ability to change !.he frequency and dUly cycle 

of the inverter made the tuning procedure for Class-DE operation relatively simple and as it could be achieved 

without any circuit changes. 
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When operated in the Class-DE mode, the inverter was found to be capable of delivering a power output of over 

l kW from 50 kHz to l MHz With an efficiency of 94%. This ts fairly close 10 1he theoretical maximum 

efficiency determined by the on-resista.nce of the MOSFETs. The efficiency decreased slightly with increasing 

frequency from 1 MHz to 5 1\1Hz. Th<! last test of the inverter produced 1.15kW of output power at 5.3 MHz 

with an efficiency of 91 %. 

A comparison of the performance of \rarious topologies is give(l below. All the topologies are using only rwo 

IRFP450 MOSFETs and they experience the same peak voltage and current stresses. If the operating frequency 

is 5 MHz, the peak. voltage stress is 330V, and the peak current is 12. 7 A, then we have 

• Class B and C n=-60% Pn =~200W 

(Power output limited by power di:,sipation capability) 

• Class-DE P0,,, = l l.SOW r,:;;; 91 % Po ;c U3W 

• Class-E P out = - 750W 

Where P11u, is the output power, TJ ts 1the efficiency and P0 is the power dissipated. It can be seen from the 

above results that a Class-DE inverter is capabte of producing a h.igher combination of power and efficiency 

than :my other current topology up to a frequency of 5 MHz and at power levels of J kW 

As the MOSFETs are being used as sw1tch1ng devices they may be connected in parallel refatweJy easily and 

th.e variation of device parameters will have no adverse effects. Paralleling the switching MOSFETs can 

Increase the power output of a Class-DE inverter, but increasing the power will decrease the operating 

lmpedance level and hence plaGe tighter restrictions on the -construction of the inverter. lt i"s the author's opinion 

that ir should be possible to parallel more than five sets of MOSFETs at 5 MHz, thereby increasing power levels 

to approximately- lOkW. rt is also the 21uthor's opinion !h.at the operating frequency of a voltage-fed half.bridge 

Class-DE inverter can be extended to c:over the 13.56 MHz ISM band. The main practical problems will be the 

gate-drive and physical construction. Above this frequency the advantages of a Class-DE topology over a 

CJass-E topology are limited and the de,velopment difficulties increase considerably. 

A Class-DE type inverter could be used for many applications requiring RF power in the HF band, such as AM 

or SW radio transmitters. induction he21ting and plasma generators. The information presented in this thesis will 

be useful to designers wishing to implement such an inverter. A Class-DE type inverter also offers great 

potential for use in a DC-DC convert,~r. However a method of regulating the power flow (and hence output 

voltage) while still maintaining_ zero volrage switching transitions (or as close as possible to optimum Class-DE 

operation) remains to be investigated. Many principles of a Class-DE topology are similar to a Class-E 

topology and hence the theory and information presented in this thesis will give a good introduction towards 

understanding the more complex operai:ion and equations of a Class-.E topology. 
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9.J CLASS-DE VERSUS CLASS-E 

The differences between Class-DE andl Class-E are subtle compared to Uoear topologies, and the most suitable 

topology will depend on mainly on th,e operating frequency; but factors such as the application. power levels 

and development time also have to be: considered. Class-D is most suited to freq uencies from DC to a few 

hundred kHz, Class-DE from above a fow hundred kHz to a few MHz, and above tliis Class-E. The exact cross

over points are ,somewhat ambiguous a.od will change with new technology. Hov.,,ever, some general guidelines 

are given below. 

Prom the analysis of a Class-DE topology, it can be seen that it has a theoretical power advantage over a Class-£ 

topology for switch conduction angles greater than 104.4° (duty cycle of 29%), For a duty cycle of 29%. a 

Class-DE topology has the same switcb utilization factor as a Class-E topology (i.e. the same power output for a 

given switch voltage and current stress.). Thus if the duty cycle in a Class-DE inverter is required to be less than 

29% it would produce less power than ;a Class-E. The duty-cycle required in a Cl~ss-DE ·inverter depends on the 

output capacitance of the switches used and it decreases with increasing operating frequencies. One may then 

calculate at what frequency the duty cycle required in a Class-DE inverter equals 29%. 

However, the physical construction and, practical problems of implementing a two switch Class-DE topology are 

considerably larger than the single switch Class-E topology. Hence the duty cycle should be at least 35% or 

more to In order justify the extra power gained through !he use of a Class-DE topology over a ClassJE topology. 

The frequency at which the required duty cycle is 35% appears to be in the region of 10 to 15 MHz using the 

high voltage and high power RF MOSFETs now offered by some manufacturers. Above this frequency the 

switch utilization factor approaches that of a Class-E a nd there is littl.e to be gained from a Class-DE topology 

over a Class-E topology. 

From the results of this thesis it can be seen that from lOOkB.z to 6 M Hz a Class-DE topology is the best means 

of producing raw RF power. Over this frequency range it offers the highest combination of output power and 

efficiency and has a good mismatched 1/oad tolerance. ft also preserves normal operating waveforms over a wide 

range of load impedances. It Is the author's opinion that this frequency can be extended to cover the 13.56 MHz 

fSM band. However, it should be noted that a two switch Class-DE topology will require more development 

time and effort tnan a single switch Class-E topology. 
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9.2 ORIGINAL WORK 

A summary of the original work presented in this thesis is given below. 

• An analysis and description of Class-DE operation in a half-bridge inverter is presented. The concept of a 

conducuon angle is introduced which enables a more intuitive understanding of the analysis equations and 

design equations developed thereafter. The effect of a non-linear output capacitance was studied and 

equations are modified to take thii; effect into account. The design equations enable the conduction angle 

required, power ourp.ut and the circuit element values of the LCR network to be calculated simply and 

quickly. 

• The re.~ults of an mvesuga1ion into the practical problems of implementing a high power and high 

frequency Class-DE inverter, and guidelines to solving these problems, is presented. Some novel solutions 

to Lhese problems are developed .and these solutions were implemented in a prototype voltage-fed half

bridge inverter. These solutions enabled the feasible operation of a high power half-bridge inverter to be 

extended up to 5 MHz, and were found to work very effectively. It is concluded tha1 the practical problems 

of 1mplemenLing a half-b·idge Class-DE inverter can be overcome w1th further development for operation 

up to 13.56 MHz.. 

• The use of a fiber optic link as Lhe means of communicating the drive signal to floating switches at high 

frequencies and high powers is shown to be very feasible. 

• Class-DE operation of a voltage-fed half-bridge series resonant inverter st various frequencies up to 5 MHz 

and a1 power levels of 1 kW is c1eady shown. 

• The results of Lhis thesis prove that a Class-DE topology 1s capable of producing RF power up to a 

frequency of 5 MHz with a higher combination of power and efficiency than any other current topology 

operating with the same switch voltage and current srresses. 

• A brief ,nvest1gac1on of the ITIJSmatched load tolerance of a Class-DE inverter 1s presented_ 



APPENDIX A. Fundan1ental Component of the Midpoint Voltage 

v,n(t) 

V~/2 ..... ,-i • .......-----
1 

-1_~1 
cos I 

K=-+-"--

0 

--------''--· -V.12 

Conduction Angle = ¢, , Duty Cycle, D =~ 
2rc 

vm (l) 

Where v 1 (t) 

vs/2 1 E [ 0, tm,] 

v1 (t) tE [ Ion• Ts/2] 
= 

-Vr/2 l E [T.)2, ~./2 + t0n] 

'' i.(l) / E [T. /2 + I 1M • ~ ] 

= --
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0 

lncegrating and using the boundary condition that v1 (t 011
) = ~ .i: , then we have 

2 

Similarly 

V ( + V, [ l -cos</)] = ., cos 0) t) , 
( l+cos4>) • '2 l+cos4' 

_ V, [1- cos-tf,] 
2 . l+cos<p 
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Appendix A. Fu11damcntal CompOJtte11t of the Midpoint Volrage 

The midpoint voltage may be expressed as a sum of the Fourier series of complex exponentials 

n zc-

V,n(f) = L V:eJntu,J 

n=--

Where the complex Fourier series coefficients, Vn, can be found using 

The first coefficient of the fundamental can be found by evaluating this integral for 11= I, 

Thus setting n=l. and expanding the imtegral 

Evaluaung the integral, we have 

Vi = V, [(n-rp+sinq,costfl)- 1sin 2 ¢,] 
2rr(1 + cos~) 

Yi can be expressed in polar fonn as 

Where 

and 
[ 

• • ,I, l f.l . _1 -sm-.,, 
IJ = Lan 

n-¢ + sin q,cosq, 

The fundamental component, v111,(t). of the midpoint voltage v,,.,(t). 1s given by 

But for real functions of time, V_1 = V1 •. and so using the polar form of v";. we have 
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Appendix B. HB-Plus Simulation Results of the Design Example 

Half-Bridge power amplifier/converter (HB) 

Simulation of The Design Example 

Jan. I 0, I 999 

ENTER CCRCUIT PARAMETERS and TITLE SCREEN-! 

Switching frequency (t) ...•................ [Hz]: 

DC supply voltage (\/cc or Veld) ....... [volts], 

Fractio n o f period, tum-on of Swl to Sw2 . . . : 

Switch l parameters 

Duty ratio of swttch ! , .... , .................. .... . 

Roni ............................... , .......... (obms]· 

Roff! .............................. ........ ... lohms]: 

Coull ....................................... [farads]: 

Coull series resistance (Rcoutl) .. lohms]: 

Saturatton offset voltage ( Vol) .... [volts]. 

Switch 2 parameters 

Duty ratio of swllch 2 ........................... : 

Ron2 ............................... ....... ... [ohms]: 

Roff2 ......................................... [ohms]: 

Cout2 ............................. , •... ... .. [farads]: 

Cout2 series remtance (Rcout2) .. [obms]; 

Saturation offse1 voltage (Vo2) ..... [ volts]: 

ENTER CIRCUIT PARAMETERS SCREEN-2 

Load re.~istance (Rload) .................... [ohms]: 

L2 ............................................... [henries]: 

ESR_U ......................................... [ohms]: 

C2 ............................................... [farads]: 

ESR_C2 .............................. . , ........ [ohms): 

5E+06 

300 

0.5 

0.345 

0 .0 1 

1E+06 

3.67E-10 

0.001 

0 

0.345 

0 .01 

IE+06 

3.67E-10 

0.001 

0 

9.37 

1.23E-06 

0.001 

IE-09 

0.001 

12:55 

SELECTION: <• .• > ENTRY: ALPHANUM. EXEClITE: <PgDn> ABORT: <ESC> 
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Appendix 8 . HB-Plus Sin11da1ion Resulis of the Design Example 

Half-Bridge power amplifier/converter (HB) 

Si mulation of The Design Example 

Jan. I 0, 1999 12:56 

EFFlCJENCY AND POWERS 

Collector/dram efficiency (Pou't/Pin) ....... [%] 

Colleclor/drain ineff} (Pin-Pout)/Pin ...... l % ] 

DC power input (Pin) ........................ [wans] 

Power output (Poul) .......................... L wattsJ 

Power loss in L2 .. ...................... ..... . [watts] 

Power 'loss in C2 .. , ........................... [watts] 

Power loss in Ronl... .............. .. ........ (watts] 

Power loss in Rcoutl.. ...................... [wans] 

Power loss in Ron2 .................. ......... [watts] 

Power loss in Rcout2 ........................ [wa ttsl 

99.882 

0. l 1813 

1204.2 

1202.8 

0.12837 

0. 12837 

0.S7754 

0.0054026 

0.57754 

0.00S4026 
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.15. 0 
,.. 
) 
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---4 5. 0 
3 
VI ... 

0 . 0 
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1 • t I 
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. . 
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APPENDIXC. Drive-Signal-Generator Circuit 

R.8 

C9 
ri120o 

Oeat&iM Ct 10 
1ncte»-e traquan~.-

01 t 6 t CIO f C11 i 
D02CZ5.& 
O02u,. ~ IOOof 

C1 

500R 

56A R2 
All 
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01 

01N•14! 
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IOOA .. , A6 
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APPENDIX C. Gate-Driver Circuit 
C!i 220nF' 4 

Cl 1 , C12 

lk 
DB x, 

J,3LJF I I3uF 
RS Bl-150' C106M 

LED Tan1a1um 

D1N5806/125C +5v s 

t°"J._ 220nF c•• 

ri 220nF 
C 16, 

•5V 

613 150k 220nF • 4 -r1 Cl 
4 

U16 2.2oF t5v 

R2 
!Ok 

HFBFl-2526 
lT1016A 

o:m=J 
MPS2907 ~ C4 220nF' 4 

i r ◄ 7~ Rl4 1 l RS y Q~ t 15~r:i H7 l04CN +- 15V . . . n 
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APPENDIX D. Design Equations of a Half-Bridge Class-DE Inverter 

A summary of lhc equations used and procedure followed when designing a Half-bridge Class-DE inverter is 

given below. The designer must first specify the desired supply voltage. V,. the peak current through the 

devices, Ip, lhe ourput capacitance of the devices, C0 • and the switchi ng frequency. f.. Alternatively. if the 

output capacitance is non-linear, then the total charge Qr required to charge the output capacitance to V1 must 

be specified. The effective output capadtance can then be found as, Co- ti/ = ~r . The required conduction 
• 

angle can then be calculated using the appropriate equation below (where QJ
1 

= 2rcf,) 

cos</> cos¢ cos~ 

The required duty cycle of the switches and power output of the inverter will then be given by 

The phase lag, 0:, between lhe fundamental componenr of the midpoint voltage and the midpoint current can be 

found using the expression 

The designer must now select the desired value of the Q of the resonant LCR network {usually in the region of3 

to 5), The natural resonant frequency of the LCR network can then be found using 

Using this value of the natural resonant frequency. the value of the resistance. induciance and capacitance in the 

LCR network can be found using the following three expressions (wherewr =21Tfr) 

L 
QR 

The Average current and RMS current tlnrough each switch wi ll be 

= 
1 

_P_ (I - cosip) 
2,r { S- r,11< 

C = 
l 

-~- =---
w,-l w,QR 

(2(/) -sin 2</>) 

2n 



AppendixD Design £quot ions of a Half-Bridge Class-DE Inverter 

The maximum dvldr experienced by each switch and the switch utili:z:a11on fact0r will be 

dv 

dt MAX 

I 
= -"- sin(¢) 

2C
0 

U = -1 
(1 -cosq,) 

41f 

98 

ff a more complex matching circuit is to be used other than a simple LCR network, such as tapped inductor or 

tapped capacitor network, then the effec live load impedance required by the inverter can be used to calculate the 

circuit element values. The effeetive load impedance that lhe fundamental component of the midpoint voltage 

must see is given by 

Z =- R + jX 

where R is the real part of che effective load impedance .and Xis the reacuve part \ inducr1ve). Rand X can be 

found using the following ellpressions 

V 
R = _J (1-,;osq,) 

n t,, 

X =~[n-tP+sinq,cosq, ] 
'If I ,, I +cos¢ 
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