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ABSTRACT

High frequency operation of single-switch, pulse width modulated (PWM) converters 

allows for the reduction of the size and weight of their magnetic and filtering 

components, but switching losses become significant and must be reduced. The standard 

approach to minimizing these losses has been to use an active auxiliary circuit that 

consists of an active switch and passive elements and that is not part of the main power 

circuit. The auxiliary circuit helps the main power switch turn on with zero-voltage 

switching (ZVS). The circuit is activated just before the main power switch is to be 

turned on and is active for only a fraction of the switching cycle, until the switching 

transition has been completed.

A new type of active auxiliary circuit is presented in this thesis. The main feature of 

an auxiliary circuit of this new type is that it has the advantages of traditional non­

resonant and resonant auxiliary circuits without the disadvantages. In this thesis, the 

fundamental principles behind the new type of circuit are explained, an example circuit of 

this type is analyzed, and a design procedure for the selection of the critical components 

is presented. A variation of the new type of circuit is then discussed, and the feasibility of 

the new type of auxiliary circuit is confirmed by experimental results obtained from a 

prototype circuit of a 500W, 100 kHz ZVT PWM boost converter.

Keywords: Switch mode power converter, pulse width modulation (PWM), soft-switching, 

zero-voltage switching (ZVS), efficiency, high-frequency operation.
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Chapter 1 Introduction

1.1 Background Information

1.1.1. Power Electronics System

Power electronics has applications that span the whole field of electrical power 

systems from a few Watts to several Megawatts. The main task of power electronics 

systems is to control and convert electrical power from one form or level to another. 

Typical power electronics applications include electronic ballasts, high voltage DC 

systems, power conditioners, UPS systems, power suppliers, motor drives, and electric 

vehicles. The four main forms of power conversion are:

■ AC to DC conversion

■ DC to AC conversion

■ DC to DC conversion

■ AC to AC conversion

Power conversion is mainly performed by the power converter, in which power 

semiconductor devices are widely used as static switches, for example, diodes, BJTs, 

MOSFETs and IGBTs. A block diagram of a typical power electronic system is shown in 

Figure 1.1. The power source may be a DC source or a single-phase/three-phase AC 

source with line frequency of 50 to 60 Hz or 400Hz; it may be an electric battery, a solar 

panel, an electric generator or a commercial power supply. The source feeds the input of 

the power converter, which converts the input power to the required form for a load. The 
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load may be DC or AC, single-phase or three-phase, and may or may not need 

transformer isolation from the power source.

The power converter can be an AC/DC converter, a DC/DC converter, a DC/AC 

inverter or an AC/AC converter depending on the application. Feedback control is used to 

ensure that the required output voltage and/or current is provided to the load. A goal of 

power converter technology is to build converters with small size, low weight and low 

EMl noise and that process substantial power at high efficiency and high power density.

Control Signal

Reference Signal

Feedback Signal

+

Power 
Converter

A
Power
Source

Control
Circuit

Figure 1.1. Block diagram of a power electronic system.

1.1.2. Single-Switch Converters

There are several types of single-switch power converters. The most fundamental 

single-switch converters are the buck converter, which can step down voltage, the boost 

converter, which can step up voltage, and the buck-boost converter, which can do both. 

The buck, boost, and buck-boost converters can be used as DC/DC converters or as 

AC/DC converters. Most of DC/DC converters are switch-mode converters that operate 

with active semiconductor devices (i.e., MOSFETs, IGBTs, etc.) functioning as on-off 

switches. These switches are periodically turned on and off with high switching 

frequencies (fsw = 20kHz - 1 MHz). The output DC voltage is dependent on the duty 
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cycle D, which is defined as the length of time that a switch is on (Ton) over the duration 

of a switching cycle (Tw = 1/fsw):

D=TOWTS (1-1)

Figure 1.2 shows a conventional DC/DC boost converter consisting of inductor Lin, 

switch S, main diode Dj and output capacitor C0. The converter works as follows:

Vi
C 
4 
OCo

Figure 1.2. Conventional DC/DC boost converter.

When the MOSFET switch S is switched on, current flows from the input source 

through inductor Ljn and S and the energy is stored in the inductor. There is no current 

flowing through diode Dι, and the load current is supplied by the energy stored in output 

capacitor C0. When S is turned off, the energy stored in the inductor Lm is transferred to 

the load as current flows through Dι and the load, recharging C0 as well. Since (1-D) is 

actually the proportion of the switching cycle that S is turned off. The output voltage of a 

boost converter will always be greater than the input voltage as the ratio of output to 

input voltage is determined by:

VtSKl=IZ(I-D) (l-2)

In order to operate the switch S, a pulse train Vgs in Figure 1.3 must be applied 

between the gate and the source of it from a control circuit. The MOSFET is on when the 

Vgs pulse is high and off when it is low. Since the duty cycle of the converter and the 
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ratio of output to input voltage is determined by the width of the Vgs pulses, it is the pulse 

width that is ultimately used to control and regulate the output voltage. This approach to 

controlling the output voltage of power converters is called pulse width modulation

(PWM).

Figure 1.3. Switch voltage and inductor current waveforms for the boost converter.

1.2 Hard-Switching Converters

Single-switch PWM power converters are widely used in switched-mode power 

supplies for computers, telecom, medical, aerospace and other industrial applications. 
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Most recently, proposed PWM boost converters [11]-[19] have moved to operate with 

high switching frequency as higher switching frequencies allow for the reduction of 

magnetic component size, thus increasing power density (W∕cm3). Converter operation at 

high switching frequencies, however, causes higher switching losses and greater 

electromagnetic interference (EMI). Switching loss mechanisms include power losses 

caused by the overlap of switch voltage and current during the time interval when the 

switch is turned on or off and the power loss caused by the dissipation of energy stored in 

the MOSFETs drain-source when the device is turned on.

The sudden turning on or turning off of a switch is commonly referred to as “hard- 

switching” in the power electronics literature. Figure 1.4 shows the MOSFET switching 

voltage and current waveforms under hard-switching conditions. It can be seen that the 

switching characteristic of the MOSFET has a high dv/dt, a high voltage spike, and 

significant losses due to voltage and current overlap when the device is turned off. The 

MOSFET also has a large current spike, a large di/dt and significant losses when the 

device is turned on.

“ Tolrag,

2 111

(b) Turn-on

- . Ecn:07/m.

Tine 0 Zus

(a) Turn-off

Figure 1.4. MOSFET voltage and current waveforms under hard-switching conditions.
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Single-switch converters typically have a power diode that can conduct current when 

the main power switch is off. The current is transferred from the diode to the switch and 

the diode stops conducting current when the switch is turned on. While the diode stops 

conducting, there is a duration of time commonly referred to as reverse recovery time, trr, 

(as shown in Figure 1.5 for a regular diode ÎRRI and a fast recovery diode ÎRR2) during 

which there is reverse current flowing through it and reverse voltage across it. Therefore, 

the conduction losses are generated. This is especially true if the converter switch is 

operated with hard switching and high frequency because of the abrupt transition of 

current from switch to diode when the switch is turned on. The reverse-recovery current 

not only leads to power losses in the diode but also creates electromagnetic interference 

in the power converter systems that may affect the operation as well performance of other 

surrounding electrical and electronics equipment. These adverse effects can be significant 

in high-frequency applications. Fast-recovery diodes with short reverse recovery times 

(trr) are therefore widely used in high-frequency converters.

1
RR

Figure 1.5. Reverse-recovery characteristics of a regular diode and a fast recovery diode.
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1.3 Soft-Switching Converters

The term "soft-switching" refers to any method of switching where the main power 

switch in a single-switch converter turns on and/or turns off with a gradual rise or fall of 

voltage and/or current. The gradual rise and fall of voltage and current can reduce EMI 

noise and it can also reduce switching losses due to a reduction in the overlap between 

switch voltage and switch current during a transition. A device operating with soft 

switching can be made to operate with zero voltage across it or with zero current flowing 

through it when the device is turned on or off. There are therefore two general types of 

soft switching: zero-voltage switching (ZVS) and zero-current switching (ZCS). Of the 

two types, ZVS operation is preferred when using MOSFETs in high switching frequency 

single-switch converters because it minimizes the power loss due to the discharging of 

the MOSFETs drain-source capacitance when the device is turned on.

In this section of the chapter, various methods of implementing ZVS in a single­

switch converter are discussed.

1. Resonant Converters with Soft-Switching

Resonant converters were initially introduced to create an oscillatory voltage or current 

so that ZVS or ZCS conditions can be achieved for power switches. Figure 1.6 shows a 

typical ZVS resonant boost converter. The dashed block is the LC resonant auxiliary 

circuit, which includes resonant components Lr and Cr. This LC circuit shapes the switch 

voltage in such a way that switch S of the boost converter can turn on and off with zero 

voltage switching.
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JAT C, SR

Figure 1.6. Typical ZVS resonant boost converter

Most resonant converters, however, suffer from high peak switch voltage or current 

stresses in comparison to conventional PWM converters. This leads to higher conduction 

losses and higher voltage and current rating requirements for the power switches and other 

circuit components. The other main disadvantage with resonant converters is that when 

operation over a wide range of input voltage and output load is required, most resonant 

converters must be made to operate with variable switching frequency control over a 

wide switching frequency range. This makes it difficult to optimize the design ofthe ZVS 

converter.

2. PWM converters with soft - switching

The most popular approach to implementing ZVS in single-switch converters is the 

use of resonant-transition techniques. Resonant-transition soft-switched converters 

combine the advantages of conventional fixed switched frequency PWM converters and 

resonant converters and have been developed to overcome the disadvantages of resonant 

converters. These can be zero-voltage transition (ZVT) converters or zero-current 

transition (ZCT) converters.
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A number of zero-voltage-transition boost converters [1]-[17] have been proposed in 

recent years, including the one shown in Figure 1.7. All of these converters have an 

auxiliary circuit that is added to the main boost converter and used to ensure that the 

boost diode has a soft turn off and that the boost switch is turned on with zero-voltage 

switching (ZVS). The auxiliary circuit consists of a switch and passive snubber circuit.

The operation of the auxiliary circuit occurs only during the turn-on and turn-off of 

the main converter switch with a very small portion of switching cycle. Since the 

auxiliary circuit is only activated for a small portion of the switching cycle, the circuit 

behaves almost like a conventional PWM converter, but with smoother voltage and 

current transition. The components in the auxiliary circuit handle a fraction of the power 

compared to those in the main power circuit and thus lower rated components can be 

used. This is especially true of the auxiliary switch, which can be a device smaller than 

that of the main power switch and therefore operate with less switching losses. It is this 

difference in switching losses that causes the overall efficiency of the converter to be 

improved.

C, SR

Comparing Figure 1.7 with Figure 1.2, it can be seen that ZVT converter is identical 

to the conventional boost converter except that an auxiliary circuit is added to help the 

Figure 1.7. ZVT DC/DC boost converter
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main switch Si turn-on with ZVS. This auxiliary circuit consists of an inductor Lr, a 

diode D2 and an auxiliary switch S2. Capacitor Csl represents the total capacitance across 

Si, which consists of the MOSFET's internal output capacitance and an external 

capacitance cross the drain and source of Sι. Csι delays the voltage rise across the switch 

so that Si can be turned off with ZVS. Assuming that the inductance of input inductor Lin 

and the capacitance of output capacitor C0 are large enough to maintain the input current 

Iin and the output voltage V0 constant during a switching cycle for the purpose of 

simplicity, the converter’s operation can be explained in the following manner with 

typical waveforms shown in Figure 1.8.

Figure 1.8. Voltage and current waveforms of the ZVT-PWM boost converter.

The converter works exactly like a conventional PWM boost converter until just 

before the main switch Si is to be turned on. When the auxiliary switch turns on, the 
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current through Lri ramps up linearly until it reaches the same level as the input current 

Iin. At that moment, the current previously flowing through Di has been completely 

diverted to the auxiliary circuit. If the rate of current transfer from Di to the auxiliary 

circuit has been sufficiently gradual, then Dι will have little or no reverse recovery 

current. When current ceases to flow through Dι, the voltage across Csι is no longer 

clamped to the output voltage and Csl begins to discharge into the auxiliary circuit. The 

current flowing through Lri continues to rise as the voltage across Csl drops until Csι has 

been completely discharged and the voltage across it is zero.

Since the current flowing in the auxiliary circuit is greater than the input current and 

Csι has been discharged, the difference in the two currents begins to flow through the 

anti-parallel body diode of Sι. Since the voltage across S∣is clamped to zero when this 

happens (t = t2 in Fig. 1.8), the switch can be turned on with ZVS. When the auxiliary 

switch S2 is turned off, all the energy stored in Lrι is transferred to output through D2 

until the current flowing through this inductor is zero; the operation of the converter then 

becomes identical to that of conventional boost converter. When Si is turned off, Vcsι, 

the voltage across Si, rises until it is equal to the output voltage V0, Di then conducts and 

continues to do so until the start of the next switching cycle.

1.4 Literature review

A number of auxiliary circuits for single-switch ZVT-PWM converters have been 

proposed in recent years [11]-[3O], with the auxiliary circuit shown in Figure 1.7 being 

one of the first and simplest ones [11]. Although this converter can operate with a higher 

efficiency than conventional PWM Boost converters, the auxiliary switch must operate 
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with a hard turn-off, which creates significant power losses and generates EMI noise. 

Other auxiliary circuits have therefore been proposed to overcome the deficiencies of this 

circuit.

The auxiliary circuit proposed in [13] used an additional snubber circuit to “snub” or 

to limit the peak voltage across the auxiliary switch when it is turned off. The circuit 

proposed in [15] was a variation of the one proposed in [13] that allowed the auxiliary 

switch to turn off with ZVS by adding an extra capacitor. Likewise, the auxiliary circuit 

proposed in [16], shown in Figure 1.9, is similar to the circuit proposed in [11], but the 

auxiliary switch can turn off with ZVS due to the addition of a capacitor Cr. Other 

circuits based on the one proposed in [11] have been proposed in [17] - [20].

Liu

Sun

==C S R

Figure 1.9. An improved ZVT-PWM boost converter.

D2 C1
BAs:

Figure 1.10. A ZVT-PWM boost converter with magnetic feedback.
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The introduction of a coupled inductor or transformer in the auxiliary circuit to reduce 

the effects of the hard turn-off of the auxiliary switch in the converter proposed in [11] 

was proposed in [21] and shown in Figure 1.10.

The input inductor of the converter is coupled to the auxiliary circuit inductor so that it 

acts like a current transformer during the time when the auxiliary circuit is active. It 

provides an alternative current path so that not all of the current originally flowing 

through diode Di flows in the auxiliary circuit after the auxiliary switch is turned on. As a 

result, the turn-off of the auxiliary switch is much less harder since the less current must 

be interrupted. The main disadvantage of this auxiliary circuit is the input current has a 

sharp negative peak during the transition period, which increases EMI. Improvements to 

this circuit were proposed in [22] but the design of the auxiliary circuit transformer is 

very complicated and extra conduction losses are introduced.

SbLL0*
==C,: ==C SR

Figure 1.11. ZVT-PWM boost converter proposed in [20].

A different type of auxiliary circuit, not based on the one proposed in [11], was 

proposed in [20] and shown in Figure 1.11. This circuit transfers the energy stored in 

inductor Lri of the auxiliary circuit to the input; it is very simple and the auxiliary switch 

S2 can be turned off with ZCS. The drawbacks of this circuit are that it needs a floating 
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gate drive circuit for S2 that might be difficult to implement and it can only be 

implemented in converters that operate with an output voltage at least twice as large as 

the input voltage.

Most of the auxiliary circuits that have been reviewed so far in this section are 

considered to be non resonant as these circuits must interrupt current when they are 

turned off. In order to achieve a soft, turn-off of the auxiliary switch to decrease EMI 

noise and increase efficiency, resonant auxiliary circuits were proposed, such as the ones 

proposed in [24], [25] and shown in Figure 1.12 and Figure 1.13 respectively.

TC S R

Figure 1.12. ZVT-PWM boost converter proposed in [24].

Resonant auxiliary circuits have a resonant circuit consisting of a capacitor in series 

with an inductor that can force negative current to flow through the anti-parallel diode of 

the auxiliary switch; the negative current allows the auxiliary switch to turn off with 

ZVS. This negative current, however, must circulate in the auxiliary circuit for some 

length of time and must also flow through the main switch. This leads to an increase in 

conduction losses and additional peak current stress in the main switch. Other resonant 
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auxiliary circuits that try to reduce the amount of negative circulating current and do not 

require a floating gate drive for the auxiliary switch have been proposed in [28].

Figure 1.13. ZVT-PWM boost converter proposed in [25].

1.5 Thesis Objectives and Outline

The main objectives of this thesis are (i) to propose a new type of auxiliary circuit that 

can be used in ZVT-PWM converters that combine the advantages of the non-resonant 

and resonant types of auxiliary circuits, and (ii) to study, characterize and examine the 

properties and characteristics of this new type of circuit through mathematical analysis 

and experimental work. The thesis is organized as follows:

Chapter 2 describes the operation of a ZVT-PWM boost converter. Both non-resonant 

and resonant active auxiliary circuits are presented, their operation is explained, and 

examples of each type are discussed. A new type of dual active auxiliary circuit that 

combine the benefits of the non-resonant and the resonant auxiliary circuit is derived. The 

derivation of a circuit belonging to the new type of converter is also presented.

Chapter 3 describes the operation of an example converter using the new type of dual 

auxiliary circuit presented in Chapter 2. The different modes of operation during a 
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switching cycle are explained, and a mathematical analysis of each mode is provided. 

The results of the analysis are used to examine the steady-state characteristics of the 

converter in Chapter 4.

In Chapter 4, the steady-state characteristics of the converter discussed in Chapter 3 

are examined and are used as part of a design procedure that can be used to select 

appropriate values for converter critical components. The procedure is demonstrated with 

an example and can be used to design other ZVT boost converters with dual auxiliary 

circuits. Also in Chapter 4, a variation of the converter obtained from Chapter 3 is 

presented and its various modes of operation are discussed.

In Chapter 5, experimental results from an experimental prototype of 500W, 100 kHz 

ZVT-PWM boost converter are presented. The prototype was implemented with the new 

type of dual auxiliary circuit presented in Chapter 3, the variation presented in Chapter 4, 

the original non-resonant auxiliary circuit and resonant auxiliary circuit separately to 

compare the efficiency performance. The efficiency of the converter operating with each 

of these four circuits is shown and conclusions about these circuits are made.

Chapter 6 presents the summaries and contributions of this thesis as well as 

suggestions for future work.
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Chapter 2 ZVT Boost Converters With 

Active Auxiliary Circuits

2.1 Introduction

This chapter will discuss the operation of active auxiliary circuits that allow the main 

power switch in PWM boost converters to operate with soft-switching, thus reducing 

power losses, component stresses, and EM1 noise. In this chapter, two types of active 

auxiliary circuits are discussed, their advantages and disadvantages are explained, and 

examples of each type are presented. Based on these two types of circuits, a new family 

of active auxiliary circuits can be generated. The derivation of a circuit belonging to the 

new family will be introduced and other circuits of the same family are also presented.

2.2 ZVT Boost Converters with Active Auxiliary Circuits

Most ZVT-PWM converters have an active auxiliary circuit parallel to the main 

component intending to achieve soft-switching transitions for the main power switch. In a 

boost converter, the auxiliary circuit usually is connected to the main circuit as showed in 

Fig. 2.1. The auxiliary circuit basically has three connecting points (a, b and c) although 

some circuits may not have point c, as indicated by the dashed line shown in Fig. 2.1. 

This auxiliary circuit has the following advantages: 1) The current through the auxiliary 

circuit depends on the output voltage and the duty cycle of gate signal at the auxiliary
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switch, 2) this current is unrelated to input voltage, and 3) the auxiliary switch can have a 

gating signal that is referenced to ground.

Auxiliary

Circuit

Fig. 2.1. Boost converter with general auxiliary circuit.

Fig. 2.2 and Fig. 2.3 show the two basic types of auxiliary circuits. The circuits in Fig. 

2.2 are considered to be non-resonant auxiliary circuits because the current is interrupted 

when the auxiliary switch is turned off. The circuits in Fig 2.3 are considered to be 

resonant auxiliary circuits because the LC components in the circuit shape the auxiliary 

switch current so that zero current occurs when the switch is turned off. The auxiliary 

circuits shown in Fig. 2.2 (b)-(d) are derivations of the non-resonant circuit Fig. 2.2(a), 

and those shown in Fig. 2.3 (b)-(d) are derivations from the resonant circuit Fig. 2.3(a).

Fig. 2.2. Non-resonant auxiliary circuit.
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b

(b)

Fig. 2.3. Resonant auxiliary circuits.

b —

(c)

2.2.1 Boost Converter with Non-Resonant Auxiliary Circuit

In order to explain how a PWM boost converter with a non-resonant auxiliary circuit 

operates, the operation of an example converter will be discuss in this section. A ZVT 

PWM boost converter using the non-resonant auxiliary circuit shown in Fig. 2.2 (b) is 

shown in Fig. 2.4, and its waveforms are shown in Fig. 2.5. Its operation is very similar 

to that of the conventional ZVT boost converter (Fig. 1.7) except for the S2 turn-off and 

the Si turn-off. The converter operates under the assumption that the Lin and C0 are large 

enough to be considered as a constant current source and a constant voltage source. Its 

operations are discussed in following modes:

The turn on of the main switch Si is preceded by the conducting of the auxiliary S2 at t 

= to. Before that, both Si and S2 are off and the source current is flowing to the load 

through Dι. The ZVT PWM boost converter is working as a conventional PWM 

converter. The current through the non-resonant inductor Lr and the voltage across 

capacitor Ci are initially zero before the switching cycle begins at t = to.
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Fig. 2.4. PWM boost converter with non-resonant auxiliary circuit.

Mode 1 [to-tι]: At t = to, the auxiliary switch S2 is turned on and the current through Lr 

builds up linearly reaching first the level of the main inductor current lo, and then causing 

the diode current to reverse. The peak reverse current Idr of the main diode D depends on 

the forward current value and the downward slope.

Mode 2 [t)-t2]: Abruptly at t = t∣, Di recovers its blocking characteristics and no longer 

conducts any current and capacitor Csι begins to discharge as the voltage across it is now 

not clamped to the output voltage. So the current through Lr continues rising until Csl is 

totally discharged when t = t2.

Mode 3 [t2-t3]: At t = t2, the voltage cross the Csl almost zero and the body diode of Sj 

conducts current through the auxiliary circuit. Therefore, Si can be turned on with ZVS 

sometime during this interval.

Mode 4 [t3-t4]: When S2 is turned off at t = t3, the current through Lr is diverted to D2 

and charges capacitor Cι. This interval ends when the current through Lr is zero.

Mode 5 [t4-t5]: The converter operates like a conventional PFC boost converter during 

this interval.

Mode 6 [ts-t6]: S is turned off at t = t5. Capacitor Csι is charged until D3 begins to 

conduct at t = t6.
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Mode 7 [t6-t7]: Ci is discharged during this interval through D3. This interval ends 

when Ci is totally discharged. The next cycle begins after t = t7.

2.2.2 Boost Converter with Resonant Auxiliary Circuit

To illustrate how a ZVT PWM boost converter with a resonant auxiliary circuit 

operates, the operation of an example converter will be discussed in this section. Fig. 2.6 

is a ZVS boost converter using the resonant auxiliary circuit shown in Fig. 2.3(a), and its 

waveforms are shown in Fig. 2.7. The converter operates in the following manner:

Mode 0 [t<to]: Both switches Si and S2 are off, the current in the main inductor Lin is 

flowing through Di to the load and output capacitor Co. Also there is the negative value 

of voltage Vcr across capacitor Cr.
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Mode 1 [to-tι]: Att = to, the auxiliary switch S2 is turned on and current in the auxiliary 

circuit rises up linearly.

Mode 2 [t1-t2]: The current through diode D∣ stops flowing. Csι begins to discharge the 

voltage Vcsi across and it is now not clamped to the output voltage. Csι is totally 

discharged when t = t2.

Mode 3 [t2-t3]: The anti-parallel body diode of S∣ conducts and Si is turned on with 

ZVS sometime during this interval.

Mode 4 [t3-t4]: The current continues to flow in the auxiliary circuit. Sometime during 

this interval, ILr becomes negative due to the resonant interaction between Lr and Cr. The 

current from the auxiliary circuit then flows in Sι.The anti-parallel diode of the auxiliary 

switch S2 then conducts, and S2 can be turned off with ZVS.

Fig. 2.6. Boost Converter with Resonant Auxiliary Circuit.

Mode 5 [t4-t5]: Negative current continues to flow in the auxiliary during this interval.

At t = t5, ILr becomes zero and Vcr is negatively charged.

Mode 6 [ts-t6]: The converter operates as a conventional PWM boost converter during

this interval.
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Mode 7 [te-t7]: Switch Si is turned off and Csi is charged until VCsi is equal to the 

output voltage.

Fig. 2.7. Typical waveforms of the converter with resonance auxiliary circuit.

2.3 ZVT Boost Converters with Dual Auxiliary Circuits

ZVT boost converters with non-resonant auxiliary circuits and ZVT-PWM converters 

with resonant auxiliary circuits have their respective advantages and disadvantages. In 

converters with non-resonant auxiliary circuits, there is no added current stress in the 

main switch because no negative current flows through the auxiliary switch, but the 

auxiliary switch has a hard turn-off that results in switching losses and the generation of 
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EMI noise. In converters with resonant auxiliary circuits, current through the auxiliary 

switch can naturally become negative, which enables the auxiliary switch to be turned off 

with ZVS, but the main switch has added current stress due to the negative current 

through the auxiliary circuit. To combine the advantages of these two types of converters 

while minimizing the disadvantages, a new family of dual auxiliary circuits for ZVT- 

PWM converters is proposed in this thesis. It is possible to derive new dual auxiliary 

circuit cells in ZVT PFC boost converters that combine the advantages of resonant and 

non-resonant cells while minimizing the disadvantages of each type. Fig 2.8 shows an 

example of how a proposed converter can be systematically formed by combining a non-

(a) Boost converter with non-resonant auxiliary circuit (b) Boost converter with resonant auxiliary circuit

L.

Di D

D. D:
1D ;

(c) Combination circuit (d) Boost converter with dual auxiliary

Fig. 2.8. Derivation of a dual auxiliary circuit.
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resonant cell with a resonant cell. This involves connecting both resonant and non­

resonant branches to a single switch and eliminating the other switch, placing a common 

inductor in series with the switch.

Note that the final dual cell has two resonant branches: a non-resonant branch 

consisting components: Lrι, D2, D3, D4 and a resonant branch consisting of components: 

Lr2, Cr D4. The function of capacitor Ci in the non-resonant cell shown in Fig. 2.8(a) is 

performed by the resonant branch capacitor Cr. Energy from non-resonant branch Lr is 

transferred to Cr, which is then eventually transferred to the output.

Fig 2.9 shows several other dual auxiliary circuits that have been created by combining 

non-resonant and resonant auxiliary circuits. Each PWM dc-dc converter with a dual 

auxiliary circuit in Fig. 2.9 can operate with a ZVS turn-on and turn-off of the main 

switch and a ZCS turn-on and turn-off of the auxiliary switch, without additional current 

stresses on the main switch.

(a) (b) (c)

Fig. 2.9 Dual auxiliary circuits

W

a

1

2.4 . Conclusion

A novel type of active auxiliary circuits that can be used to achieve soft-switching 

operation for the main power switch and auxiliary switch in PWM boost converters were
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presented. Each circuit in this new family can be derived by combining a non-resonant 

auxiliary circuit with a resonant auxiliary circuit. Such a dual circuit can operate with soft 

switching for the auxiliary switch as is the case with a resonant auxiliary circuit, without 

additional current stresses, as is the case for a non-resonant circuit. In this chapter, the 

operation of a boost converter with example non-resonant and resonant auxiliary circuits 

was presented, and the derivation of an example dual auxiliary circuit was shown. The 

configuration of a proposed PWM boost converter with dual auxiliary circuit is 

presented.
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Chapter 3 Analysis of ZVT Boost Converter

With a Dual Auxiliary Circuit

3.1 Introduction

In this chapter, the operation of a ZVT-PWM boost converter with a dual active 

auxiliary circuit is discussed in detail. The modes of operation that the converter goes 

through during a switching cycle are explained, and a mathematical analysis for each 

mode is performed. The results of the analysis will be used to examine the steady-state 

characteristics of the converter in the next chapter.

3.2 Operation and Analysis

Figure 3.1 (a) is the ZVT boost converter with an active auxiliary circuit obtained 

from Chapter 2. In this circuit configuration, Sj is the main power switch that allows 

energy to be transferred to inductor Lin when it is turned on. Then the energy stored in Lin 

is transferred to the output bus when Si is turned off. Output capacitor C0 acts as a filter 

to smooth out the ripple of the output voltage so that a regulated DC voltage is fed to the 

load R. Figure 3.1(b) shows the active auxiliary circuit that was formed by combining a 

non-resonant cell with a resonant cell and an auxiliary switch in the previous chapter. It 

consists of inductors Lr1, Lr2, diodes D2, D3, D4, capacitor Cr and switch S2. In this 

section, the all modes of the steady-state converter operation are explained and a 
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mathematical analysis of each mode of operation is given. The equations that

characterize each mode of auxiliary circuit operation described in this section.

Figure 3.1. (a) A ZVT boost converter and (b) A dual auxiliary circuit.

b
(b)

It should be noted that only the key equations for the specific operating intervals of 

auxiliary circuit are presented because the proposed converter behaves like a 

conventional PWM boost converter during most of the switching cycle. The equations 

have been derived using the following assumptions:

(i) The input inductor is large enough to be considered as a constant DC current source 

during the time that current is flowing through the auxiliary circuit.

(ii) The output filter capacitor is large enough to be considered as a voltage source 

during the switching cycle.

(iii) The auxiliary switch has a resistance when it is turned on.

(iv) All inductors, capacitors, diodes and the main switch have a negligible resistance.

The ZVT boost converter operates in nine different modes during a periodic switching 

cycle in steady state. The initial values of ILri(to), ILr2(to), and Cr(to) are reset to zero and 

Vcs(to) = V0 at the beginning of each cycle. The equivalent circuits of each mode are 
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shown in Figure 3.2 and the typical waveforms are illustrated in Figure 3.3. The 

equations that characterize each mode are established as follows:

Mode 1 (to-ti): At t = to, the auxiliary switch S2 is turned on with ZCS because of the 

inductor Lrι. The current flowing through Lri L,2 and Cr increases as the current is being 

diverted away from the main diode D∣. The mode ends at t = ti when the current flowing 

through D] is zero. The state equations for this mode are given in (3-l) to (3-4):

Cr--- VCr(t)-lLr2(t) - lLrl(t)
dt (3-l)

C,d Vcs10=0
dt (3-2)

LrI--- lLrl(t)-VCr(t)
dt (3-3)

Le2CiLr2n=Vo-VCrv (3-4)

The solutions to the above equations are given below in (3-5) to (3-8). The resonant 

frequency of this mode is represented by (3-9) and its equivalent inductance is described 

by (3-10).

Vc,(t) = V. (1 - cos @eqt) (3-5)Lrl + L,2

Vexi(t) = Vo
1 sin

i,(t) = V,- - - - - - - - ( t-------------  'Lrt ÷ L,2 @eq

i_,2(t) = Vo_ Ln sin el L(L + L,2) 72 ωeq -
(3-8)
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Where:

1

Lr+L,2 (3-10)

Mode 2 (tr-t2): Att = t∣, the capacitor Csι of the main switch begins to be discharged 

through the auxiliary circuit. This process involves Lr∣, Lr2, Cr, Csι , D3, D4 and S2. As a 

result, the current itri(t), and voltage Ver(t) continue to increase. iLr2(t) reaches its 

maximum value and begins to decrease when Vcs(t) drops below Vcr(t), Csι is still being 

discharged until it is totally discharged at t= t2, while the main switch body-diode begins 

to conduct. The state equations for this mode are given in (3-11) to (3-14):

Mode 1 [to, tι]

*5 =C-
2

' DJp5
:C

Mode 3 [t2, t3]

D:
C.

Mode 4 [t3, t4]
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D 
C,

D.

Mode 6 [t5, t6]Mode 5 [t4, t5]

"b
C -

Mode 7 [t6, t7] Mode 8 [t7, tg]

Mode 9 [ts, t9]

Cr

Lr

T/D *

Figure 3.2. Operation modes of ZVT boos converter.

— VCr(t)ILr2(t) - ILrl(t) 
dt

Cs/A vcsig= i,.p -I, 
at

LrI — ILrl(t)VCr(t)
dt

rd. _
l.r 2 lLr2(t)- VCsl(t) - VCr(t) 

dt

(3-11)

(3-12)

(3-13)

(3-14)
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The solutions to the above equations are given below in (3-15) to (3-18). This 

operation mode has two distinct resonant frequencies ODx and Cy represented in (3-19)

and (3-20).

Figure 3.3. Typical switching waveforms.

v,(D)= v,(,(M 
L CsiL,2@x

-M,0,)+v(N
CsiL,2Cx

- N@,) coso,(t-t)

M N
Vc, (t, )(-2----- m2c0 y ) + V, (—2----- N2@,) cos® , (t-t,)CsiL,20y CsiL,2@y ^ '

+(I(L)-I)P (--- c,L,2)sinc,(-t)-(---- 0,L,2)sinc,(t -t) (3-15)
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V.()M, VN, V()M,+V,N,
. Lr2ωr . L,20, Lr2ω

Vs(t) = —--- -COSO1(Z-Z1)+------'---------"cosay(t-t)
Cs1 Csl

+ V^t^~1^psinω (3.16)
si@x Csi@y

M N.
■ _ CaiLr2Ox CaLr2Ox 
'Lri(4)- T

-N)
------- sin ωx (t-t)

Vo(,N2-M2+v.Na2
CsiL,20y Ca L,2@y

+- - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - -
-N2)
------- sin a, (t-t)

+din(p)P (L, —l)coso,(-1,)-(L,-,)coso,(-1,)
Lri L 0ox

+.(-4241u0)

1,2(t) = -1----o sinox(t-t )+2---- 02 sincy(t -Z1 ) 
L,2------------------------------1,2

+ (I, - IL(t,))P(cos 0,(1-t,) - cos 0,(1 -t))+ I,

(3-17)

(3-18)

Where:

ω× = 1
(~, + (, + 03 ) + V(~ + 02 +03) -4.2 03

(3-19)2

(co? + 02 + 03)- V(a, + 02 + c3)2 - 4c3a3
0y-V 2 (3-20)

1 1 1 ω =   ω =   (. - | 
V—r2—r V—r2—sl Vri~r
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Mι, M2, N∣, N2 and P are given as follows:
ΛZ - 2c, 
Mi =  2 2 2 2

-Oy +01 + (2 + 03

-2,

2 2 2 2-Qy +01 +(, + 03

N _ 0,(02 -207 -203)
J2(-0, +0 + 02 + 03 )ep

0,(2 - 202 - 202)
N, = _------- 1------ 3—

2 [A 2 2 2 2. 2V2(0y + (1 + @2 + C3 )@2

-2?
2 2 2 2-Oy +01 +02 + 03

Mode 3 (t2-t3): Att= t2, the body-diode of the main switch begins to conduct as iLr2(t) 

is larger than l0. Current iLri(t) and voltage Vcr(t) continue to increase. Some time during 

this mode, a resonant process involving the resonant branch ofthe auxiliary circuit begins 

and currents icr and iLr2(t) start to decrease. It continues to do so until t = t3, when the 

main switch Si can be turned on with ZVS. The state equations for this mode are given in 

(3-21) to (3-24).

Cr — VCr(t)ILr2(t) - lLr/(t) 
dt

Csl d Vcs/0-0
dt

, d. _
Lrl — ILrl(t)VCr(t) 

dt

, d. _Lr2--- ILr2(t)- - VCr(t)
dt

(3-21)

(3-22)

(3-23)

(3-24)

The solutions to the above equations are given below in (3-25) to (3-28). The resonant

frequency in this mode is described by (3-29) and its equivalent inductance is given by

(3-30)
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vcr(0

Vesi(I)

1z,2(4)

Where:

a, =

= (1L-2(t2) Lri(2))Leq@eq sin Weq (! - 12) 

+V(2) coso,(1 -12) (3-25)

=0

(3-26)

(I(2)-11e2(t2))L., e. , V.(t). .
------------—--------- - Cos¾ (r -2)+ 2 sin ω (t-t2) 

Lr∖------- ' Lr∖a> 1

+ 1wi(2)------------------7--------------- (3-27)

(1,2(42)-11(12))L, , s V(2). , (3-28)
- ------------—----------4cosweq(t -t2)-3sin@e4(t -2) 6 50)

Lr2 1 Lr2@eq

, (1,2(12)- 11i(2))L,, 
Lr2

1 1 (3-29)
V C,La

L,iL,2 (3-30)

Mode 4 (t3-t4): At t = t3, the main switch S, is turned on at ZVS and the resonant 

process that began in Mode 3 continues. Current iLri(t) and voltage Ver(t) continue to 

increase during Mode 4 and currents icr and iLr2(t) continue to decrease until t = t4. At t = 

t4, iLr2(t) becomes zero and iLri(t)= -icr(t) as diode D4 blocks any negative resonant current 

that would otherwise flow. The equations defining this mode are the same as those of 
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Mode 3 and the solutions are also similar, except different timing parameters. The 

equations and solutions are given by equations (3-31) to (3-40):

Where:

Cr--- VCr(t)ILr2(t) - lLrl(t)
dt (3-31)

Cs! d Vcsl(t)=0

dt (3-32)

d. _
Lr/--- lLrI(t)-VCr(t) 

dt-------------------------------------------------------------------------------------- (3-33)

τd. _
Lr2—Lr2(t)7 - VCr(t) (3.34)

dt

Solutions:

Ver (I) = (I Le2(l, )- Iiri(l, ))La,d., sin &., (/-1)

+V(I3) cosc.( -13) (3-35)

%.(/) = 0
(3-36)

LLA(t) = , , cosaxq(t )+, 1 3 sintu (∕ 3)
Lrl 1 Lr∖ωeq

41.03.0.00)-4,-00N, 037

Lr

1L2(t)= , cos@(t t3) , . sinoeq(t 3)
Lr2 1 Lr2Qe,

Lr2 (3-38)
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r _ LpiL,2 (3-40)
eq L +I

Mode 5 (t4-t5): During this mode, the auxiliary switch can be turned off with ZCS as 

iLr2(t) is zero and icr+iLr1=0. The current through the main switch is equal to Ijn and the 

energy from inductor Lri is transferred to Cr. This mode ends at t=t5 when the current 

through Lr2 becomes zero and diode Dj prevents the current from reversing direction. The 

state equations for this mode are given in (3-41) to (3-44)

--- VCr(t)- - lLrI(t)
dt (3-41)

CsI — Vcsl(t)=0 
dt (3-42)

LrI--- lLrl(t)-VCr(t) 
dt------------------------------------------------------------------------------------- (3-43)

L,2 — i,2e= 0 
dt (3-44)

The solutions to the above equations are given below in (3-45) to (3-48). The resonant 

frequency in this mode is represented by (3-49) and its equivalent inductance is given by 

(3-50)

Vo-(I) = Htrlla)sinh o(t - C) + V(1A)cosh a(i - 44)
CO (3-45)

Vcsi(t) = 0
(3-46)
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iri(t) = ILri (t4 ) cosh o(t -4)+ Ver (t4 )Crω cosh ω(t -t4 ) (3-47)

4,2(t)-0 (3-48)

Where:

| 1 (3-49)

V CrLeii

(3-50)
L =L. eq rl

Mode 6 (t--t6): During this mode, the converter operates in the same way as a standard

PWM boost converter. Vcri(t), Vcr(t,) iLri(t) and iLr2(t) are given in (3-51) to (3 54):

Vo-(f) = Vo-(ts)

vCsl (0 = 0

ili(t) = 0

(3-51)

(3-52)

(3-53)

0r2(0 = 0 (3-54)

Mode 7 (t6-t7): At t = t6, the main switch S, turns off with ZVS and capacitor Csl 

begins to be charged by Iin. This mode ends when the sum of VEsi and Vcr equals Vo. 

Vcri(t), Vcr2(t,) iLri(t) and iL2(t) are given in (3-55) to (3-58):

⅛(0 = Vo,(6)

Va() = (1-/2)

(3-55)

(3-56)
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ipri(t) = 0

i,2(t) - 0

(3-57)

(3-58)

Mode 8 (t7-tg): At t = t7, D2 begins to conduct and Ijn charges both Cs∣ and Cr. The 

voltage across Cr drops and the voltage across Csl continue to rise. This mode ends at t= 

ts whenVcs∣ reaches V0 and Vcr goes to zero. The resonant energy stored in Cr is 

transferred into the output through D2 during this mode. Vcr(t), Vcsi(t) iLri(t) and iL.2(t) 

are given in (3-59) to (3-62):

i,i(t) = 0 (3-61)

i-2(t) = 0 (3-62)

Mode 9 (t8-t9): At t = tg, ljn starts flowing through Dι, and the converter operates like a 

standard PWM converter until the auxiliary switch is turned on at the start of the next 

switching cycle. Vcr(t), Vcs(t,) iLri(t) and iLr2(t) are given in (3-63) to (3-66):

(3-63)

Vci(t) =0 (3-64)

iri(t) = 0 (3-65)

ip-2(t) = 0 (3-66)

Vc (t) = 0
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The following results should be noted from the above description of the converter's 
operation:

(i) The main switch S∣ of the boost converter can be operated with a ZVS turn-on 

because the redirected current is able to flow through its body-diode just before it is to be 

turned on.

(ii) The main switch of the boost converter can operate with a ZVS turn-off since the 

capacitor Csι across it slows down the rate of voltage rise when the switch is turned off.

(iii) The auxiliary switch can operate with a ZCS turn-on because the inductors in the 

auxiliary circuit slow down the rate of current rise when the switch is turned on.

(iv) The auxiliary switch can operate with a ZCS turn-off because the current in the
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Chapter 4 Converter Design and Auxiliary

Circuit Off-Tuning

4.1 Introduction
Based on the results of the mathematical analysis performed in the previous chapter, 

the steady-state characteristics and properties of the ZVT-PWM boost converter with the 

example dual auxiliary circuit are discussed in this chapter. A design procedure for the 

selection of the converter components is then presented and demonstrated with an 

example circuit. Finally, a variation of the example dual auxiliary circuit that results in 

less current circulating in the auxiliary circuit but more auxiliary switch turn-off losses is 

introduced.

4.2 Steady State Characteristics
In this section, the equations for each of the modes of operation of the converter 

presented in Chapter 3 are used to generate graphs of steady-state characteristic curves to 

evaluate the performance of the converter with respect to certain key parameter values. A 

MATLAB program is used to generate the graphs. The basic approach that the program 

takes is to look at a particular operating point (i.e., a set consisting of input voltage, 

output load, etc.), and go through each mode of converter operation from the first to the 

last, keeping track of parameters such as auxiliary circuit inductor currents and capacitor 

voltages shown in Figure 4.1. If the final value of a parameter after a switching cycle is 
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equal to its initial value, then the operating point is considered to be at steady state and 

other information such as peak current values can be determined. Graphs of steady-state 

characteristics can then be generated if the program repeats this process for a number of 

operating points.

Graphs of characteristic curves for the auxiliary switch voltage, auxiliary switch peak 

current, and main switch peak current in the converter can be used in the design of the 

ZVT-PWM boost converter as they show how the value of a critical component such as a 

particular inductor or a capacitor affects currents and voltages in the converter. Although 

the equations in Chapter 3 were derived for the case when the input to the converter is a 

DC source, they can also be used to determine worst case operating conditions for the 

converter when it is operating with an AC input source as an AC/DC converter. Graphs 

of steady-state characteristic curves are shown in Figures 4.2-4.4. The curves have been 

captured according to the specifications in Table 4.1.

Figure 4.1. ZVT-PWM boost converter with dual auxiliary circuit.
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Table 4.1 Converter Specifications for Characteristic Curves

Input
Voltage

Output
Voltage Output Power Switching (fsw) Efficiency(η)

100V DC 400V DC 500Watts 100kHz 95%

The parameters in the graphs shown in Figures 4.2-4.4 have been normalized 

according to certain base values that are defined as follows:

VB = Vo = 400V (4-l)

I=Dn ==5.26A (4-2)
V n*V.

Z,=2 =76.05Q2 (4-3)

T=J=---- !---- = 10us (4-4)
100kH " 1

The resonant impedance Zo is defined as:

za-VE 49
The parameter K is defined as

K=C (4-6)
Csl

Where Csι is the capacitance across the main switch.

The characteristic curves shown in Figures 4.2-4.4 have been generated with different 

values of K = Cy/Csl and Zo/ZB and with three different values of Lri. Figure 4.2(a) shows 

the relationship between the peak values of the currents through inductors Lri and Lr2 and 

the normalized resonant impedance Zo/ZB. It can be seen that ⅛r∣ (peak) increases and iLr2
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(peak) decreases as ZW/ZB increases or K decreases. This means that current i_ri (peak) in 

non-resonant circuit increases and the current iLr2 (peak) in resonant circuit decreases if 

the value of Tr2 is increased and the capacitance of Cs and Cr are kept the same 

(increasing Zo and keeping K fixed) or if Cr is decreased and Lr2 and Cs are kept the same. 

Figures 4.2(a), 4.3(a) and 4.4(a) shows that the peak current through the inductor Lr2 is 

always larger than the peak current though Lrι in a given range. The difference between 

them decreases as Z0 increases. For the given range shown on the vertical axis, the current 

through Lr2 is always larger than IB, the average current flowing in Lin.

2
ILr2(peak 8

ILr1∕IB

ILr2(peak): peak current through Lr2
ILr1(peak): peak current through Lr1

K=10 
K=20

K=40
- K=50

K=60
- K=70

OD
E

Ta/TB

K*10
K=20
K=30
K=40
K-50
K=GO
K»70

(a) Resonant Impedance Zo/Zp(Lri=25uH). (b) Resonant Impedance ZW/ZB (Lri=25uH).

0.03

2

TLr1: conduction time of Lr1
TLr2: conduction time of Lr2

K=40
K=50
K=60
K=70

(c) Resonant Impedance Zo/Zb (Lrι=25μH).

Figure 4.2. Characteristic curves for Lrl =25 μH.



45

Xing Gao Chapter 4

CU 
(D 
0.1

- K-10
K=20

-9 K=30
K=40

A- K=50
K=60

* K=70
0.05

TbTB-

Tal

-0- K=30
K*40

- K=50
K=60
K=70

m 0.04
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(a) Resonant Impedance Z√Zβ (Lri=33uH). (b) Resonant Impedance Zo∕Zβ (Li=33uH).
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(c) Resonant Impedance ZZB (Lri=33uH).

Figure 4.3. Characteristic curves for Lri=33uH.
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Tb/TB
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Ta/TB
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Ta: earliest turn-on time of main switch
Tb: latest turn-on time of main switch _

(a) Resonant Impedance ZWZB (Lri=40uH). (b) Resonant Impedance ZZB (Lri=40uH).
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0.05

0.04

0.02

0.01
TLr2/TB

0
2

K*10
K=20
K=30
K=40
K=50
K=60
K=70

TLr1: conduction time of Li 1
TLr2 conduction time of Lr2

0.03
CO

(c)Resonant Impedance Zo/ZB (Lrι=40μH).

Figure 4.4. Characteristic curves for Lrι=40μH.

To ensure the ZVS turn-on of the main switch, Lr2 must be selected within a range of 

values that satisfy the condition IB < iLr2(peak), which enables the capacitor of the main 

switch to be discharged. At the same time, the current through inductor Lr∣ should be as 

small as possible to reduce conduction losses in the auxiliary circuit. It can also be seen 

that K has a much smaller impact on the peak currents through both inductors than Zo∕Zβ.

Figures 4.2(b), 4.3(b) and 4.4(b) show the earliest and latest possible times that the 

main switch can be turned on with ZVS after the auxiliary switch has been turned on. In 

other words, the main switch will always have a ZVS turn-on as long as it turned on 

during a time interval between Ta and Tb. In addition, it can be seen that the time interval 

Tb-Ta does not significantly changes as ZW/ZB increases but becomes significantly longer 

as K increases. This indicates that the turn-on time interval of the main switch is mainly 

dependent on K.

Figures 4.2(c), 4.3(c) and 4.4(c) show the length oftime that current is flowing through 

Lrι and Lr2. It can be seen that this time increases for both Lr∣ and Lr2 increases as ZW/ZB 

and K increases. It can be seen that ZW/ZB mainly affects the time it takes for current to be 
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transferred from the boost diode to the auxiliary circuit when the auxiliary switch is 

turned on, and K mainly affects the resonant cycle of the resonant auxiliary circuit 

branch.

Figures 4.2-4.4 demonstrate that the Lr∣ has little impact on the iLri (peak), whereas the 

iLr2 (peak) decreases as Lrι increases. The turn on interval of main switch changes little as 

Lrι increases. The time that current flows Lri becomes longer as Lri increases.

4.3 Converter Design Procedure
A procedure for the design of the ZVT-PWM boost converter shown in Figure 4.1 is 

presented in this section and is demonstrated with an example. For the example, the 

converter is to be designed according to the specification in Table 4.2. The design process 

is an iterative one and requires several revisions before the final design is completed. 

Only the final iteration will be shown in the example that follows. The design process 

consists of two parts, the design of the main power circuit and the design of the auxiliary 

circuit. The key objective in the design of the auxiliary circuit is to ensure that the 

auxiliary switch can turn off while it does not have current flowing through it, under the 

worst conditions. It should be noted that the similar design process is used for other boost 

converters with dual auxiliary circuits.

Table 4.2. Converter Specifications for Design Example

Input Voltage Output
Voltage

Output 
Power Switching fsw Efficiency (η)

100V-240VDC 400V DC 500 Watts 100 kHz 95%
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4.3.1 Main Power Circuit Design

1. Input Inductor Lin Selection

For PWM boost converters, the value of input inductor is generally selected to limit the 

peak-to-peak ripple of the current flowing through the converter. A compromise must be 

made when selecting a value for Lin. If Lin is too small, there will be an increase in main 

switch turn-off losses since the switch will turn off while it is conducting high peak 

current. If Lin is too large, then the peak current will be small, but the physical size of the 

inductor will increase significantly and so too will the size and weight of the converter. A 

20% peak-to-peak ripple to average current ratio of the input current is a compromise that 

is typically made and will also be made in this example. With this compromise, the boost 

converter is assumed to have a continuous current. From the given specifications, the 

maximum input current found by

L=-Po= 5.26A (4-7)

The peak-peak ripple to average ratio of the input current is taken to be 20% thus 

AI = 0.21. =1.05.4 (4-8)

Rearranging the conversion ratio for the boost converter given in equation (l-2) to 

solve for the duty cycle D:

D=V.=Y.-400-100-0.75
Vo 400

Consider
. , diVin = — (4-10)
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Where VLin is the voltage across Lin when Si on, dt = DTsw is the time when the switch 

is on and di is the change in input current during that time, the value of Ljn can therefore 

be determined by:

τ VDT 100V * 0.75*10us . „
Lin = -=-----—----- = 714pH (4-1 1) AI----1.05A

The value of VLin when Si is on is Vin. The minimum input voltage Vin = 100V is used 

because this is when the maximum current flows in the converter.

2. Output Capacitor Co Selection

The minimum value of the capacitor can be determined by:

C0>-------D-----=-------- 0.75------- = 460ur (4-12)
" Rf(A V0 /V) 160*100000*0.01

In practice, the filter capacitance value is often determined by the holdup requirements of 

the supply, not by ripple voltage considerations. This means that starting from an initial 

bus voltage, the capacitor must store enough energy to maintain the output above a 

specified minimum voltage, Vmin, after the input voltage has been absent for a specified 

time, typically 20ms. Assuming that Vmin is 90% of V0 and Th is the holdup time, during 

this holdup period, the energy transferred to the output is E = Po* Th, which is also equal 

to the energy discharged by the capacitor C0 (E =>C, *(,2 -Vmi2)). Co is therefore

determined by

C.
2P0Th _ 2*500*0.02

^ -V.2. - 4002 -3602
= 658uF (4-13)

Considering the output voltage requirement, two 470uH/450V capacitors in parallel are selected.
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3. Boost diode Di Selection

At minimum input voltage (V1n=100), the boost diode will handle the maximum peak 

input current that flows from the input through the diode when the switch is off. The 

maximum peak current through Dι is therefore the same as the maximum peak current 

through the input inductor.

Ipeak =IE + 0.54/= 5.26 + 0.5*1.05 = 5.79.A (4-14)

The maximum average current is determined to be

/=-D.P=-D).------ P.- - - - —500—-1.324 (4-15)
1 ∏VinnV(1-D) 0.95*400

so the diode selected must satisfy the peak current rating, the average current rating, 

which is 1.32A, and the voltage rating, which is 400V. In order to minimize problems of 

EMI and losses associated with the reverse-recovery characteristic of diodes (as 

described in Section 1.1.2 of this thesis) an ultra-fast diode should be selected. Taking 

this into consideration and the peak current, average current and peak voltage ratings into 

account, the International Rectifier HFA25TB60 with a recovery time Trr = 60ns is 

selected.

4. Main Switch MOSFET Selection

The MOSFET is the most widely used active semiconductor device in low-voltage 

(<1000V) high frequency (>100kHz) power converters because it can operate with 

simple drive requirements, fast switching speed, and fewer switching losses than other 

semiconductor devices. The main MOSFET in a ZVT-PWM converter must be able to 

withstand the full output voltage and be able to handle the RMS current through the
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switch. The maximum voltage the MOSFET can handle is V0 because it is clamped by 

the rectified diode D∣. The maximum rms (root-mean-square) value of the current 

through the MOSFET occurs when value of main diode D1 is at its maximum, where D =

0.75 and Viπ= 100V DC

(4-16)

The MOSFET output capacitor Coss and its on-state resistance Rds(on) are important 

parameters to be considered when selecting the MOSFET because Coss affects switching 

losses and Rds(on) affects conduction losses. The smaller the value of Coss, the smaller the 

size of components in the auxiliary circuit need be as less energy is needed to discharge 

the output capacitance of the main switch and to ensure its ZVS turn-on. The value of 

Coss should therefore be small as possible, but the smaller Coss is, the larger Rds(on) must 

be as there is an inverse relationship between the two in MOSFETs.

Ras(on) should be as small as possible to reduce conduction losses caused when the 

switch is on; a compromise between Coss and Rds(on) must be made. An International 

Rectifier IRFP460A has therefore been selected as a compromise device that can 

withstand the necessary peak voltage and RMS current stresses.

4.3.2 Auxiliary Circuit Design

The values of the auxiliary circuit components can be determined after the design of 

the main power circuit has been completed. This can be done using the graphs in Figures 

4.2-4.4. Although these graphs and the components to be determined are specific to the 

converter in Figure 4.1, there are certain considerations that must be taken into account 
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regardless of the dual auxiliary circuit that is used. These considerations include the 

reverse-recovery time of the boost diode, when the auxiliary switch is to be turned on and 

for how long, and the amount of current circulating in the auxiliary circuit. The key 

objective in the design of the auxiliary circuit was to ensure that the auxiliary switch 

turns off while it does not have current flowing through it under the worst conditions. 

This can be done by designing the resonant branch of the auxiliary circuit so that it 

manages to divert all the current away from the switch before it is turned off.

For the converter shown in Figure 4.1, the values of components Lrι Lr2 and Cr can be 

determined in the following manner:

(1) Determine the minimum value of Lr2. The auxiliary circuit component values affect 

the rate at which current is transferred away from the diode. A slow, gradual rate of 

current transfer can significantly reduce the reverse recovery current of the main power 

circuit boost diode Dι. A good estimate for the quickest current transfer rate that will 

perform this task is to allow the current through the auxiliary circuit to ramp up to the 

boost diode current within three times the diode’s specified reverse recovery time 

(Ta>3t∣τ). The reverse recovery time of the device that was selected in Section 4.3.1.3 to 

be the boost diode is approximately 60 ns, so that Ta must at least 180 ns to satisfy the 

Ta>3trr criterion. Fig. 4.5 shows an example of how to find the minimum value of L,2 by 

looking at the characteristic curve of Lri = 33μH and K=10. Ta is determined by

Ta 180m
Tb 10000ns

= 0.018 (4-17)

According to the curve, Z0 is 1.65 when Ta is 180 ns, therefore the minimum value of Lr2 

is determined by:
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(4-18)

where Cs is 480 pF, which is the output capacitance of the IRFP460A. The minimum 

value of L.2 is therefore L.2 = 7.55 uH. A value of 7.8uH is selected to guarantee the soft­

switch turn-on with the main switch in a wider tolerance range.

Fig 4.5. Characteristic curves for Lr∣ = 33 μH and K=10 to be used in the selection of Lr2.

(2) Determine the value of Cr. In order to reduce the conduction loss, the time which 

current flows through Lr∣ should be as short as possible. Between K=10 and K=70, K=10 

provides the shortest conduction period for Lr∣ and the auxiliary circuit; K =10 is 

therefore selected. The variable Cr is determined by:

C
K=-=10

C.

thus

Cr = C. * K = 480pF * 10 = 4.8nF

(4-19)

(4-20)

0l-------------- .---------------∣-------------- .-------------- ,-------------- —----------- I---------------.-------------- 1-------
0.8 1 12 1.4 1.6 1.S 2 2.2
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A smaller Cr (making K < 10) can be used in this case but the allowed turn-on time 

interval of the main switch will be narrower, making it more difficult to ensure that the 

main switch is turned on with ZVS. A 4.4nF ceramic capacitor is used in the prototype.

(3) Determine the value of Lrι. From Figs 4.2-4.4, it can be seen that when the value 

of Lrι is smaller, which means a smaller size for the auxiliary circuit and larger Ipeak- The 

value of Lrι, however, must be large enough to enable the current through Lr2 to reach 

zero. When this occurs, the current through Lri is equal to the current through Cr. If the 

value of Lri is too small such as Lrι = 5 uH, the current through Lr? is not able to become 

zero and the auxiliary switch has to be turned off hardly to divert the current. On the 

other hand, the value of Lr2 should not be too large so that the converter can operate with 

its maximum duty cycle without interference from the auxiliary circuit. There is an 

inverse relationship between the peak current that the auxiliary circuit must handle and 

the length of time that current flows in the auxiliary circuit. Both of these factors, 

however, affect auxiliary circuit conduction losses, but since increasing one by changing 

Lri decreases the other, the value of Lri therefore has little effect on the conduction 

losses. Values between 20uH and 35μH are suitable for this design example. Lrι equal to 

30μH is therefore chosen.

(4) Determine the ratings for the diodes of the auxiliary circuit. The currents through 

D2, D3 and D4 are very small because the auxiliary circuit operates for about 5% of the 

switching cycle. The maximum peak current is the one through D4 and Tr2 and it is 

designed to have a value of 1.2* Ipeak, and Ipeak is the maximum peak current in the worst 

case through the input inductor Lin and rectified diode Dι. This will allow the current 

through the auxiliary circuit to draw current from D∣ and discharge the body capacitor.
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The maximum reverse voltage across D3 is below 400 V and it occurs at the moment 

when the resonant capacitor Cr is negatively charged by Lrl and is clamped by D2 as the 

main switch is still turned on.

The maximum reverse voltage across D4 is also below 400 V and it occurs at the 

moment when the current through the auxiliary circuit is zero and the resonant capacitor 

Cr is positively charged and is clamped by Di with the turn-on of the main switch. The 

maximum reverse voltage across D2 is below 800 V and it occurs at the same moment 

when D4 has its maximum reverse voltage. D3 and D4 can therefore be implemented with 

MUR420 devices and D2 with a MUR460 device.

4.4 An Off-Tuned Dual Auxiliary Circuit

The dual auxiliary circuits above have the advantages of non-resonant and resonant 

auxiliary circuits without the disadvantages. The auxiliary switch can be turned off softly 

if the resonant branch diverts all of the current flowing through the switch before it is 

turned off. After this is done, there is current that circulates in the auxiliary circuit for 

some time before it dies down. Although this circulating current is less than that would 

appear in a resonant auxiliary circuit, it is still enough to create conduction losses.

The circulating current can be reduced if the resonant branch of the dual circuit is 

"off-tuned" so that the resonant branch diverts most, but not all the current in the 

auxiliary switch before it is turned off. In this case, the auxiliary switch has a hard turn­

off, but with less current than it would if it was in a non-resonant auxiliary circuit. The 

fundamental principle behind the off-tuning of the resonant branch is to try to reduce 

conduction losses by reducing circulating current. Although auxiliary switch turn-off 
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losses increase, it is hoped that these losses are more than offset by the reduction in 

conduction losses.

Figure 4.6 shows a ZVT-PWM boost converter with an off-tuned variation of the dual 

auxiliary circuit in Chapter 3. This circuit has two parallel branches: a non-resonant 

branch consisting components: Lrι, D3, D4 and a resonant branch consisting of 

components: Lr2, Cr, D6. The capacitor Cr allows for an LC resonance between L2r and Cr 

to return the inductor current to OA. Diode D6 allows the Cr capacitor voltage to return to 

0V every cycle by transferring the added energy to the output of each cycle, and 

preventing from accumulating. Additionally, diode D2 is used to clamp the reverse­

recovery spike cross the auxiliary switch S2 when the inductor current returns to zero. 

The purpose of capacitor Cr* is to provide a path where the auxiliary switch current can 

be diverted to the load when the switch is turned off since there is a need to do so as the 

switch does not turn off softly. Energy from non-resonant branch Lri is transferred to Cr*, 

which is then eventually transferred to the output through the diode Dj in a manner 

similar to that of the non-resonant circuit described in detail in Chapter 2 of this thesis.

Lin

D2

D3

Figure 4.6. A ZVT-PWM boost converter with an off-tuned dual auxiliary circuit.
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4.5 Conclusion

In this chapter, graphs of steady-state characteristics were generated using a 

MATLAB program and used as part of a design procedure that was demonstrated with an 

example. The procedure addressed the design of the main power circuit components and 

the auxiliary circuit components. The key objective in the design of the auxiliary circuit 

was to ensure that the auxiliary switch could be turned off with ZCS while it does not 

have current flowing through it, under the worst conditions. This was done by designing 

the resonant branch of the auxiliary circuit so that it manages to divert all of the current 

away from the switch before it is turned off.

Doing so, however, results in the appearance of a significant amount of current 

circulating in the auxiliary circuit. Although this circulating current is less than that found 

in a resonant auxiliary circuit, it is still enough to create conduction losses. In order to 

reduce these conduction losses, the concept of off-tuning the resonant branch of a dual 

circuit was introduced. The fundamental principle behind the off-tuning of the resonant 

branch is to try to reduce conduction losses by minimizing circulating current. Although 

auxiliary switch turn-off losses increase, it is hoped that these losses are more than offset 

by the reduction of conduction losses.
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Chapter 5 Experimental Results

5.1 Introduction

In this chapter, experimental results obtained from a prototype of 500W, 100 kHz 

ZVT-PWM boost converter are presented. The prototype was implemented with the dual 

auxiliary circuit discussed in Chapter 3, the off-tuned dual circuit presented in Chapter 4, 

and the original non-resonant and resonant circuits from which the dual circuit was 

derived. The efficiency of the converter operating with each of these four circuits is 

shown, experimental waveforms obtained with the converter operating with the off-tuned 

circuit are provided, and conclusions about the performance of all the circuits are made.

5.2 Experimental Results and Comparisons

Figure 5.1 shows a ZVT-PWM boost converter with a non-resonant auxiliary circuit, a 

resonant auxiliary circuit, a dual auxiliary circuit, and an off-tuned auxiliary circuit. 

Each experiment used the same base PWM boost circuitry, while the auxiliary circuit 

were applied separately to ensure that the layout topologies are identical for the power 

switches. Furthermore, each bench test used the same control circuitry and thermal 

management set-up. The converters were implemented with the component values shown 

in Table 5.1. The component values of the off-tuned circuit were obtained by slightly 

modifying those of the dual circuit.
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(a) Converter with non-resonant circuit

⅛

(c) Converter with dual circuit

(b) Converter with resonant circuit

-H-

Ds Coi

(d) Converter with off-tuned circuit

Figure 5.1. ZVT-PWM Boost Converter with Various Auxiliary Circuits.

Table 5.1 Specifications and Components of the Prototype Circuit

Off-tuned Dual Non resonant Resonant
Idrdimeter Auxiliary Auxiliary Auxiliary Auxiliary

108VDC
Vl
Vn 400VDC 108 VDC 108VDC 108 VDC
VO 5000 W 400VDC 400VDC 400VDC
I O
C IRFP460 5000 W 5000 W 5000 W
31 
C IRF840 IRFP460 IRFP460 IRFP460
32

I 330pH IRF840 IRF840 IRF840
—in 470uF 330pH 330pH 330uH
~o
I 18LH 470uF 470μF 470 μF
—rl 2.1uH 30uH 18pH 5.8μ∏
—r2 
A 2.2nF 7.5μH
vsl 
A 2.2nF 2.2nF 2.2nF
~I 
A 10.5nF 1.2nF
—r 1.2nF 4.4nF 1.2nF

Vr HFA25TB60
D1 
p MUR420 HFA25TB60 HFA25TB60 HFA25TB60
D2 
p MUR420 MUR420 MUR420 MUR420
D3 
n MUR460 MUR420 MUR420 MUR420
”4 MUR420 MUR460 MUR460 MUR460
D5

Do MUR420
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Figure 5.2, shows the efficiency of the boost converters with the four different 

auxiliary circuits and without auxiliary circuit under fixed input voltage and fixed output 

power conditions respectively. The efficiency of each converter was measured from a 

100 W to 500 W at 100 VDC input and 400 VDC output.

It can be seen from Figure 5.2 that the off-tuned dual circuit is the most efficient 

circuit. This is because this circuit has the advantages of the non-resonant and resonant 

circuits, but not the disadvantages, and it operates with less current circulating in it than 

the dual circuit.

Efficiency Comparision

97.00
s 96.00

95.00
S 94.00
& 93.00

2 92.00
E 91.00

90.00
89.00

—
B——

-- --
_-T—e-*-

•
*

100 200 300 400 500

— Hard Switching 91.34 92.75 92.62 91.54 89.49

— Non Resonant ZVS 90.42 92.08 92.93 93.97 94.31

— Resonant ZVS 89.73 91.10 92.17 93.03 93.33

— Dual Auxiliary ZVS 92.71 93.60 94.43 94.84 95.00

— Off-Tuned ZVT 91.87 93.78 95.29 95.78 96.05

Input Power (Watts)

Figure 5.2 Experimental efficiency comparison at Vin = 100 V.

Figure 5.3 shows typical voltage waveforms of the gating signals from the main 

switch Si and the auxiliary switch S2 in the “off-tuned” experimental prototype. Figure
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5.4 shows the drain to source voltage Vdsi and the gate drive signal Vgsl of the main 

switch Sι.

TT

VgS2
+

Vgsi

12.0V

Early turn­
on time of S2

more
*

i 1 *

M1.00μsA Ch2

•21.60 % :

ergd Ch2 5.00 V 
■ 1, 1.

- ∙∣∣∙ • •

Tek Stop

Figure 5.3. Waveforms of Vgs2 5V∕div and Vgsl 5V∕div from S2 and S1

Tek PreVu

A*

ZVS
OFF

ZVS
ON ’

DM 2.00us AC2 7 12.00
I • 25.80 %

- Vgsi

PECh1 100V - are TOCV

Figure 5.4. Waveforms of Vds]100V∕div and Vgsl 10V∕div from S1.
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Γek PreVu
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Figure 5.5. Waveforms of Vdsi 100V∕div and Isι 1A/div from Sk
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Figure 5.6. Waveforms of Vds2100V∕div and Vgs210V∕div from S2

C Stop--------
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Figure 5.5 shows the drain to source voltage Vdsi and the current Is1 of Si.
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Figure 5.6 shows the waveforms of the gate to source voltage Vgs2 and drain to source

Vds2 voltage waveforms for the auxiliary switch S2.

Tekstop
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Figure 5.7. Waveforms of Vgs2 5V∕div and ILri 10A∕div from S2.
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Figure 5.8. Waveforms of Vgsl 5V∕div and Id) 1 A/div from S1 and Dk
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Figure 5.7 shows the gate drive signal Vgs2 of S2 and the inductor current ILri of the 

auxiliary circuit and Figure 5.8 shows the waveforms of the drain to source voltage Vgsl 

of the main switch and the current Idi of main power diode D∣. The following 

observations can be made based on the waveforms presented in Figures 5.3 - 5.8:

(i) From the gate drive waveforms Vgsi and Vgs2 in Figure 5.3, it can be seen that the 

auxiliary circuit is active for only a short duration (around 900ns) and only affects the 

operation of the converter when the main switch Si is being turned on. Moreover, the 

auxiliary switch S2 is turned on around 400 ns earlier than the main switch Sι.

(ii) It can be seen from Figure 5.4 that the main switch Sι turns on and off with zero­

voltage switching (ZVS).

(iii) It can be seen from Figure 5.5 that the voltage across main switch Sι drops to zero 

while the current through S is negative. A negative current flowing through Sj is an 

indication that current is flowing in the MOSFET switch’s anti-parallel body diode after 

capacitor Csι has fully discharged. This confirms that Sι can be turned on with zero­

voltage switching (ZVS). In addition, the current flowing through Sι does not show an 

over voltage spike and ringing, which would not be the case if a resonant auxiliary circuit 

were used.

(iv) The turning on and off ofthe auxiliary switch can be seen from Figure 5.6. It can 

be seen from Figure 5.7 that the auxiliary switch has a zero-current switching (ZCS) turn­

on, but not a ZCS turn-off. The auxiliary switch has turn-on losses, but they are lower 

those for a switch in a non-resonant auxiliary circuit.

(v) It can be seen from Figure 5.8 that the negative current flowing in the main boost 

diode Dι before it stops conducting is fairly small. Since this small negative current is 
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reverse-recovery current, the fact that it is small confirms that the auxiliary circuit can 

help minimize it.

5.3 Conclusion
Experimental results confirming the feasibility of a dual auxiliary circuit in a ZVT- 

PWM boost converter were presented. A prototype of 500W, 100 kHz DC-DC ZVT- 

PWM boost converter with input and output voltages of 100 VDC and 400 VDC 

respectively was built to compare the efficiency of the converter operating with a non­

resonant auxiliary circuit, a resonant auxiliary circuit, a dual auxiliary circuit, and an off- 

tuned auxiliary circuit. It was shown that the converter with the off-tuned dual auxiliary 

circuit was the most efficient converter and that the dual auxiliary circuit concept was 

feasible. It was also shown that, in a ZVT-PWM boost converter with an off-tuned dual 

auxiliary circuit, the main converter switch can operate with soft-switching, that the 

auxiliary switch can operate with a ZCS turn-on but not a ZCS turn-off, and that the 

reverse-recovery current of the main boost diode can be significantly reduced.
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Chapter 6 Conclusion

6.1 Introduction

In this chapter, the major works of the thesis are summarized, the main contributions 

resulting from the thesis are stated, and suggestions for future work are given.

6.2 Summary

High frequency operation of pulse width modulated (PWM) boost converters allows 

for the reduction of the size and weight of their magnetic and filtering components; 

however, at high switching frequency, switching losses become significant and must be 

minimized. It has been accepted by power electronics researchers that the most efficient 

single-switch PWM converters with high frequency are zero-voltage transition (ZVT) 

PWM boost converters.

These converters contain an active auxiliary circuit that consists of an active switch 

and passive LC elements and that is not part of the main power circuit. The purpose of 

the auxiliary circuit is to help the main power switch, which is typically a MOSFET, to 

turn on with zero-voltage switching (ZVS). The auxiliary circuit is activated just before 

the main power switch is to be turned on and is active for only a fraction of the switching 

cycle, until the switching transition has been completed.

There have been many auxiliary circuits for ZVT-PWM boost converters that have 

been previously proposed by power electronics researchers. Most, if not all, of these 
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circuits are either one of two general types; an auxiliary circuit can be a non-resonant 

circuit or a resonant circuit. The auxiliary switch in a non-resonant circuit has 

considerable loss at turn-off as the flow of a significant amount of current through the 

switch is interrupted when the switch is turned off. The auxiliary switch in a resonant 

circuit has much lower turn-off loss, but the resonant circuit itself creates additional 

circulating current that increases conduction losses and the peak current stress of the 

main power switch.

The main objectives of this thesis were to propose a new type of auxiliary circuit that 

can be used in ZVT-PWM boost converters that combines the advantages of the non­

resonant and resonant types of auxiliary circuits (reduce auxiliary switching losses 

without creating significant amounts of circulating current) and to study, characterize and 

examine the properties and characteristics of this new type of circuit through 

mathematical analysis and experimental work.

In the thesis, the general operation of a ZVT-PWM boost converter operating with a 

non-resonant and a resonant auxiliary circuit was reviewed. The new type of dual 

auxiliary circuit was then introduced and it was shown how a dual circuit can be derived 

from a non-resonant and a resonant circuit.

Several examples of the new type of dual circuit were presented and one of these was 

studied in detail. The operation of a ZVT-PWM boost converter with this example dual 

auxiliary circuit was explained and the key equations describing each mode of operation 

were derived. These equations were used to determine the steady-state characteristics of 

the converter and these, in turn, were used to develop a design procedure for the selection 

ofthe converter components.
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A variation of the dual type of auxiliary circuit was then introduced and explained. In 

this variation, the resonant branch of the circuit was off-tune so that not all the current 

flowing in the auxiliary switch was diverted away from it before the switch is turned off. 

This variation had less circulating current than the original dual type but slightly more 

auxiliary switch turn-off losses.

Experimental results obtained from a prototype circuit of a 500 W, 100 kHz ZVT- 

PWM boost converter were presented. The prototype was implemented with the example 

dual auxiliary circuit, a variation of this circuit, and the original non-resonant and 

resonant circuits separately. The efficiency performance of the converters operating with 

each of these four circuits was shown

6.3 Conclusion

The following conclusions can be made based on the work done in this thesis:

(i) It is practical to develop a new dual auxiliary circuit by combining a non-resonant 

and a resonant auxiliary circuit, then eliminating redundant components.

(ii) It is feasible to design and develop a high frequency, single-switch PWM 

converter with the proposed dual auxiliary circuits.

(iii) The efficiency of a converter with a dual auxiliary circuit is greater than a 

converter with the non-resonant or resonant circuit from which the dual circuit was 

derived. Dual circuits do in fact have the advantages but not the disadvantages of non­

resonant and resonant circuits.

(iv) Off-tuning the resonant branch of a dual auxiliary circuit results in greater 

converter efficiency, but at a higher cost since more components are needed. Although 
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the auxiliary switch in this circuit had greater turn-off losses than, the off-tuning of the 

resonant branch resulted in less circulating current being generated and this reduction in 

circulating current meant an overall increase in efficiency.

6.4 Contributions

The principal contributions of this thesis are as follows:

(i) A new type of auxiliary circuit that can be used in high frequency, single-switch 

PWM converters with the advantages, but not the disadvantages of non-resonant and 

resonant auxiliary circuits was presented.

(ii) Analysis on a circuit belonging to this new type was performed so that the 

properties and steady-state characteristics of the circuit were determined and an 

understanding of the circuit was developed.

(iii) The operation of an auxiliary circuit belonging to this new type was 

experimentally confirmed with results obtained from a prototype.

(iv) The off-tuned variation of the dual auxiliary circuit is one of the most efficient 

auxiliary circuits presently in existence as it has minimal losses.

6.5 Future Work

The following suggestions are made for future work:

(i) Future work can be done to confirm the feasibility of other dual circuits and to 

determine their relative efficiency.
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(ii) The operation of an example dual auxiliary circuit was confirmed experimentally 

under a certain set of operating conditions (i.e., input voltage, output power). Future work 

can be done to confirm the operation of the circuit under other operating conditions.

(iii) It was shown how off-tuning the resonant branch of a dual auxiliary circuit results 

in increased converter efficiency. The off-tuning was performed by first designing a dual 

auxiliary circuit then doing the off-tuning. Future work can be done to develop a 

systematic method for determining the optimal amount of off-tuning that should be 

performed. Such work would require the use of optimization methods and modeling that 

were out the scope of the thesis.

(iv) Off-tuning the resonant branch resulted in greater efficiency, but also at greater 

cost as additional components were needed to snub the turn-off of the auxiliary switch, 

which was hard. Future work on minimizing the cost can be performed by examining 

whether a converter with an off-tuned dual auxiliary circuit can be simplified.
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