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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 S00W, 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:
m  AC to DC conversion
m  DC to AC conversion
® DC to DC conversion
m  ACto 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

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

v, 1 Vo1
Power I Power o 0 > Load
Source . Converter

Pi Po

Control Signal
Feedback Signal

Control <
Circuit 4— Reference Signal

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 (fy, = 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 (7,,) over the duration
of a switching cycle (T, = 1/fo):
D = To/Tow (1-1
Figure 1.2 shows a conventional DC/DC boost converter consisting of inductor Lip,

switch S, main diode D, and output capacitor C,. The converter works as follows:

Lin D1

e "';I' VG

LOAD

Figure 1.2. Conventional DC/DC boost converter.

When the MOSFET switch S is switched on, current flows from the input source
through inductor Li, and S and the energy is stored in the inductor. There is no current
flowing through diode D,, and the load current is supplied by the energy stored in output
capacitor C,. When S is turned off, the energy stored in the inductor Lj, is transferred to
the load as current flows through D; and the load, recharging C, 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:

Vy/Vi=1/(1-D) (1-2)
In order to operate the switch S, a pulse train Vg 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

Vs 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 Vg 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).
\'rLin ‘ \‘rl l
>
) {
AR
Ve 4 I l
I
. t
>
I I
ILm
>
{

l—T on““’l‘_Toff_’l

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 MOSFETSs 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.

) PR S
j: T 'n i PR ‘l f/l
T'oitagl spikes : r
] Ul 1001k | N
I LS S e e e RN ALY
e IR S Ao A
'.] 'il"|‘|{ll"‘l?||'|‘|'"|‘|' SN I S B I O R B B
] o T -
] T ]
RN ! I'/lg t Vog F0g7
L. B A ST SUNE N L ULV 2 2
- Equ: 0 77ml . T Eonf 0947
Tine G 2usjdy ¥ Tige 0 fus dav
— Jr. o2 b2 ¢ T AL ps
(a) Turn-off (b) Turn-on

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, ty,
(as shown in Figure 1.5 for a regular diode #zr; and a fast recovery diode fzg;) 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

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

i b -———giF decreases

tRR1

t,

|2
2 RR
QRR
1
1 |
Qo 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 L, and C,. 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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,/:
(D)
o/

Vg
L
131
|

I

kL

+

1L

L

(]

=

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 of the 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.



9

Xing Gao Chapter 1

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.

Figure 1.7. ZVT DC/DC boost converter

Comparing Figure 1.7 with Figure 1.2, it can be seen that ZV'T converter is identical

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



10

Xing Gao Chapter 1

main switch S; turn-on with ZVS. This auxiliary circuit consists of an inductor L,, a
diode D5 and an auxiliary switch S,. Capacitor Cs; represents the total capacitance across
S, which consists of the MOSFET's internal output capacitance and an external
capacitance cross the drain and source of S;. Cs; delays the voltage rise across the switch
so that S; can be turned off with ZVS. Assuming that the inductance of input inductor Li,
and the capacitance of output capacitor C, are large enough to maintain the input current
Ii» and the output voltage V, 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.

l_____
|

{ \]‘//ZVS turn-on —\

/ ~—F

b
et e

Ip: \

tl) tlt:t3t4 t:‘~ to‘ -

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 S; is to be turned on. When the auxiliary switch turns on, the
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current through Ly ramps up linearly until it reaches the same level as the input current
lin. At that moment, the current previously flowing through D; has been completely
diverted to the auxiliary circuit. If the rate of current transfer from D; to the auxiliary
circuit has been sufficiently gradual, then D; will have little or no reverse recovery
current. When current ceases to flow through D;, the voltage across Cs; is no longer
clamped to the output voltage and Cs; begins to discharge into the auxiliary circuit. The
current flowing through L., continues to rise as the voltage across Cy; drops until Cs; 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
Cs; has been discharged, the difference in the two currents begins to flow through the
anti-parallel body diode of S;. Since the voltage across S;is clamped to zero when this
happens (t = t; in Fig. 1.8), the switch can be turned on with ZVS. When the auxiliary
switch S; is turned off, all the energy stored in L,; is transferred to output through D,
until the current flowing through this inductor is zero; the operation of the converter then
becomes identical to that of conventional boost converter. When S; is turned off, Vcsi,
the voltage across Sy, rises until it is equal to the output voltage V,, D; 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]-[30], 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 C,. Other

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

(D
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A

Figure 1.9. An improved ZVT-PWM boost converter.
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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 D; 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.

L D,

(9
N
-

g
I3L
Ly
it
~
i
~
VA
b

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 L, of the auxiliary circuit to the input; it is very simple and the auxiliary switch

S, 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 S, 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.

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].

»

I—ir. Dl

+\.. S5 .J - b
<__> A% i 1_]:} = (:':._A C 1- ::C.: g R

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 EMI 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 ¢, 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.

»

L, a D, 1¢

+ G e Auxiliany |
— \'-iu ‘Ll:} =C'ﬂ Cirenit T CC BR

I

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).

a a a a

. 1

‘ -
=} I é T i
b

b
(@) (b) (©) (d)
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Fig. 2.2. Non-resonant auxiliary circuit.
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Fig. 2.3. Resonant auxiliary circuits.

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 S, turn-off and
the S; turn-off. The converter operates under the assumption that the Li, and C, 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 S, is preceded by the conducting of the auxiliary S, at t
= to. Before that, both S; and S; are off and the source current is flowing to the load
through D,. The ZVT PWM boost converter is working as a conventional PWM
converter. The current through the non-resonant inductor L, and the voltage across

capacitor C; are initially zero before the switching cycle begins at t = to.
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Y

L

Fig. 2.4. PWM boost converter with non-resonant auxiliary circuit.

Mode 1 [to-t;]: At t = to, the auxiliary switch S, is turned on and the current through L,
builds up linearly reaching first the level of the main inductor current 1,, and then causing
the diode current to reverse. The peak reverse current I of the main diode D depends on
the forward current value and the downward slope.

Mode 2 [t;-t2]: Abruptly at t = t;, D; recovers its blocking characteristics and no longer
conducts any current and capacitor Cs; begins to discharge as the voltage across it is now
not clamped to the output voltage. So the current through L; continues rising until Cg; is
totally discharged when t = t,.

Mode 3 [to-t3]: At t = ta, the voltage cross the Cs; almost zero and the body diode of S;
conducts current through the auxiliary circuit. Therefore, S; can be turned on with ZVS
sometime during this interval.

Mode 4 [t3-t4]: When S; is turned off at t = t3, the current through L, is diverted to D,
and charges capacitor C,. This interval ends when the current through L, is zero.

Mode 5 [ts-ts]: The converter operates like a conventional PFC boost converter during
this interval.

Mode 6 [ts-tg]: Si is turned off at t = ts. Capacitor Cs; is charged until D3 begins to

conduct at t = t;.
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Mode 7 [ts-t7]: C; is discharged during this interval through Ds. This interval ends

when C; is totally discharged. The next cycle begins after t = t;.

-
<
™
—
rovaes revlrevverrvem reeren.

o —

to tytat; 0y tstgt-

Fig. 2.5. Typical waveforms of the converter with non-resonance auxiliary circuit.

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 S; and S, are off, the current in the main inductor Li, is
flowing through D, to the load and output capacitor C,. Also there is the negative value

of voltage V¢, across capacitor C;.
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Mode 1 [to-t;]: Att = to, the auxiliary switch S; is turned on and current in the auxiliary
circuit rises up linearly.

Mode 2 [t;-t;]: The current through diode D stops flowing. Cs; begins to discharge the
voltage Vg across and it is now not clamped to the output voltage. Cy is totally
discharged when t=t,.

Mode 3 [t-t3]: The anti-parallel body diode of S; conducts and S, is turned on with
ZVS sometime during this interval.

Mode 4 [t5-t4]: The current continues to flow in the auxiliary circuit. Sometime during
this interval, I ; becomes negative due to the resonant interaction between L; and C,. The
current from the auxiliary circuit then flows in S,.The anti-parallel diode of the auxiliary

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

£ T %

Fig. 2.6. Boost Converter with Resonant Auxiliary Circuit.
Mode 5 [ts-ts]: Negative current continues to flow in the auxiliary during this interval.
Att=ts, I, becomes zero and V;, is negatively charged.
Mode 6 [ts-ts]: The converter operates as a conventional PWM boost converter during

this interval.
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Mode 7 [te-t7]: Switch S, is turned off and Cg; is charged until Vg is equal to the

output voltage.

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

2.3 ZVT Boost Converters with Dual Auxiliary Circuits

ZV'T 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-

w T L 'n
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S m) 5J:E= {L B TR =l P\ ‘IJ:E TSR
C.s'. H !!-DS C il ;l’ D:_
-4
- - S. .
A1 A7 A
L1
(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: L., D, D3, D4 and a resonant branch consisting of components:
L2, Cr D4. The function of capacitor C; in the non-resonant cell shown in Fig. 2.8(a) is
performed by the resonant branch capacitor C,. Energy from non-resonant branch L; is
transferred to C,, 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.

b
fa) (b) {c)

Fig. 2.9 Dual auxiliary circuits

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, S; is the main power switch that allows
energy to be transferred to inductor L;, when it is turned on. Then the energy stored in L;,
is transferred to the output bus when S, is turned off. Output capacitor C, 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 L;;, Ly, diodes D,, Ds, D4, capacitor C; and switch S;. 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.

- a
L.
) <
C—D‘.n S]Jé ]E+ T ngR
C-:l

1)
b

(a) (b)

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

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.

(i) 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 I111(to), I 2(to), and Ci(to) are reset to zero and

Ves(to) = Vo 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 (tp-t;): At t = t,, the auxiliary switch S, is turned on with ZCS because of the
inductor L;;. The current flowing through L L,; and C; increases as the current is being
diverted away from the main diode D;. The mode ends at t = t; when the current flowing

through D is zero. The state equations for this mode are given in (3-1) to (3-4):

d . .
Cr—=—very=irrm - iLrig
dt

3-1
Csi 4a vesiy=0
dt (3-2)
Ly 4 ILr1)=VCra)
dt (3-3)
eri irr2e=Vo - Vorg (3-4)
dt

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).
n=Vv Ly I— t
v(‘r( )_ o ﬁ( COs a)eq ) (3-5)
Veu () =V, 3-6)
sinw, t
iy () =V, (g = (3-7)
) Lrl +Lr2 weq
L sinw, ¢ .
by (0) = ¥, e (1, 4 e 68

LrZ(Lrl + LrZ) a)eq
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Where:
o - 1
“ C.L, (3-9)
— LrlLrZ
“ Lrl + er (3-10)

Mode 2 (t,-1;): At t = t,, the capacitor Cs; of the main switch begins to be discharged
through the auxiliary circuit. This process involves L, Lis, C;, Cs1, D3, Ds and S;. As a
result, the current i (t), and voltage Vc(t) continue to increase. ij.(t) reaches its
maximum value and begins to decrease when Ves(?) drops below Ve, (1), Cs 1s still being
discharged until it is totally discharged at t= t;, while the main switch body-diode begins

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

®-

Mode 3 [ty, t3] Mode 4 [t3, t4]
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Mode 9 [ts, to]

Figure 3.2. Operation modes of ZVT boos converter.

d . )
Cr—verm=itr2m - iLri 3-11)
dr
d
Csi—vesig=id,,, — 1 1
df Lr2 o (3 2)
L 4 iLri=Ver (3-13)
dt

d. _
er; iL20= Vesim - Verw (3-14)
t
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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 @y and @, represented in (3-19)

and (3-20).
S, [1
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Figure 3.3. Typical switching waveforms.
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M N
+ l:VC, ()" -M,0 ) +V (—F—- Nza)y)} cosw, (1 —1,)

+{,, ()1, )P{(—l— -w.L,)sinw (t—1)— (—1— -w,L,)sino,(t -1 ):| (3-15)
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V;,‘r(tl)M + I/()]v] V;,'r(t])M2 + I/()Nz
L L e L,o
v (1) = 2 12 cosm, (f —1,) +——2 el cosw, (t 1))
’A QI st
- -1 )P
+————(,""(t') 1P sin a)x(t—tl)~——(1”"(t]) ) sinw, (1—1)+V, (3-16)
Cxlw.r Cslwy
M N
V(‘r(tl)(vlz—M,)-f-Vu(*—Lﬁi -N))
. Clerwa C.VILrZa)x .
lm(t): sma)x(t—tl)
Lrl
M
Vo, (2 =M, +V, 2 N
o ( l)(C_,,era)i 2) (,(Cs]erwj 2) |
+ sine  (t-1,)

L

rl

L Uit)=1,)P

1 1
7 (L, ;)cosa)x t—1)—-(L,,— ;)7) cosw (t—1))

" x
RAGHIYNS G-17)
.
i, () :Wsinwx(z‘-q) + Vo lt)M, VN, sine,(t 1)
2 2
+(, -1, @¢))Posw, (t-t)-cosw (1-1))+]1, (3-18)
Where:
o :\/(a)l2 +wl +w32)+\/(a)‘2 +ol +ol) -4olo}
' 2 (3-19)
o, - \/(a)f +ol +ol)~ \/((()l;+ 0l +0l) - 40i0] (3-20)
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M, My, Nj, N2 and P are given as follows:

V20,

M =
1 2 2 2 2
—0; +0; +0; +0;
N -0l =20} ~20)
1“\/“ 2 2 2 2y 2
2(-o, + 0, +o; + 0;)o,
2w}
P= L

2 2 2 2
—w, + o] +o; +o;

2w,

2 2 2 2
-0, +to, +0, +0;

M, =

2 2 2
o, (0, -20; -205)

2 —
«/§(~a)i + o] + o) +0l)o;

Mode 3 (t—t3): At t = t;, the body-diode of the main switch begins to conduct as ig(t)
is larger than I,. Current 1;1(t) and voltage V(t) continue to increase. Some time during
this mode, a resonant process involving the resonant branch of the auxiliary circuit begins
and currents ic; and i »(t) start to decrease. It continues to do so until t = t;, when the
main switch S; can be turned on with ZVS. The state equations for this mode are given in

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

., d . .
Cr—verm=irm - it
dt

(3-21)
d

Cs1—vesip=0 (3-22)
dt

Ly 4 iLri=Vverw (3-23)
dt

L% 20/ = VCr(y

Ys—— r2(, - r(, -

dr (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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Ve, ()=, () 1,,,(¢,)N L, 0,80, (1—1,)
+ Vcr (IZ)Cosa)eq (t - t2 ) (3-25)
v, ()=0
(3-26)

(1 Lrl (t z) -1 Lr2 (’ 2 ))Leq V;r (t 2 )

MOE cosa, (t—t,)+ sinw, ,(t —t
ll‘rl() L}"l eq( 2) L}"] 3 1 eq( 2)
(L, (1) =1, (1)L
+ 1 t _ r 2 r eq )
ri(ts) = (3-27)
. (/1) =1, (L)L, V(1) . R
i, (1) = 22 Lr;! 2 "coswaq(t—t2)~T;sma)cq(t—tz) (3-28)
(]hz(tz)_ 11 1(17))["
+1, (t,)—— AL |
Lr2( 2) er
Where:
1 -
o, = (3-29)
v CrLeq
— LrlLr2 (3-30)
“ Lrl + Lr2

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 i(t) and voltage Vel(t) continue to
increase during Mode 4 and currents icr and i 2(t) continue to decrease until t =t4. Att=
ty, iLr2(t) becomes zero and iy (t)= -ic(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):

. d " .
Cr—verm=ivr2w - ivrig
dt

(3-31)
CsliVCsl(t)zo
dt (3-32)
Ly 4 ILr1)=VCr
dt (3-33)
eri iLr2a™ - Vorw (3-34)
dt
Solutions:
Ver (t) = (]l,r2(t3) - Ii,rl(t3 ))cha)eq sin a)eq (t - t})
+ Vcr (Q)COS&)“I([ —13) (3-35)
Ve () =0
(3-36)
1 @)1, ()L,
I‘Lrl([)—_—-( l.rl( 3) l.r2( 3)) eq COSa)eq(t'—13)+—V£g’ﬁSin0)e (t“tB)
Lrl ¥ !
1.1, ()L,
+[Lr1(t3)_( Lrl( 3) er( 3)) eq (3_37)
Lrl
. ;) -1, (L)L, V() .
i (1) = 2 Lr;l 3y cosa)eq([—tj)—Zé;iSIHweq(t—l3)
(ILrZZ (t3 ) - Il,rl (t3 ))Leq
+Il,r2(t3)_ L 2
r (3-38)

Where:
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o, - (3-39)
i C.L,
_ Lnl, (3-40)
“ Lrl + Lr2

Mode 5 (ts—ts): During this mode, the auxiliary switch can be turned off with ZCS as
iL2(t) is zero and icrtiLn=0. The current through the main switch is equal to I, and the
energy from inductor L, is transferred to C,. This mode ends at t=ts when the current
through L., becomes zero and diode D; prevents the current from reversing direction. The

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

d .
Cr—vorm= - i
dt

(3-41)
Cs1 4 vesiy=0
dt (3-42)
L, a iLri=very
dt (3-43)
L2 4 irr2w= 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)

Vv, (t) = Lin) oy o(t—t,)+V, (t,)coshw(-1,)
C.o (3-45)

VCs] (t) = O
(3-46)



38

Xing Gao Chapter 3
i, (t)y=1,,(t,)coshaw(t—t,)+V, (t,)C ocoshw(t—t,) (3-47)
iLrZ(t) =0 (3-48)
Where:
e 1 (3-49)
C.L,

(3-50)

Leq: Lrl

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

PWM boost converter. Ver(t), Ver(t,) i (t) and ipo(t) are given in (3-51) to (3 54):

Ver ()= VCr (ts)

(3-51)
VCS] (t) =0 (3-52)
il,rl (t) = 0 (3-53)
i,,(t)=0 (3-54)

Mode 7 (ts-t7): At t = ts, the main switch S; turns off with ZVS and capacitor Cg
begins to be charged by Ii,. This mode ends when the sum of V¢ and V¢, equals Vo.

Ver(t), Ven(t,) inn(t) and ipe(t) are given in (3-55) to (3-58):

v(‘r(t) = I/(r(lé)
(3-55)

Im
Ve ()= (0= 10) 356

sl
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i,()=0 (3-57)
i,,(t)=0 (3-58)

Mode 8 (t;—ts): At t = t7, D, begins to conduct and I, charges both Cs; and C,. The
voltage across C, drops and the voltage across C,; continue to rise. This mode ends at t=
ts whenV¢, reaches V, and V¢, goes to zero. The resonant energy stored in C; is
transferred into the output through D, during this mode. Vc(t), Vesi(t) ipr(t) and ipp(t)

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

1
v, (O)=——""—~-1,)+V. () (3-59)
Csl Cr ‘
v("l(t)=i—(t—t7)+Vm(t7) (3-60)
M Csl + Cr '
I (t)=0 (3-61)
I,,(6)=0 (3-62)

Mode 9 (ts—to): At t = ts, lj, starts flowing through D,, and the converter operates like a
standard PWM converter until the auxiliary switch is turned on at the start of the next

switching cycle. Ved(t), Ves(t,) iLn(t) and ip(t) are given in (3-63) to (3-66):

Ver (t)=0 (3-63)
Vs (t) =0 (3-64)
i, (#)=0 (3-65)

i,,(1)=0 (3-66)
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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 Cg; 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.
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Figure 4.1. ZVT-PWM boost converter with dual auxiliary circuit.
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Table 4.1 Converter Specifications for Characteristic Curves

Input Output . )
Voltage Voltage Output Power | Switching (fsw) | Efficiency(n)
100V DC 400V DC 500 Watts 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:

Vs =V, =400V (4-1)
: P
I, = Lo K _ 5.26A (4-2)
V., n*V,
VH
Z, = - ~76.05Q (4-3)

T, = = =10pus 4-4
P T 100kH T 4

The resonant impedance Z, is defined as:

Zo= |Ln (4-5)
C.\'l

The parameter K is defined as

C
K=—r 4-6
C.s‘l ( )

Where Cj; 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 = C,/C,; and Z,/Zp and with three different values of L,;. Figure 4.2(a) shows
the relationship between the peak values of the currents through inductors Ly and L, and

the normalized resonant impedance Z,/Zg. It can be seen that i, (peak) increases and ip2



Xing Gao

44
Chapter 4

(peak) decreases as Z,/Zp increases or K decreases. This means that current i, (peak) in

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

the value of L., is increased and the capacitance of C; and C, are kept the same

(increasing Z, and keeping K fixed) or if C, is decreased and L, and C; are kept the same.

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

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

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

through L,» is always larger than I, the average current flowing in L;,.
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(a) Resonant Impedance Z,/Zg (L 1=25uH).
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(b) Resonant Impedance Z,/Zg (L,;=25uH).

Figure 4.2. Characteristic curves for Ly =25 pH.
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Figure 4.3. Characteristic curves for L;;=33uH.
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Figure 4.4. Characteristic curves for L;;=40puH.

To ensure the ZVS turn-on of the main switch, L, must be selected within a range of
values that satisfy the condition Ig < ij2(peak), which enables the capacitor of the main
switch to be discharged. At the same time, the current through inductor L;; 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 Z,/Zp.

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 T, and Ty. In addition, it can be seen that the time interval
Tw-T, does not significantly changes as Z,/Zp 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 of time that current is flowing through
L1 and L. 1t can be seen that this time increases for both L;; and L, increases as Z,/Zz

and K increases. It can be seen that Z,/Zp 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 L, has little impact on the i ;; (peak), whereas the
iLp (peak) decreases as L;; increases. The turn on interval of main switch changes little as

L;; increases. The time that current flows L,; becomes longer as L,; 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

Output Output
Voltage Power

100V-240VDC 400V DC 500 Watts 100 kHz 95%

Input Voltage Switching f;, | Efficiency (y)
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4.3.1 Main Power Circuit Design

1. Input Inductor L;, 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 Li,. If Li, 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 Lj, 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 th;t
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

=P 5064 (4-7)
m U*V

wm

The peak-peak ripple to average ratio of the input current is taken to be 20% thus
Al =021, =1.054 (4-8)
Rearranging the conversion ratio for the boost converter given in equation (1-2) to
solve for the duty cycle D:

b Vo=V, _400-100

=0.75 (4-9)
Vv 400

Consider

(4-10)
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Where Vi, is the voltage across Li, when S; on, dt = Dy, is the time when the switch
is on and di is the change in input current during that time, the value of L, can therefore

be determined by:

; VDT _ 100V %075 *10us

=714 4-11
in AT 1054 uH (4-11)

The value of Vi, when S, is on is Vi,. The minimum input voltage Vi, = 100V is used

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

2. Output Capacitor C, Selection
The minimum value of the capacitor can be determined by:

ce_ D _ 0.75 ~
*“RF(AV,/V,)  160%100000%0.01

469 uF (4-12)

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 Vi, is 90% of V, and 7, is the holdup time, during
this holdup period, the energy transferred to the output is £ = P,* T, which is also equal

to the energy discharged by the capacitor C, (£ = %CO * (V.2 V.. ?)). C, is therefore

determined by

2P T,  2%500%0.02 — 658 .F (4-13)

VRVl 4007 -360°

) min

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

At minimum input voltage (Vi,=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 D, is therefore the same as the maximum peak current

through the input inductor.

I +0.5A1 =5.26+0.5%1.05=5.794 (4-13)

peak = Iavg
The maximum average current is determined to be

I:l_D* PU :(I—D)* P(, - 500 =
Rz nV,(1-D)  0.95%400

m

1.324 (4-15)

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 T, = 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 V, 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 D is at its maximum, where D =

0.75 and V;,= 100V DC

2 ;o .2 D
I = \/ o * s (+-16)

The MOSFET output capacitor Cos and its on-state resistance Rys(on) are important
parameters to be considered when selecting the MOSFET because C,, affects switching
losses and Rgs(on) affects conduction losses. The smaller the value of Cys, 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 C,; is, the larger Rgs(on) must
be as there is an inverse relationship between the two in MOSFETs.

Rys(on) should be as small as possible to reduce conduction losses caused when the
switch is on; a compromise between Cyss and Rgs(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 L;; L., and C, can be
determined in the following manner:

(1) Determine the minimum value of Ly,. 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 D;. 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
(T>3t). 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
Ta2>3t,, criterion. Fig. 4.5 shows an example of how to find the minimum value of L, by
looking at the characteristic curve of L;; = 33pH and K=10. T, is determined by

T, _ 180ms _ 48 (4-17)
T, 10000ns

According to the curve, Z, is 1.65 when T, is 180 ns, therefore the minimum value of L,

is determined by:
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Zo _ Lo =1.65 (4-18)
Zb Cx

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

value of Ly, is therefore L, = 7.55 pH. A value of 7.8uH is selected to guarantee the soft-

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

007

0061

005

]
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0.03F

au2

0.01F,

Fig 4.5. Characteristic curves for L,; =33 pH and K=10 to be used in the selection of L,

(2) Determine the value of C,. In order to reduce the conduction loss, the time which
current flows through L;; should be as short as possible. Between K=10 and K=70, K=10
provides the shortest conduction period for Ly and the auxiliary circuit; K =10 is

therefore selected. The variable C; is determined by:

K=-r=10 (4-19)

thus

C =C,*K =480pF %10 = 4.8nF (4-20)
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A smaller C; (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 L. From Figs 4.2—4.4, it can be seen that when the value
of Ly is smaller, which means a smaller size for the auxiliary circuit and larger lLea. The
value of L;;, however, must be large enough to enable the current through L, to reach
zero. When this occurs, the current through L, is equal to the current through C.. If the
value of L, is too small such as L;; = 5 uH, the current through L, 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 L, 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
L;; decreases the other, the value of L, therefore has little effect on the conduction
losses. Values between 20pH and 35uH are suitable for this design example. L;; equal to
30uH is therefore chosen.

(4) Determine the ratings for the diodes of the auxiliary circuit. The currents through
D,, D; and Dy 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 L, and it is
designed to have a value of 1.2* Ijca, and Lpea is the maximum peak current in the worst
case through the input inductor L, and rectified diode D;. 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 Ds is below 400 V and it occurs at the moment
when the resonant capacitor C; is negatively charged by L,; and is clamped by D, as the
main switch is still turned on.

The maximum reverse voltage across Dy is also below 400 V and it occurs at the
moment when the current through the auxiliary circuit is zero and the resonant capacitor
C; is positively charged and is clamped by D, with the turn-on of the main switch. The
maximum reverse voltage across D, is below 800 V and it occurs at the same moment
when Dy has its maximum reverse voltage. D; and Dy can therefore be implemented with

MUR420 devices and D, 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: L;, Ds;, Ds and a resonant branch consisting of
components: L2, C,, Dg. The capacitor C; allows for an LC resonance between L and C,
to return the inductor current to 0A. Diode D¢ allows the C; 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 D, is used to clamp the reverse-
recovery spike cross the auxiliary switch S, when the inductor current returns to zero.
The purpose of capacitor C;* 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 L, is transferred to C,*,
which is then eventually transferred to the output through the diode Ds in a manner

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

VYT a ll\.l ‘
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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 S 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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Figure 5.1. ZVT-PWM Boost Converter with Various Auxiliary Circuits.

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

Vi 108VDC
Vo 400VDC 108VDC 108VDC 108VDC
Po 5000 W 400VDC 400VDC 400VDC
S IRFP460 5000 W 5000 W 5000 W
Sl IRF840 IRFP460 IRFP460 IRFP460
L-z 330pH IRF840 IRF840 IRF840
C'" 470puF 330uH 330uH 330uH
L" 18uH 470uF 470uF 470uF
L" 2.1uH 30uH 18uH 5.8uH
C” 2.2nF 7.5uH
Cs,‘ 2.2nF 2.2nF 2.2nF
C 10.5nF 1.2nF
C Y 1.2nF 4.4nF 1.2nF
D’ HFA25TB60
Dl MUR420 HFA25TB60 HFA25TB60 HFA25TB60
Dz MUR420 MUR420 MUR420 MUR420
DZ MUR460 MUR420 MUR420 MUR420
D. MUR420 MUR460 MUR460 MUR460
D;; MUR420

Table 5.1 Specifications and Components of the Prototype Circuit
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Figure 5.7 shows the gate drive signal Vs of S, and the inductor current I, of the
auxiliary circuit and Figure 5.8 shows the waveforms of the drain to source voltage Vg
of the main switch and the current I; 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 Vg and Vg 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 S; is being turned on. Moreover, the
auxiliary switch S, is turned on around 400 ns earlier than the main switch S;.

(i1) It can be seen from Figure 5.4 that the main switch S; turns on and off with zero-
voltage switching (ZVS).

(iit) It can be seen from Figure 5.5 that the voltage across main switch S; drops to zero
while the current through S, is negative. A negative current flowing through S, is an
indication that current is flowing in the MOSFET switch’s anti-parallel body diode after
capacitor Cq; has fully discharged. This confirms that S; can be turned on with zero-
voltage switching (ZVS). In addition, the current flowing through S; 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 of the 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 D; 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 S00W, 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

of the 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.

(i) 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:

() 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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