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ABSTRACT

DESIGN OF A ZVS QRC CONVERTER FOR
EDUCATIONAL TEST BENCH

Sengiizel, Ismail
M.S., Department of Electrical and Electronics Engineering
Supervisor  : Prof. Dr. Yildirnm Ugtug
Co-Supervisor: Asst. Prof. Ahmet M. Hava

December 2006, 160 pages

In this thesis, the conventional pulse-width modulated (PWM) and zero-voltage
switching (ZVS) quasi-resonant buck converters are analyzed and a variable-frequency
control technique is proposed to regulate the output voltage due to the immediate input
line and load changes. The quasi-resonant technique provides favorable switching
conditions for active switch to reduce switching losses and electromagnetic interference
(EMI). The method is based on shaping the voltage across the active switch in quasi-
sinusoidal fashion and the switching action occurs with nearly zero voltage across the
active switch. This requires only two additional components to the conventional PWM
buck converter. The proposed quasi-resonant converter is capable of operating in
megahertz range with a significant improvement in performance and power density.
Detailed analytic and small-signal models of the ZVS quasi-resonant buck converter are
established and the switching behavior is investigated in order to provide nearly zero-

voltage turn-on. The performance of the ZVS quasi-resonant technique is verified with
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the computer simulations. The results are compared with the experiments in the
laboratory involving both the open-loop and closed-loop operations. The detailed

experiment procedure is added to use this converter for educational purposes.

Keywords: Quasi-Resonant Converter, Buck Converter, Variable Frequency, Pulse-

Width Modulation (PWM), Zero-Voltage Switching
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EGITIM AMACLI ZVS-QRC DONUSTURUCU TASARIMI

Sengiizel, Ismail
Yiiksek Lisans, Elektrik/Elektronik Miihendisligi Boliimii
Tez Yoneticisi : Prof. Dr. Yildirim Ugtug
Ortak Tez Yoneticisi: Yrd. Dog. Dr. Ahmet M. Hava

Aralik 2006, 160 sayfa

Bu tezde, siiregelen darbe-genislik modiilasyonlu ve sifir akim anahtarlamali yari
¢mlamali gerilim diislirlicii analiz edilmis ve giris geriliminde ve c¢ikis ylkiinde
meydana gelen ani degisimlerine kars1 ¢ikis gerilimini ayarlayan degisken frekansl bir
kontrol yontemi Onerilmistir. Yart ¢mlamali anahtarlama teknigi, anahtarlama
kayiplarmi1 ve elektromanyetik girisimi azaltmak i¢in devredeki aktif anahtarlama
elemanina uygun anahtarlama kosullar1 saglamaktadir. Bu metot, aktif anahtarlama
eleman1 iizerindeki gerilimi yar1 siniissel yapmaya dayanmaktadir ve anahtarlama
faaliyeti aktif anahtarlama elemani1 {izerindeki gerilim neredeyse sifir iken
gerceklesmektedir. Bu metot i¢in, siiregelen darbe-geniglik modiilasyonlu
doniistiiriiciilere sadece ek olarak iki devre elemam eklenmesi gerekmektedir. Onerilen
yart ¢mlamali donistiiriiciiler, performansta ve gii¢ yogunlugunda dikkate deger bir
iyilestirme ile MHz frekans degerlerine kadar ¢alisabilmektedir. Sifir gerilim

anahtarlamali yar1 ¢inlamali gerilim disiirliciiniin detayli analitik ve kiigiik sinyal
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modelleri kurulmustur ve sifir gerilimde anahtarlama saglamasi i¢in anahtarlama
davraniglar1 incelenmistir. Sifir gerilim anahtarlamali yar1 ¢inlama ydnteminin basarimi
bilgisayar benzesimleriyle dogrulanmistir. Sonuglar, hem agik ¢evrim hem de kapali
¢evrim i¢in laboratuar deneyleri ile karsilastirilmistir. Bu doniistiiriiciiniin egitim amagh

kullanilmasi igin detayli deney prosediirleri eklenmistir.

Anahtar Kelimeler: Yar1 Cinlamali1 Doniistiiriicii, Gerilim Diisiiriicii, Degisken Frekans,

Darbe Genislik Modiilasyonu (PWM), Sifir Gerilim Anahtarlama
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

Power electronics, in a broad sense, is concerned with the processing of given electrical
power into output suitable for specific load or loads, using electronic devices. Like
many other areas of engineering, power electronics is an application-driven field. The
demands for smaller and efficient power processing equipment have been the main
motivation factors behind the introduction of new circuit topologies and the

development of the new power semiconductor devices [1].

Switching converters are the basic blocks in power electronics. These systems use
semiconductor switches along with other passive elements (capacitors, inductors and
transformers) to transfer electrical energy from input to different kinds of output load or
loads as shown in Figure 1.1. The circuit topology changes as these switches open and
close as a function of time under the guidance of the controller. If all elements are ideal,
theoretically 100% efficiency could be achieved. In practice, these semiconductor
switches and elements have both conduction and switching losses that lower the

efficiency [2].

The power processing technique has evolved around three fundamentally different
circuit schemes. linear-mode, Pulse-Width Modulation (PWM) and resonance. The

linear power processing technique offers several advantages such as simplicity in design,



noise immunity, fast dynamic response time and low cost. However linear power
processing applications are limited due to severa disadvantages. only step down voltage

conversion, only one output of each application and very-low efficiency (%630-%60).

Conventional Pulse-Width Modulation (PWM) power processing technology has been
widely used in today’s power electronics industry, particularly in low-power application
due to circuit simplicity and ease of control. In PWM converters, the output voltage is
directly controlled by the duty cycle of the switch gate signal. That is to say, the PWM
is duty cycle controlled power processing technique and power flow is interrupted by
this phenomena. The PWM power processing technique maintains a constant switching
frequency and varies the duty cycle. The current and voltage waveforms are non-
sinusoidal. The semiconductor devices in many switching converters are either
completely turned on (into the saturation state) or completely turned off (into the cut-off
state). Since the switching frequency is fixed, this modulation scheme has a relatively
narrow noise spectrum allowing a simple low pass filter to sharply reduce peak-to-peak
ripple in the output voltage. This requirement is achieved by arranging an inductor and a
capacitor in the converter in order to form a low pass filter network. This requires the

frequency of low passfilter to be much less than the switching frequency [3].

Power Input Power Power Output
Processor Load

4

Control
Signals

Measurements

Controller
Reference

Figure 1.1 Power electronics system: A block diagram.



The basic PWM converters include buck, boost, buck-boost and Cuk converters as
shown in Figure 1.2. Energy is stored in the inductor when the active switch isON (0 <
t < ton), When the switch is OFF (ton <t < T), the stored energy will be delivered to the
load. The flow of energy can be controlled by the duty ratio D of the gate signal.

a. Buck Converter b. Boost converter
§ L Ci Lz
1 A R — _ = -
Vg T Ve
® L ¢ Rz Vo 5 4 p ©F gz
* j +
¢. Buck-Boost converter d. Cuk converter

Figure 1.2 Basic PWM converters.

The single transistor version, without voltage isolation between the input and output, as
shown above, is used in low power applications. For any application over afew hundred
watts, or any case where isolation is needed, the transformer isolated PWM converters
such as Forward, Flyback, Push-Pull, Half-Bridge and Full-Bridge are usualy employed.
In general, PWM converters are controlled by either voltage-mode control or current-
mode control. Figure 1.3 shows a voltage-mode controlled buck converter. The output

voltage is sensed and compared with the reference voltage. The error signa is
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compensated by a proportional-plus-integral (Pl) controller and then fed to a comparator
to generate the duty cycle signal. The single feedback loop makes it easier to design and
analyze. However, the output filter adds two poles to the control loop, which will affect

dynamic specifications such as gain margin, phase margin and crossover frequency.

Figure 1.3 Voltage mode controlled buck converter.

To improve the dynamic performance, current mode control is used. Peak current mode
control and average current control are the two common forms. The most common
current mode control scheme of buck converter is shown in Figure 1.4. The output
voltage and the inductor current are sampled. The output of the voltage loop is the input
for the current loop. The switch is turned on at the beginning of each cycle. When the

inductor current reaches the value output of the voltage loop, the switch is turned off.
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Figure 1.4 Average current mode controlled buck converter.

There are two switching events that take place in the generalized switching model as
mentioned before called as turn-on and turn-off. However, transition between on and off
states produces switching losses because of the simultaneously occurring high current
and voltage values. During the switching intervals, instantaneous power dissipated in the
semiconductor switch can be larger than the power loss occurring while conducting. The
average loss depends on the speed of the switching interval and switching frequency of

the switching converter [2].

The amount of energy lost in a switch during the turn-on and turn-off transitions
depends on whether the load is resistive or inductive and the performance of the power
diodes. Moreover, when the switch is off, there is a small amount of charge stored
internally in the switch. For metal-oxide semiconductor field-effect transistors
(MOSFETYS), thisinternal chargeis higher.

In most power processing circulits, efficiency is of paramount importance. In designing
power processing circuits, there is an increasing demand to increase the switching

frequency in order to reduce the weight and size of the energy storage elements



(capacitors, inductors and transformers) and to improve the dynamic performance of the

converter circuit. This demand for high power density and high performance is critical

for the power processing circuits to be used in the computer, telecommunication,

military and even aerospace applications. Due to the increasing switching frequencies,

the switching losses and switching stresses are also increased. This situation results in

poor system performance and low power density and makes many conventional

convertersimpractical [4].

The main factors that contribute to the high frequency switching losses are [5]:

Semiconductor devices used as switches in power processing converters have
non-zero turn-on and turn-off times, and as a result, during switching transitions
between on-state and off-state, the semiconductor devices can be conducting
significant current while a large voltage is applied across them. This current and
voltage overlap results in a large amount of energy being dissipated in the
switching device. At high frequencies, this energy lost in the overlap becomes
the largest part of the total osses in the semiconductor switches.

At high frequencies, voltage and current oscillations are induced in junction
capacitance and leakage inductance in the transformer during the transition
between on and off states due to the sharp di/dt and dv/dt. These oscillations
result in higher losses with increasing peak current and voltage values.
Furthermore, EMI (Electromagnetic Interference) is caused by high frequency
harmonic components associated with non-sinusoidal voltage and current
waveforms.

When the semiconductor switch turns on with applied large voltage across them,
the energy storage of the device's output capacitance (0.5CV%) is dissipated
internally due to the turn-on transition.

To lower these losses and improve system performance, power density and the

switching behavior of the semiconductor devices, a technique called soft switching is
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used. Soft switching methods add passive components (inductors and capacitors) to the
conventional hard switching converters in order to reduce power dissipation, allowing
higher switching frequencies up to a few megahertz, reduced converter size and weight
and reduced electromagnetic interference (EMI). The switching losses are reduced by
ensuring that either the voltage or current of the semiconductor switch is nearly zero
during the switching intervals. Due to the resonance concept, EMI resulting from
switching transitions is lowered by replacing the high di/dt and dv/dt of the

semiconductor switches by means of passive components with slower resonant edges [2].

Soft switching for the semiconductor devices can be either the zero-current switching
(ZCS) or the zero-voltage switching (ZVS). By using the LC resonant network in
different structures, these soft switching converters can be generated. Semiconductor
switch with this LC resonant network constitutes the resonant switch concept. By simply
replacing the power switch or switches in conventional PWM converters with the
resonant switch, a family of quasi-resonant converters (QRC) has been derived. Quasi-
resonant converters store the inductive or capacitive energy and transfer it to the load or
loads similar to PWM converters. But, the LC resonant network shapes the current or
voltage waveforms in a quasi-sinusoidal form in order to create the zero-current or zero-
voltage conduction for the switch without any switching loss during switching

transitions [6]. Figure 1.5 shows some of the standard resonant switch networks.

The families of quasi-resonant converters, either ZVS or ZCS, contain alarge number of
topologies, including buck, boost, buck-boost and different isolated topologies. All ZVS
and ZCS topologies share the common structure of resonant switch network in their

categories.

The arrangement of the resonant components (L and C) with respect to the semi-
conductor switching devices determines the absorption of the parasitic reactance by the
resonant network. But, quasi-resonant technique is not capable of utilizing all major

parasitic reactance. ZCS-QRCs are insensitive to the junction capacitance of the rectifier



diode, while ZVS-QRCs are insensitive to the MOSFET output capacitance [7]. The
ZCS converters can eliminate turn off losses and switching stresses but due to their turn-
on losses associated with discharging of energy in the junction capacitance of the
MOSFET, these converters are practical at frequencies up to 1-2 MHz. Furthermore,
non-zero voltage conduction and oscillations that are caused by MOSFET output
capacitance and parasitic inductance in the circuit result in noise and EMI. Practical
ZVS quasi-resonant converters operating at frequencies up to 10 MHz can be
implemented. The excessive voltage stresses in the switching device proportional to the

load range make difficult to implement these convertersin wide load range.

(b)

Figure 1.5 Quasi-resonant switches
(8) zero-current quasi-resonant switch
(b) zero-voltage quasi-resonant switch.

The ultimate principle of the multi-resonant converters (MRCs) is to utilize al major
parasitic elements in any converter circuit. This allows favorable switching conditions
for al switching devices (active and passive switch or switches). This technique
employs multi-element resonant network no less than three energy storage components.

As a result, the basic idea of multi-resonant switches is to extend the resonant-switch
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concept to both active switch and diode. Figure 1.6 shows the two basic multi-element
resonant networks, either ZCS or ZVS. However, in high frequency operations,
MOSFET output capacitance and rectifier diode junction capacitance effects in ZCS-
MRCs are still present and parasitic oscillations cannot be eliminated. The ZVS-MRCs
are much more suitable for high frequency operations. This technique absorbs parasitic
capacitances and provides good switching conditions for both MOSFET and rectifier
diode.

(@) (b)

Figure 1.6 Multi-resonant switches
(a) zero-current multi-resonant switch
(b) zero-voltage multi-resonant switch.

Two mgor disadvantages of the resonant converters are variable frequency operation
and excessive voltage and/or current stresses of the active and/or passive semiconductor
components. The ZCS converters require constant on-time variable frequency control,
while the ZVS converters require constant off-time variable frequency control. To

operate in awide input voltage and load range, the frequency variations are also wide.

Even though there exists no general classification of resonant converter topologies, these

types of resonant converters can be represented asin Figure 1.7.



Resonant Type
DC-DC Converters

' , I
Conventional Quasi- .
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!
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Figure 1.7 Resonant type dc-dc converters.

Output regulation in many resonant converters, such as QRCs and MRCs, is achieved by
controlling the switching frequency. The ZCS applications require controlled on times
while ZVS applications require controlled off times. The closed-loop control of the
resonant converters can be achieved by feedback of the output voltage. A commonly

used single-loop control scheme for the buck converter is shown in Figure 1.8.
A compensation network is used to provide high low-frequency gain and improved

phase margin. The output of the error amplifier controls the Voltage Controlled

Oscillator (VCO) to determine the frequency of operation.
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Figure 1.8 Single-loop controlled buck QRC.

Multi-loop control is effective for controlling PWM converters, providing good stability
margin and high crossover frequency. For QRCs and MRCs, Current-Sense Frequency
Modulation (CSFM) offers the same advantage. The VCO used for single-loop control
of resonant convertersis replaced with a comparator. Figure 1.9 shows the basic concept

for implementation of CSFM for the buck converter.

Like current-mode control of PWM converters, severa possible ways of implementing
CSFM exist. The most direct method uses resistive sensing with an operational amplifier.
A second method uses a current transformer in series with the diode. The last and most
effective method uses the auxiliary winding of filter inductor to sense the inductor
voltage and integrate through resistor and capacitor to reconstruct the inverted portion of

the inductor current [8].
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Figure 1.9 CSFM controlled QR buck converter.

1.2 Outline of Report

In Chapter 2, conventional PWM converters are presented in details. Topological

variations and control methods of these techniques are also presented in Chapter 2.

In Chapter 3, quasi resonant converter topology is presented in details. The topological

variations, switch networks control techniques are presented in this chapter.

In Chapter 4, circuit description, modes of operation and steady-state characteristics of
the ZV'S quasi-resonant buck converter are presented. The controller considerations and

small-signal analysis are also presented in Chapter 4.

In Chapter 5, design considerations and procedure are presented. The overal circuit
description is aso presented in this chapter. Furthermore, simulation and experimental

results and comparison between the simulation and experimental results are presented in

12



this chapter.

In Chapter 6, the experiment test procedure is presented in details. The requirements of

the experiment and the experiment steps are also presented in this chapter.
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CHAPTER 2

CONVENTIONAL PULSE-WIDTH MODULATION
CONVERTERS

Modern electronic systems require high-quality, small, light-weight, reliable and
efficient power supplies. Linear power regulators, whose principle of operation is based
on a voltage or current divider, are inefficient [9]. Since their semiconductor devices
operate in linear mode, these types of regulators dissipate much of their energy across
the regulating semiconductor devices. Efficiency of these types of converters is very low
(%30 to %60 for an output voltage less than 20 V). Moreover, they can only be used as

step down regulators. Their main area of application is at low power levels.

Switching regulators use semiconductor switches in on and off states. Because there is a
small power loss in those states (low voltage across a switch in the on state, zero current
through a switch in the off state), switching regulators can achieve high-energy
conversion efficiencies [9]. Modern power electronic switches can operate at high
frequencies. As a result, switching regulators are preferred over linear regulators for
their high efficiency and providing step-up, step-down or inverter output unlike linear
regulators. Table 2.1 summarizes the differences between linear regulators and

switching regulators.

In switching regulator circuits, semiconductor switches control the dynamic transfer of
power from input to output with very short time transients. Because of this switching

action there is ripple added to output voltage. The output requirement is a dc voltage

14



with a minimum superimposition of ac ripple. Pulse Width Modulation (PWM) is the

most widely used method for controlling the output voltage. The switching frequency is

kept constant and voltage regulation is achieved by controlling the duty cycle. Duty

cycle is defined as the ratio of switch on time to reciprocal of the switching frequency.

Table 2.1 A comparison between the linear regulators and switching regulators

Linear regulator

Switching regulator

Steps up or down, or

Function Only steps down. CVerts.

Low to medium and high if
Efficiency Vv, -V, difference is High.

small.

High if the average load or

. Low, where components

Power loss the input/output voltage usually run cool

differences are high. Y '

Low. Usually requires only Med}um 'to high. Ugually

. requires inductor, diode,
Complexity the regulator and low-value . .
. and filter caps in addition to

bypass capacitors. IC

Total cost Low. Medium to high, due to
external components.

Ripple/Noise Low. No ripple, low noise. | Medium to high, due to

Better noise rejection.

ripple at switching rate.

The output capacitor and output inductor are set in PWM converters to extract a clean dc

voltage from the chopped AC voltage. They act as energy storage devices, smoothing

out the pulsating energy drawn from the source.

The conventional PWM converters are not the scope of this thesis, therefore only buck

converter will be considered throughout this thesis.
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2.1 Basic Principles of PWM Buck Converter

Buck converter has non-isolated power stage topology, sometimes called a step-down
power stage. It consists of dc input voltage source V, controlled switch S, diode D, filter
inductor L, filter capacitor C and load resistance R. Figure 2.1 shows a simplified

schematic of buck converter.

}7

il

Figure 2.1 PWM buck converter.

The output voltage is always less than the input voltage. The input current for a buck
converter is discontinuous, or pulsating, because the semiconductor switch current
pulses from zero to the output current lp in every switching cycle. The output current of
the buck converter is continuous, or non-pulsating, because the output current is

supplied by the output filter network [10].

A power stage can operate in continuous or discontinuous inductor current mode. In
continuous inductor current mode, current flows continuously through the inductor
during the entire switching cycle in steady-state operation. In discontinuous inductor

current mode, inductor current is zero for a portion of the switching cycle. It starts at
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zero, reaches peak value, and returns to zero during each switching cycle. It is desirable
for a buck power stage to stay in only one mode over its expected operating range
because the power stage frequency response changes significantly between the two

modes of operation [10].

2.2 Continuous Conduction Mode (CCM)

In continuous conduction mode, the entire switching period consists of two basic states.
In the on state, the semiconductor switch S is on and the diode is off. On the other hand,
in the off stage, the semiconductor switch S is off and the diode is on. Figure 2.2 shows

two operation stages of CCM buck converter.

%
|
%

Figure 2.2 Power stages of buck converter.

The duration of the on state is:

DxT, =T, 2.1)

where D is the duty cycle.

Typical waveforms of the CCM buck converter are shown in Figure 2.3.
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Figure 2.3 CCM buck converter basic waveforms.
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The inductor current increase can be calculated by using the following formula:

V, = Lx%: Al :VTLAT 2.2)

The inductor current increase (ripple current) during the on stage is given by:

Aiy (4 =Y =05 = :_LXRL)_VO XT,. 2.3)

where Vg is the voltage drop on the semiconductor switch and Ry is the series resistance

of the inductor.

The inductor current decrease during the off stage is given by:

V,+ (Vo +1.XR)) «T
L

AiL (_) = off (2~4)

where Vp is the forward voltage drop of the diode and Ry is the series resistance of the

inductor.
At steady-state conditions, the current increase, Air(+), during the on time and the
current decrease, AiL(-), during the off time are equal because of the volt-second balance

of the inductor. Therefore, these two equations can be equated and solved for Vj to

obtain the continuous conduction mode (CCM) buck voltage conversion relationship:

on Ton + Toff

Ton Ton
V, =(V -V, )x(ﬁ] —va(—j— | XR, (2.5)

And,
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T
Dot _Tu (1—D)=T°” (2.6)

The steady-state voltage conversion ratio is:
V,=(V -V )xD-V,(1-D)-1 xR, (2.7)

The above voltage conversion relationship for output voltage illustrates that the output
voltage can be adjusted by changing the duty cycle, D, and is always less than the input
because D lies between 0 and 1. A common simplification is to assume Vs, Vp and Ry

small enough to ignore. The above equation then simplifies to [10]:
V, =DxV (2.8)

It is noted that the inductor delivers current to the output capacitor and load resistor
combination during the whole switching cycle. The inductor current averaged over the
switching cycle is equal to the output current. This is expected because the average

current in the output capacitor must be zero [10].
2.3 Discontinuous Conduction Mode (DCM)

Figure 2.4 shows the inductor current condition where the power stage is at the
boundary between continuous and discontinuous modes. This is where the inductor
current just falls to zero and the next switching cycle begins immediately after the
current reaches zero. From charge and discharge of output capacitor, the output current

is given by [10]:

0

I
IOX(T0n+TOﬁ)=%kX(T0n+TOﬁ):>ka:AIL=2I (2.9)
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Figure 2.4 Boundary between continuous and discontinuous modes.

Further reduction in output load current puts the power stage into discontinuous
conduction mode (DCM). The discontinuous mode converter input-to-output
relationship is quite different from the continuous mode. Figure 2.5 shows the

discontinuous mode output inductor current waveform.
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Figure 2.5 Discontinuous mode inductor current.
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The duration of the on state is:

T,, = DXTy (2.10)
where D is the duty cycle of the converter.

The duration of the off state is:

T = D2xT, (2.11)
The idle time is the remainder of the switching cycle and is given as:

T, —T,, — T = D3XT; (2.12)

The inductor current increase during the on state is given by:

VNVoyr VY I__VO XDXT = I, (2.13)

Al (+) =

on

The ripple current magnitude, Al (+), is also the peak current in discontinuous mode.
The current starts from zero in each cycle. The inductor current decrease during the off

state is given by:

Al (=) :%xToﬁ :VT‘)xoszS (2.14)

As in the continuous mode case, the current increase during the on time and the current

decrease during the off time are equal for critical mode. So,
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V, =VX Ton =VX D
T, +To D+D2

on

(2.15)

From Eq.(2.9) to Eq.(2.15), the voltage relationship of the discontinuous mode buck

converter is given by:

V =VX; (2.16)
’ 4xK
1+‘/1+ D
where
D = Mx " KM 2.17)
2XL
= T (2.18)
S
M :\\//—0 (2.19)

2.4 Critical Inductance

The conduction mode of the power stage is a function of input voltage, output voltage,
output current and the value of the inductor. A buck converter can be designed to
operate in continuous mode for load currents above a certain level, generally 5 to 10%
of full load. The input voltage range, the output voltage and load current are defined by
the power specifications of the converter. The inductor value as the design parameter is

used to maintain continuous conduction mode [10].
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For the boundary situation between CCM and DCM, the following expression can be

written:

log =I5 =—L (2.20)

where log is the minimum output current to maintain continuous conduction mode.

On boundary:
V, = DxV (2.21)
- V-V, XDXT, = V,x(1-D)XTy _ VxDx(1—-D)xT, (2.22)
2xL 2xL 2xL
Continuous conduction mode:
VxDx(1 - D)XT,
l, 21 = i S (2.23)
v DT Vox(l—vvo)xTS
L, > XD 5 (2.24)
2Xl g 2y - i)
VO

2.5 Output Capacitor

In switching power supply power stage, the function of the output capacitor is to store
energy. The output capacitance of the buck converter is generally selected to limit
output voltage ripple to the level required by the specification. The series impedance of

the output capacitor and the power stage output current determine the output voltage
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ripple. The three elements of the capacitor that contribute to its impedance are
equivalent series resistance (ESR), equivalent series inductance (ESL) and capacitance

(C). The value of its capacitance can be calculated from the following expression [10]:

C=—% (2.25)

The value of AV, is the maximum change of the output voltage, and Q is the charge
transferred from the capacitor C to the load during one cycle. The capacitor will be
charged provided that the current in the inductor is larger than the load current Iy. The
area shaded corresponds to the change of the charge Q in the capacitor C as shown in

Figure 2.6 [10].

Figure 2.6 Charge Q change in capacitor.

11 1 Al
=Al xt=—(—=Al x—)=—=
Q L 2(2 L )

=2 2.26
2f 8 f (2.20)

For CCM:
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Q Al

c>_¥ _ (2.27)
AV, 8fxAV,
Al = (V _VO)XTon — (V _VO)XDXTS (228)
) L L
For DCM:
IO(max) 2
IO(max)X(l - Al )
C> L (2.29)
f XAV,

The ripple voltage across the output capacitance is determined by the size of the filter
capacitor. The equation (2.29) is based on the assumption that all inductor ripple current

flows through the capacitor and the ESR is zero.

2.6 Control Principles

A dc-dc converter must provide a regulated dc output voltage under varying load and
input voltage conditions. The two most common closed-loop control methods for PWM
converters, namely, the voltage-mode control and the current-mode control, are

presented in Figure 2.7.

In the voltage-mode control, the output voltage of the converter is sampled and
subtracted from an external reference voltage in an error amplifier. The error amplifier
produces a control signal. This control signal is compared to a constant-amplitude
constant-frequency sawtooth waveform. The comparator produces a PWM signal in
order to control the semiconductor switch in the dc-dc converters. The duty cycle of the
PWM signal depends on the value of the control voltage. The frequency of the PWM

signal is the same as the frequency of the sawtooth waveform. The voltage-mode control
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method is simple and flexible. The main control scheme of the voltage-mode control is

shown in Figure 2.7 (a).

The current-mode control has an additional inner control loop feeds back an inductor
current signal. This signal is converted into its voltage equivalent, and is compared to
the control voltage. The main control scheme of the current-mode control is shown in

Figure 2.7 (b).

The inner loop is used to control the inductor current, thus eliminating the inductor
effects on the power stage transfer function. The transfer function of the power stage
includes the closed loop and current loop. The effect of the inductor is completely
absorbed by the loop controlling it. Advantages of the current-mode control are the input
voltage feedforward, the limit on the peak switch current and the reduction in the
converter dynamic order. The main disadvantage of the current-mode control is its

complicated hardware [3].

2.7 Control Schemes and Compensation Considerations

Negative feedback is applied to maintain voltage regulation due to disturbances in input
voltage, load current or variations in component values. The duty cycle is varied in the

feedback loop to compensate for these variations.

Almost any feedback or any loop can be divided into two major portions. One is the
power-processing portion that takes a control signal as an input and outputs the variable
to be controlled. This portion is called the modulator or plant. The other portion is error
amplifier, which compares a sample of the controlled output to a reference, amplifies the
difference, and outputs a control signal to the modulator or plant. This portion is usually
called the amplifier. Figure 2.8 shows the definition of these two blocks in a typical dc-

dc converter [11].
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Figure 2.7 Main control schemes for dc-dc converters:
(a) voltage-mode control

(b) current-mode control.

In multi-loop control systems, the basic idea is the same. The difference is that the
reference usually comes from an outer loop. Each loop must be considered starting with

the innermost loop for multi-loop control systems.
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Figure 2.8 Typical feedback control loop.

2.7.1 Frequency Response of Buck Converter

The first step in designing the feedback loop after selecting the components of the
converter is to plot the open-loop response of buck converter. The transfer function of
output voltage to duty cycle is derived in the beginning of this chapter. The transfer
function reveals a left-half plane zero associated with Equivalent Series Resistor (ESR)
of the capacitor and a double pole at approximately resonant frequency of LC. Typically,
the transfer characteristic peaks at resonant frequency. The magnitude of this peak is
given by the quality factor. Ignoring the inductor series resistance and transistor on
resistance, a simple expression for quality factor Q can be derived in terms of L, C, R
and ESR of the capacitor. It can be easily deduced that Q gets lowered as a result of
ESR of the capacitor [11].
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The asymptotic plot for open-loop response with corner frequencies is as shown in

Q

1

Figure 2.9. The corner frequencies are approximated as:

1 Q Q
Fo— — _ 231
‘' o4 JLC 27RC  2znRC’ (231
1 1
fo = = 2.32
=F T 27R.C 27R/C’ (232)
where
C=nC’ (2.33)
RC:R_c (2.34)
n

The inductor is fixed by current ripple requirement and the capacitor is chosen large

enough such that Q is small. Thus, in a well constructed system,

1

BW < A f, (2.35)
BW >8-10f,. (2.36)
fr >2f,. (2.37)
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Figure 2.9 Open-loop response of buck converter.

Compensation is designed in such a way that the total loop gain transfer function crosses
0 dB point with -20 dB/dec slope. This ensures sufficient phase margin and in turn
closed loop stability. Typical phase margins range from 45° to 75°. Lower margins, like
45°, give good transient response at the expense of peaking of the closed-loop transfer
function and output impedance. Higher margins, like 75°, give flat closed-loop transfer
functions and minimum peaking of output impedance, but at the expense of speed and

settling time [11].

2.7.2 Optimum Compensator Design

Since optimum performance is obtained from maximizing low frequency gain and
minimizing high frequency gain, it stands to reason that an integrator is the logical
starting choice for a compensator design. General compensator circuits and their Bode
diagram are investigated from this point [11].

Since the phase lag of one-pole error amplifier is 270° at all frequencies, no opportunity
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exists to control the amount of phase lag through the amplifier. By placing a zero-pole
pair in the transfer function, however, the phase lag can be reduced to less than 270°
over some range of frequencies. A zero in a transfer function causes the slope of the
gain curve of a Bode plot to break upward with increasing frequency, and is
accompanied by a reduction of phase lag 45° at the corner, and up to 90° at frequencies
much higher than the frequency at which the zero occurs. A pole in the transfer function
has the opposite effect, causing the slope of the gain curve of a Bode plot to break
downward, and is accompanied by an increase in phase lag of 45° at the corner, and up
to 90° at frequencies much higher than the frequency at which the pole occurs. A zero-
pole pair introduced into the transfer function of an integrator creates a region of
frequencies in which the Bode gain plot goes flat and the phase lag is reduced by an
amount related to the frequency spread between the zero and pole. This reduction in lag
through the error amplifier can be named as a phase boost, and this concept of phase
boost is very powerful in understanding the nature of loop compensation. The amount of
phase boost can be varied easily by adjusting the spread of the zero-pole pair, and

desired phase margin can be obtained by adjusting the spread of the zero-pole pair [11].
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CHAPTER 3

QUASI-RESONANT CONVERTERS

In most solid-state power processing circuits, efficiency is very important. To achieve
high efficiency, it is necessary to operate the power processing circuit in the switch-
mode. The semiconductor switch of the power processing circuit is either completely

turned on (saturation state) or completely turned off (cut-off state).

In order to achieve desired power conversion, output voltage regulation, isolation and
noise suppression, magnetic components and capacitors are vital for design of power
converters. The use of these energy storage passive devices creates extraneous burden

on the power semiconductor devices.

The increasing demand for higher power density and high performance converters has
led to an increase of the switching frequency. Operating at high frequencies, the size and
weight of the energy storage elements are reduced and the dynamic performance of the
converter circuit is improved. High power density and high performance converters are
important for applications in military, aerospace and computer and telecommunication
areas. Due to the increasing high frequency and switching under sharp transitions of
both current and voltage, power semiconductor devices are subjected to high switching

losses and high switching stresses.

As the power semiconductor technology is rapidly evolving, many power devices are

made available for power processing applications. Each type of power semiconductor
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device has its special merits and limitations. Among other semiconductor devices, the
majority carrier devices, such as power MOSFET, have ultra-high switching speed and
are ideal for high frequency, low-power applications. Its turn-off time is very short due
to the absence of carrier recombination phenomena. However, like all other power
semiconductor devices, the MOSFET has parasitic junction capacitances. When
operated at very high frequency, the turn-on switching loss due to the discharging of the

junction capacitances can be a limiting factor [12].

When the MOSFET switch turns on at a high voltage level, the energy stored in the
semiconductor device’s output capacitance, 0.5CV?, is dissipated internally when the
device is turned on. The switching loss due to this turned-on discharging of the output
capacitance is a major concern. The detrimental effects of parasitic elements are more

pronounced as the switching frequency increased.

Soft switching techniques have been developed to reduce switching losses, switching
stresses and allowing efficient power conversion in high frequency operations. Soft
switching techniques for the switching devices can be either zero-current switching
(ZCS) or zero-voltage switching (ZVS). Zero-current switching is achieved by turning
off the switches when no current circulating through them. Zero-voltage switching is

achieved by turning on the switches when there is no voltage applied across them [13].

Several soft switching power conversion techniques have been proposed to decrease the
detrimental effects of the parasitic reactances and improve the switching conditions of
the semiconductor devices. These techniques include: resonant converters, quasi-
resonant converters, class-E converters, multi-resonant converters, forward resonant
converters and resonant transition converters. Each of these techniques reduces losses in

the power switch by operating with either zero-current turn-off or zero-voltage turn-on.

All soft switching techniques use the resonant network (L-C) for QRCs and (L-C-C or
L-L-C) for MRCs added around the switches. These energy storage elements shape the
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current or voltage to achieve zero-current switching or zero-voltage switching of the

switching devices.

3.1 Quasi-Resonant Converters

Quasi-resonant conversion technique offers a general approach for improvement of
switching conditions. The quasi-resonant converters are directly derived from
conventional PWM topologies. This family of circuits can be viewed as a hybrid of
PWM and resonant converters. The resonant action takes place only one mode of these

converters and this is why they are called the “quasi-resonant converters”.

When energy is applied into an L-C resonant tank circuit, the energy is exchanged
between the inductor and the capacitor in a periodical and quasi-sinusoidal form.
Because of this quasi-sinusoidal oscillation, L-C resonant tank circuit can be used as a

lossless or low-loss waveform-shaping device.

3.2 Quasi-Resonant Switch

A quasi-resonant switch network consists of semiconductor switch and resonant
elements, inductor and capacitor. By replacing the conventional switch by the resonant
switch network, a favorable condition is created for the switching device during
switching transitions. The quasi-resonant switch is divided into two different resonant

networks: zero-current resonant switch, zero-voltage resonant switch.

a) Zero-Current Quasi-Resonant Switch

In zero-current quasi-resonant switch, the active switch S is in series with the resonant
inductor, while the rectifier diode is in parallel with the resonant capacitor. Figure 3.1
shows the basic zero-current resonant switch network. The resonant circuit is formed

either in M-type or L-type with respect to the resonant capacitor. The inductor and the
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capacitor constitute a series resonant circuit and this resonance action occurs during the
major portion of the on time. The arrangement of the zero-current resonant switch

absorbs the parasitic reactance of the transformer and the rectifier diode [14].

If the ideal switch is implemented by a unidirectional one, the switch current is
permitted to resonate only in the positive half cycle. A diode is connected in series with
the active switch S; therefore the zero-current resonant switch is implemented as a half-
wave network. On the other hand, if a diode is connected in anti-parallel with the active
switch allowing bidirectional current flow, this implementation is called full-wave
network. Figure 3.2 shows half-wave and full-wave zero-current resonant switching

networks in both M-type and L-type [15].

Figure 3.1 Zero-current resonant switches.

In general, most switching converters need to turn on or turn off the full load current at
high voltage applied across them, resulting in hard switching. The switching behavior of
the PWM, shown as trajectory A in Figure 3.3, traverses high stresses region because of
simultaneous high voltage and high current. As stated before, in soft-switching
converter topologies, an LC resonant network is added to shape the switching device’s
current or voltage waveforms in such a way that zero-current or zero-voltage condition

is created. Since no simultaneous high voltage and current are subjected to switching
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device, the switching stresses and losses are reduced as shown by the trajectory B in

Figure 3.3 [5].
Q D L Q D L
oS 5 % ; - lf(: .
@ i
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Figure 3.2 ZC-resonant switch configurations
(a) half-wave configuration

(b) full-wave configuration.

Figure 3.3 Load line trajectories.
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b) Zero-Voltage Quasi-Resonant Switch

In zero-voltage quasi-resonant switch, the active switch S is in parallel with the
capacitor, and the diode is in series with the inductor. Figure 3.4 shows the basic zero-
current resonant switch network. The resonant network is again either of M-type or L-
type as in the zero-current resonant network. In zero-voltage resonant switches, the
resonant interaction occurs during the major portion of the off time. The arrangement of
the zero-voltage resonant switch absorbs the parasitic reactance of the transformer and

the active switching device [16].

Figure 3.4 Zero-voltage resonant switches.

If a diode is connected in anti-parallel with the active switch, the voltage across
capacitor Cy is clamped by the diode at zero during negative half of the resonant cycle.
This implementation is called half-wave network. If this diode is connected in series
with the active switch, the voltage across capacitor Cg oscillates freely, and this
arrangement is called full-wave network. Figure 3.5 shows half-wave and full-wave

zero-voltage resonant switching networks in both M-type and L-type.

Table 3.1 summarizes the major characteristics of the zero-current and zero-voltage

quasi-resonant converters.
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3.3 Topological Variations

The concept of resonant switch can be applied to a large number of conventional PWM
switching converters. Simply by replacing the switch in any conventional PWM
converters by a zero-current resonant switch or zero-voltage resonant switch, a family of
quasi-resonant converters is derived. Some basic converter topologies and their resonant
counterparts are presented in Figure 3.6 as ZCS quasi-resonant converters and Figure
3.7 as ZVS quasi-resonant converters. For a given family of QRCs, M-type and L-type
resonant switch topologies have the same set of state equations; therefore they have the
same circuit operations. The only difference is in the voltage waveform of the resonant

capacitors [14].

Q L Q L
. il
= D
— Cr
Cr (@) I
0 D L 0 D L
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C, I
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Figure 3.5 ZV-resonant switch configurations
(a) half-wave configuration
(b) full-wave configuration.
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Table 3.1 Major characteristics of the zero-current and zero-voltage QRCs

Zero-Current Switching

Zero-Voltage Switching

Control

Constant on-time

Constant off-time

Switch voltage waveform

Quasi-square

Quasi-sinusoidal

Switch current waveform

Quasi-sinusoidal

Quasi-square

Load range

{Rmina Roo}

{0, Rinax}

Vo/V; increases as

fy increases

f; decreases

Vo/V; increases as

R increases

r increases

Full-wave mode

D in anti-parallel with Q

D in series with Q

Half-wave mode

D in series with Q

D in anti-parallel with Q

3.4 Control of Quasi-Resonant Converters

The quasi-resonant converters can be controlled by variable frequency control technique.

In ZCS quasi-resonant converters, the resonant frequency of resonant inductor and

resonant capacitor dictates the duration of the on time. As a result, these converters

operate with a fixed on time, and the output is regulated by varying the off time. On the

other hand, ZVS quasi-resonant converters operate with fixed off time, and output is

regulated by varying the on time. General variable frequency control scheme of the

resonant converters is illustrated in Figure 3.8.
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Figure 3.6 A family of ZCS quasi-resonant converters
(a) buck
(b) boost
(c) buck-boost
(d) forward
(e) flyback.
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Figure 3.7 A family of ZVS quasi-resonant converters
(a) buck
(b) boost
(c) buck-boost
(d) flyback.
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Figure 3.8 General variable frequency control scheme.

The quasi-resonant converters have two main control schemes: single-loop control and
multi-loop control. For single-loop controlled converters, closed-loop regulation of the
output voltage can be achieved by feedback of the output voltage through an error
amplifier circuit and voltage controlled oscillator (VCO). This control scheme is very
similar to constant on-time or constant off-time duty-cycle modulation of PWM
converters. The output of the error amplifier controls the VCO that determines the on
time or off time of the active switch. Finally, DSP (Digital Signal Processor) or other
control logics converts the output signal of the VCO into constant on-time or constant
off-time pulses. The single loop control scheme can be very difficult to compensate the
converters such as boost, buck-boost and flyback because of their right-half plane zeros.
Multi-loop control is very effective for controlling the quasi-resonant converters. By
sensing the inductor current, two loops, namely voltage and current, is formed.
Furthermore, the VCO is replaced with a simple comparator; therefore the output signal

is less noise sensitive.

Current-mode control is actually a very simple form of multi-loop feedback. There is
very little freedom in the design of the current loop. Its gain can be adjusted with the
addition of an external ramp, but its frequency response is usually unchanged. The gain

of the current loop should always be as high as possible without causing instability [14].
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To design the control circuit for de-dc converters, a dynamic analysis has to be carried
out and the loop gain has to be obtained. The loop gain will help to design a control
circuit that satisfies the system closed loop requirements. The concepts of loop gain
crossover frequency, phase margin, gain margin and stability of a system are directly
related to the closed loop characteristics and the system feedback loop gain can be used

to obtain the dynamic characteristics [17].
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CHAPTER 4

ZVS QUASI-RESONANT BUCK CONVERTER ANALYSIS

As mentioned before, a resonant switch represents a network consisting of a
semiconductor switch and resonant elements such as inductors and capacitors. In
voltage-mode resonant switch, the resonant capacitor is in parallel with the
semiconductor switch to achieve zero voltage switching. Buck-type is the basic PWM

converter where the quasi-resonant concept can easily be applied.

When operating in the half-wave mode, voltage-conversion ratio is sensitive to load
variations and when operating in the full-wave mode, voltage-conversion ratio is
insensitive to load variations. Although full-wave mode of operation has an advantage
of load insensitivity, the diode should be connected in series with the semiconductor
switch, because semiconductor power switches have no reverse voltage blocking
capacity. The switching losses due to the parasitic junction capacitance lower the
efficiency of the converter in the full-wave operation. Nevertheless, the parasitic
junction capacitance can be utilized as part of resonant element in the half-wave

operation [6].

The major benefit of the full-wave operation is greatly-reduced frequency range hence

small filter requirements for the load [18].
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4.1 ZVS Quasi-Resonant Buck Converter

A basic circuit diagram of the buck ZVS QRC is shown in Figure 4.1. Inductance Ly
and capacitor Cr form a resonant network. This network shapes the voltage across
switch S during its off time for zero-voltage turn-on. The circuit operates in half-wave
mode. The output filter consists of Ly and Cr, and Dy is a freewheeling diode (typically
Schottky rectifier).

N

Figure 4.1 Basic circuit diagram of buck ZVS QRC.

For buck converters, the conversion ratio M is defined by:

(4.1)

Z
Il
<|<

where V) is the output voltage and Vi, is the input dc voltage.
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The operation and characteristics of the converter depend mainly on the design of the
resonant circuit Lgp and Cg. The following parameters determine the converter

characteristics:

Characteristic Impedance Zx:

Z,=.|=% 4.2)

Resonant Frequency fr:

1
fo=— 43
Y L.Cy *3

Normalized Load Resistance r:

r=— 4.4)

where R is the load resistance of the converter.

4.2 Modes of Operation

Typical theoretical waveforms of the buck ZVS QRC are shown in Figure 4.2. A
complete converter switching cycle is divided into four intervals; capacitor charging
stage (to-t;), resonant stage (t;-t;), inductor discharging stage (t,-t3) and freewheeling

stage (t3-ts) [13].

Prior to ty, switch S is conducting. Consequently, the diode Dy is reverse-biased, and the

output current flows through the load.
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4.2.1 Capacitor-Charging Stage (to-t1)

At the beginning of this interval, at ty, the switch S is turned off, the output current starts
to flow through the resonant capacitor (diode Dy is still reverse-biased) and voltage vps

increases linearly. When vpg is equal to the input voltage, diode Dy turns on.

1 = | = :
| == P

Ve

AN

Figure 4.2 Theoretical Waveforms of buck ZVS QRC.

Initial Condition:

Vs (0)=0 (4.5)

State Equation:
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dv

Rd—;= I (4.6)
Time Solution:
C.V 1 r
T. = R7%in _ = 4.7
Y (47
where
w=2rf, (4.8)

4.2.2 Resonant Stage (t;-ty)

This interval begins when the capacitor voltage Vpg reaches Vi, and the rectifier diode
Dy becomes forward biased. This causes the resonant element to resonate. During
resonance, the voltage of the resonant capacitor Cr across the switch reaches its peak
value:

Vospeak = 10Zn +Vip (4.9)

The resonant action of Cr and L causes Vps to decrease to zero at t.

Initial Conditions:

1. (0)=1, (4.10)

4.11)
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State Equations:

di

L= = Vi ~Vos (4.12)
dv,

Co— = lis (4.13)

Time Solutions:

| e (t) =1, coswt (4.14)

Vs (t) =V, + 1,Z,, sinwt (4.15)

7,=% (4.16)
W

where

7T +arcsin [Aj for half-wave mode t, =Ty
N0

a= (4.17)

[V
2r— arcsm( Z = J for full-wave mode t, = Tb
N "0

In the half-wave mode, when Vps drops to zero at T,, it is clamped at that value by the
anti-parallel diode, which carries the reverse current. While in the full-wave mode of
operation, Vpg continues to oscillate to a negative value and returns to zero at time Tp.
For half-wave operation, the end of this stage, t,, is equal to T,; for the full-wave

operation, it is equal to Ty.
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4.2.3 Inductor-Charging Stage (t-t3)
When Vpg reaches zero, the anti-parallel diode turns on. Now the resonant capacitor is

shorted and the input voltage is applied to Lg. Therefore, the current I g starts increasing

linearly until it reaches the value of the output current.

Initial Condition:
Iz (0)=1,coscx (4.18)

State Equation:

di
L,—&=V, 4.19

Time Solution:

lZNI0
w V.

in

T, = (1-cosa) (4.20)

4.2.4 Free-Wheeling Stage (t3-t4)

At this moment, diode Dy turns off. During this interval, active switch S conducts the

output current. The duration of this interval is a control parameter and is determined by:
Ty =T =Ty =T, =Ty (4.21)

where Ts is the period of a switching cycle.
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A condition for achieving zero-voltage switching in the ZVS quasi-resonant buck

converter is [19]:

r<m (4.22)

4.3 Steady-State Characteristics

The steady-state characteristics can be obtained by solving the state equations of the
four stages in a switching cycle. The dc voltage conversion ratio, V¢/Vj, as a function of
the load resistance and the switching frequency, can be derived by equating the input

energy per cycle E;, and the output energy per cycle, Eo.

The expression for conversion ratio of a ZVS quasi-resonant buck converter can be

derived by the method described above:

M :\\//_;:1_2;8% [a+$+¥(l—cosa)} (4.23)
where

a = 7 + arcsin (ﬁj for half-wave mode (4.24)
o =27 —arcsin (MLJ for full-wave mode. (4.25)
Vospeak = 102y + Vi (4.26)

In general, a constant off-time control is employed to regulate the output voltage for the

load and the line variations. Higher switching frequency with constant off time means
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shorter equivalent on time and, therefore the voltage-conversion ratio decreases as the

switching frequency is increased.
4.4 Peak Voltages and Currents in ZVS QR Buck Converter

In order to find M as a function of fs, it is necessary to use a numerical procedure.

Rearrangement of Eq. (4.23) yields

fy _ 272(1-M)

Ts v (4.27)
fs [0{ +r+r(1—cosa)}

2M

The switching frequency can be calculated from the above equation. The regulation
characteristics for different values of the normalized load resistance are plotted in Figure
4.3. The characteristics are plotted for only lossless conditions. From Figure 4.3, it can
be easily seen that the conversion ratio is load dependent. For example, for fixed
switching frequency, conversion ratio M increases when normalized load resistance r
increases. Therefore, to regulate the output voltage for variable load resistance, the

switching frequency should be varied accordingly [19].

Peak voltage on the power switch and peak current in output diode occur during
resonance. The solutions of four topological modes result in the following peak values

of voltage and current

v

Yospk. :L(Hﬂj (4.28)
V, M r

|

Jswopk (4.29)

53



Yoopk _ 1 (4.30)

|
D-pk _ 5 (4.31)

4.5 Small-Signal Analysis

In previous chapter, three-terminal PWM switch is used to derive the equivalent circuit
model of the conventional PWM converters. By averaging the terminal voltages and

currents, the small signal model was obtained.

The averaging technique [20, 21] is a very effective tool for studying the switched mode
dc-dc converters. It provides a method to undertake both the static and dynamic analyses
of a large number of converters in a systematic manner. The method was originally
proposed to model PWM converters and it was extended later to converters

incorporating resonant switches [22].

The same procedure can be applied to the quasi-resonant converters with enough
accuracy. For frequencies below the modulation frequency (approximately half of the
switching frequency), the added resonant components, capacitor and inductor, have no

effect on the small signal model for quasi-resonant converters.

The equivalent circuit model of a switch is replaced by a three-terminal switch in any

quasi-resonant converter topology.
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Figure 4.3 Normalized output voltage versus normalized switching frequency for

different normalized load resistance in buck ZVS QRC.

4.6 ZVS Three-Terminal Switching Devices

Figure 4.4 shows the basic ZVS quasi-resonant converters and their three-terminal
switch illustrations. The three-terminal device is shown in Figure 4.5. The terminal
designations a, p and C refer to active, passive and common, respectively. This symbolic

representation of the ZVS resonant switch has two single pole switches.
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Figure 4.4 Basic zero-voltage switching quasi-resonant converters.

Z\

P

Figure 4.5 A three-terminal ZVS switch.
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4.7 Equivalent Circuit Model of the ZVS Device

The three-terminal zero-voltage switching device is drawn again in Figure 4.6 with all
the terminal voltages and currents. From average voltage and current equations, the
circuit model of three-terminal device can be obtained. The equation of the ZVS

resonant device is:

i, Ve 1 f

2P _1-— S f(g,,n)= 4.32

i v, 2r 1, (@)= (432)

where

a, =Gy (4.33)
Voo

r,=— (4.34)

IC
G _ 1 (4.35)
N ZN *

Furthermore, fs is the switching frequency and fr is the resonant frequency as mentioned
before. It is assumed that below half of the switching frequency, the resonant elements
in the small signal model and dc model are negligible. The function f(ay,n) is defined as

zero-voltage quasi-resonant function and is given by:

f(ey.n) =a7v+ n;z'—(—l)n arcsin ¢, +0%—(—1)n ?—1 (4.36)
Vv Vv

where
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n=1 for half~-wave mode

n = 2 for full-wave mode

yAY]

Figure 4.6 Terminal voltages and currents of ZVS device.

4.8 DC Model of ZVS Device

(4.37)

(4.38)

A steady-state or dc model of the ZVS device is shown in Figure 4.7, and all the

quantities are replaced by their dc values.

1 F | V
- TS F(g.n)=-t—_o
WO E (a.n) LV,
a, =R, Gy
R =-%

58

(4.39)

(4.40)
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Figure 4.7 Dc equivalent circuit model of ZVS device.

4.9 Small Signal Model of ZVS Device

Eq. (4.39) and Eq. (4.40) are perturbed. These perturbations are in switching frequency

and the average terminal voltages and currents form Eq. (4.39) is rewritten as:

Voo =( -— = f (oc\,,n)]vap (4.42)

Vg, =V +V, (4.43)
Voo =V + Vo (4.44)
fo=f,+F, (4.45)
i =1, +1, (4.46)
i, =0 +1, (4.47)
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f(at,n)= f (a,,n)+F(a,n) (4.48)

By considering that departures from the steady-state values are small compared to the
steady-state values themselves, nonlinear terms such as the second (or higher) order

terms due to the product of two or more ac perturbations can be neglected [23].

The corner frequency of LC filter is so lower than the switching frequency and resonant
frequency in general that the low-frequency characteristics of the converter are

dominated almost by these low-frequency LC elements [24].

After the assumptions and rearrangements are performed, the small-signal model of

three-terminal ZVS device can be obtained.

A A

I, =—V,9, +V,, 9, + fk, (4.49)
I, = .k +ik +9,,0, (4.50)
where

ﬁ:é— (4.51)

Eq. (4.49) and Eq. (4.50) correspond to the small-signal equivalent circuit model of the
ZVS device shown in Figure 4.8.
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Figure 4.8 Small-signal equivalent circuit of ZVS device.

For the full-wave operation, o is much smaller than 1 and therefore a’<<1, Eq. (4.49)
and Eq. (4.50) can be approximated as follows when n = 2;

f (av ,2) ~2r (4.52)

An approximate model of ZVS device operating in full-wave mode is easily obtained.

This model is shown in Figure 4.9.

=

Figure 4.9 Approximate small-signal model of full-wave ZVS device.
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4.10 Small-Signal Model of Buck ZVS QRC

The circuit diagram of the buck converter is shown in Figure 4.10.

N

Figure 4.10 ZVS quasi-resonant buck converter.

For modulation frequencies below half the switching frequency, the small-signal model
is approximated by eliminating the resonant components. These components do not
affect the small-signal model of the QR buck converter, because magnitudes of the
output filter components are much higher than the magnitudes of the resonant network.

The three-terminal switch is simply replaced by its dc equivalent model as derived
above, and all passive elements are either shorted or opened. The resultant equivalent
circuit with dc switch model is shown in Figure 4.11. Under dc conditions all small-

signal sources vanishes. Eqgs.(4.53) to Eq.(4.55) show the dc characteristics.
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Vi, & less Vaptt, =R

Figure 4.11 Dc conditions of equivalent buck converter.

V,, =V, =V, 4, (4.53)

V,, =V, (4.54)

v, = Yo (4.55)
Hy

Once the operation point of the buck converter is determined from the dc model, the
small-signal analysis can be performed simply by using the small-signal model of the
ZVS device. The three-terminal switch is replaced by its small-signal model to obtain
control-to-output and line-to-output transfer functions. The small-signal equivalent
circuit for obtaining the control-to-output transfer function is shown in Figure 4.12. The

input dc voltage is shortened and the necessary perturbations are performed.

Obtained from dc analysis, the operation point values are:
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Vac :Va _Vc =0V, =———

77}

F
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_ . R
w fc - 1 /,lv CF p—
M,y

Figure 4.12 Small-signal equivalent circuit for control-to-output

transfer function.

Node analysis can be performed as follows:

7 (1 luv)VO f~
0 c \7
i +V,5C +—2=0
sL, R
U,[S'L.C.R+sL. +R] _ ARV, ¢
H
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(4.57)
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(4.59)



The Eq.(4.59) is rearranged and the control-to-output transfer function is obtained:

MNO

_ H, (4.60)

¢ s°L.C, +SI?RF+1

—|-|1|O X

As a conclusion, the order of the small-signal model of QRC is nearly the same as that
of the parent PWM converter. The resonant elements do not increase the order of the

small-signal model since they do not contribute state variables to the system of the

converter [25].
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CHAPTER 5

DESIGN PROCEDURES AND SIMULATION & EXPERIMENTAL RESULTS

This chapter presents the design procedure of ZVS QR buck converter. The computer
simulation and experimental results are also shown. In the experimental study, the
steady-state and dynamic performance of the ZVS quasi-resonant buck converter are
investigated under open-loop and closed-loop operations. The simple block diagram of

the experimental set-up is shown in Figure 5.1.

The open-loop PWM buck converter and open-loop ZVS QR buck converter are driven
at predefined duty-cycle values at various frequencies. The design is performed
according to required specifications, such as the input voltage range, output voltage,
switching frequency and maximum output power. The analysis presented in previous

chapters is used.

Open loop control signals are provided by PIC 16F877 microcontroller from Microchip.
The microcontroller is operated with an external clock of 20 MHz. Each operation cycle
takes 200 ns by using this external clock. Open loop control signals are adjusted such
that the microcontroller gives fixed off-time and variable on-time at frequencies from 50
kHz to 100 kHz in 11 discrete steps. This is because operation conditions are kept the
same for both PWM buck and ZVS QRC buck converters. Design procedure is only
applied to the ZVS QRC buck converter. Closed loop control is performed by a high
performance resonant mode controller MC34067 from ON Semiconductor. The

application areas of MC34067 are zero-voltage switching off-line switch-mode power
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supplies and zero-voltage switching dc-dc converters.

The structure of this chapter is as follows. In section 5.1, the design procedure of the
ZVS QR buck converter is presented. Design procedures cover both open loop and
closed loop operations. In section 5.2, the design of the zero-voltage switching quasi
resonant buck converter is presented. In section 5.3 and section 5.4, the important
properties of the controller IC MC34067 and small-signal considerations are presented.
In the last section, the simulation and experimental results are presented with

comparison.

5.1 Design Procedure of ZVS QR Buck Converter

The guidelines presented in this section are based on the stress analysis in previous
chapter. The objective is to make the proper choice of resonant and filter elements so
that the current and voltage stresses are as low as possible for the specified input voltage

and output load ranges. The desired specifications are assumed as:

Vinmin— Vin-max - Input voltage range

Lo-min — Lo-max - Output load range

Vo - Output voltage

£S-max - Maximum switching frequency

&, - Maximum percent ripple in filter inductor

The operation and characteristics of the converter depend mainly on the design of the
resonant circuit Lr and Cg. The parameters that are defined below determine the

converter characteristics:
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Power Supply

Voltage Feedback

Open-Loop Closed-Loop
PIC Unit MC34067 Unit
Duty Cycle
Duty Cycle Command
Command Gate Signal
Conditioning
Gate Drive Circuitry
MOSFET Gate
Signals
PWM or

ZVS Quasi-Resonant

Buck Converter

DC Power Supply

Voltage Output

Figure 5.1 The simple block diagram of the experimental set-up.

68



Characteristic Impedance Zx:

Z,=|=% (5.1)

Resonant Frequency fr:

1
for - 52
" 2z L.C. -2

Normalized Load Resistance r:

o R (5.3)

where R is the load resistance of the converter.

The minimum and the maximum values of voltage conversion ratio are given by the

following formulas:

VO

M min = V (54)
and

V
M, .= v 0 (5.5)
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respectively. The switching frequency can be directly calculated as a function of M and

T.

Following equations are obtained by input voltage and output current specifications for

ZVS operation.

R = (5.6)

3 M 5 (5.7)

From the above equations, the worst condition that still provides zero-voltage turn-on is:

R
Zy =g (5.8)

min

When load resistance increases the switching frequency increases. For any conversion
ratio M, there is a maximum load resistance that provides zero-voltage turn-on. It is also
known that when the load resistance decreases the peak voltage across the power switch
increases because of the output current. Therefore, a trade-off exists between the load
range and maximum peak voltage of the power switch. The key design parameter is the
characteristic impedance Zy. The characteristic impedance should be minimized to
reduce voltage across the power switch and the characteristic impedance should be

maximized to increase the load range at zero-voltage switching.

The characteristic impedance formula in Eq. (5.8) will result in the lowest possible

voltage stress on the power switch for the desired output load range.
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The maximum switching frequency occurs at light load (rm.x) and high input voltage

(Vin-max)- The DC conversion ratio is also given by using quasi-resonant function

F (ﬁ, nj =nz—(-1)" arcsin (ﬁJ+L+M—(—1)n (Mj -1 (5.9)

n = 1 for half~-wave mode

n = 2 for full-wave mode

and the resonant frequency is

304 7) o (5.10)
" Az(1-M,) '

The resonant components, Lg and Cg, are easily found as follows

I—R :ngmax(l_Mmin) (511)
27[ meame'

1n

_ Mmin(l_Mmin)

= 5.12
" 27[ fS max é:v Rmax ( )

The relative size of filter inductor Lt is also obtained by using the volt-second balance
on L¢ [26]. To satisfy the ripple specifications over the whole range of operation, the

following approximate equation can be used with denoting the load variation by AR =

Rmax/ Rmin

max

L . ‘ ‘
—f ~ M min F rmm ,n |- rmm (5 .1 3)
I—R 2AR§v§f M 2M
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where ¢, is the maximum percentage ripple

LAl /2
|

St (5.14)

L max

For properly designed converters (with minimal values of (), it is clear that quasi-
resonant converters always have stresses greater than or equal to those of PWM

converters [26].

5.2 MOSFET Gate Drive Circuitry

The semiconductor switch in buck converter is in high-side (MOSFET source connected
to high voltage rail). Gate voltage must be 10-15 V higher than the source voltage of any
power device. The gate voltage of MOSFET must be controllable from the logic or
controller IC drive output, which is normally referenced to ground. Thus, the control
signals have to be level-shifted to the source of the high side power device. The power

absorption of the gate circuitry should not affect the overall efficiency.

Several techniques are used to drive the high side power device. Table 5.1 summarizes

high side power device drive techniques with advantages or disadvantages [27].

The transformer coupled gate drive technique is used to drive power device in buck
converter, because efficient gate drive with minimum delay can be performed with this
technique. The integrated high side drivers are convenient. They have significant turn-
on and turn-off delays. The properly designed transformer coupled solution has
negligible delays and it can operate across higher potential differences. Figure 5.2 shows

the basic transformer coupled gate drive circuit.
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Figure 5.2 The basic transformer coupled gate drive circuit.

The coupling capacitors must be placed in series with the primary winding of the gate
drive transformer to provide the reset voltage for the magnetizing inductance. Without
the coupling capacitor, there would be a duty cycle dependent dc voltage across the

primary winding and the transformer would saturate.

The control signals for open loop buck converter is provided by microcontroller, as
mentioned before. The logic control signal must be boosted to a level of 10-15 V before
the gate drive transformer. This is achieved by a high and low side driver integrated

circuit IR2110 from International Rectifier.
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Table 5.1 High side power device drive techniques

METHOD BASIC CIRCUIT KEY FEATURES
Level shifting a ground referenced
FLOATING signal can be tricky.
GATE DRIVE Opto isolators are relatively
SUPPLY expensive.
Simple and cost effective.
PULSE ] Significant parasitics create less
TRANSFORMER ;” than ideal operation with fast
L;%ZE switching waveforms.
DEVICE
1
Turn on times can be too long.
CHARGE ] Level shifter has to be tackled.
PUMP |
LOAD
- LoW e
DEVICE
I
Simple and inexpensive.
Requires level shifter.
BOOTSTRAP
LEVEL Lg::‘
SHIFTER LE'IE'\;ISéDEE
I |
Gives full gate control.
CARRIER "] Limited in switching performance.
DRIVE i

ETOR

ﬁ

LOAD

LOWY EIDE
DEVICE

Improved with added complexity.
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5.3 Design of ZVS QR Buck Converter

Designing a quasi-resonant converter requires the selection of resonant components,
output filter components and semiconductor devices. Typically, design specifications for
a dc-dc converter include those parameters shown in Table 5.2. A basic ZVS QR buck

converter is shown in Figure 5.3.

e Output voltage V

e Input voltage range Vimin t0 Vimax

e Load resistance range Rpin t0 Riax

e Maximum switching frequency fsmax

e Maximum percentage ripple &,

Table 5.2 Design specifications of ZVS QR buck converter

Max. Min.
V, 15V -
V, 20V 30V
R 5Q 15Q
fo 100 kHz -
& 15A -
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Figure 5.3 A basic ZVS QR buck converter.

M, =—2-=—=05 (5.15)
Vimax 30

Moo= Yo 15 45 (5.16)
V 0

To achieve zero voltage turn-on, the amplitude of ac component of switch voltage

should be greater or equal to the input voltage. The normalized form of this condition is

r<m (5.17)

The peak value of resonant capacitor voltage is

VDSpeak = IoZN +Vin (518)
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In lowest possible voltage stress on the power switch for the desired load range by

guaranteeing zero-voltage switching, the characteristic impedance is

R 15
Z,=¢ % =1.1—=33Q 5.19

min

The voltage and current stresses of the ZVS QR buck converter with given

specifications are given as follows:

e Peak voltage stress on the power switch 120 V
e Peak current stress through the power switch 3A

e Peak voltage stress in output diode 30V
e Peak current stress in output diode 6A

From Eq.(5.9) to Eq.(5.14), the design values of ZVS QRC buck converter are easily

calculated and given in Table 5.3.

Table 5.3 Design parameters of ZVS QR buck converter

Characteristic Impedance, Z, 330

Resonant Frequency, f, 200 kHz
Resonant Inductor, L, 26.3 uH
Resonant Capacitor, Cg 22 nF

Filter Inductor, L, 160 pH
Filter Capacitor, C, 220 pF
Minimum Frequency, fg . 20 kHz
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As mentioned before, the switching cycle of the quasi resonant buck converter can be
divided into four stages. The following formulas are introduced to calculate the stage

durations of quasi resonant buck converter.

V, .
T, = CeVin _tr_o b 04 ks (5.20)
I, wM  27200kHz 0.4
a : Vin
T,= w ~3.7us where o =7 +arcsin(—"—) (5.21)
N o
T, =lM(l—cos a)=1.65us (5.22)
W r

The last stage duration is control parameter. The regulation of output voltage can be

achieved by this duration.

5.4 The Controller IC MC34067

The closed loop operation is achieved using high performance zero-voltage switching
resonant mode controller MC34067. The IC operates with constant off-time variable on-
time. This integrated circuit features a variable frequency oscillator, a precise
retriggerable one-shot timer, high gain wide bandwidth error amplifier, steering flip-flop
and dual high current totem pole outputs. Also protective features consist of a high
speed fault comparator, programmable soft-start circuitry and input under voltage
lockout with selectable thresholds. Figure 5.4 shows the simplified block diagram of the

resonant mode controller IC.

The primary purpose of this control chip is to provide a fixed-off time to the gates of
external MOSFETs at a repetition rate regulated by a feedback control loop. Additional
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features of the IC ensure that system startup and fault conditions are administered in a
safe, controlled manner [28].

The output pulse width and repetition rate are regulated through the interaction of the
variable frequency oscillator, one-shot timer and error amplifier. The error amplifier can
control the oscillator frequency over a 1000:1 frequency range, and both the minimum
and maximum frequencies are easily programmed by the proper selection of external

components [28].

T — ————— — ——— — .
L ¥ % |
Enatie/ @ | Voo UVLOT 50V . [ 2.
UWLD Adjust : | Enable Reference | © Vet
CsoC ef)—li :
e 2 \ariable 4&@”“0 I
s RC o Frequency . |
Oscillator 2| Oscillabor [ |
Cantrol Current & | =l 14c -
Iufpu
16 _ >
Oneshot Hd—— One—Shat o Stesring |
- | d Flip—Fiop| | Lo 12
Eror Amp g | 25V I: > | 13':'“'“‘5
Output Clamp
Woninverting Pr Gnd
Input |
Imverting Input 7 |
I Errar ¥

3
N, am | .-
5 | P Soft—Start 10
Soft-Start & Fault Detestor —l—U Fault Input

Figure 5.4 The simplified block diagram of MC34067.

The frequency of the oscillator is modulated by varying the current flowing out of the
Oscillator Control Current (Iosc) pin. This pin is the output of a voltage regulator. The
minimum oscillator frequency will result when the Iosc current is zero. The minimum

frequency is programmed by Rogc using the following equation:
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fi_tPD

Roge = —mn 5.23
%% 0.348xXC g (5-23)

The maximum oscillator frequency is set by the current through resistor Ryro. The
current required to discharge Cosc at the maximum oscillator frequency can be

calculated below equations:

I (max) =1.5Coq fs (5.24)
1
R = 1.5 g[ meinROSCCOSC] (525)
ROSC
2.5-V
RVFO — 5 EAsat (526)
| (max)—l,

The one-shot is designed to disable both outputs simultaneously providing a deadtime

tos before either output is enabled. Ry and Cr can be chosen by solving the following

equation:
s (5.27)
0.348C;

The control IC is specially designed for zero-voltage switching quasi-resonant
converters applications and is optimized for double-ended push-pull or bridge type
converters operating in continuous conduction mode. Therefore, for one-switch dc-dc
converters, the outputs of the IC must be rearranged. Two fast diodes and two npn
transistors are used to obtain one-output control signal for one-switch zero-voltage

switching dc-dc converters. The two outputs of controller IC are logically summing up
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through the fast diodes and npn transistors turn the output into constant-off time gate
drive signals. The operation frequency is changed between the maximum and minimum
frequencies defined by the external components to regulate the output voltage. This

additional circuitry is shown in Figure 5.5.

5.5 Small Signal Considerations of ZVS QR Buck Converter

The small signal model of the ZVS buck converter is derived in previous chapters. For
frequencies of modulation below half the switching frequency, the desired small signal
model is similar to that of PWM counterparts. The small-signal model of the ZVS QRC

buck converter is

<

_ SCR. +1 (5.28)

Vi R L,
ST LCy {1+ — [|+S|CR. +—|+1
Re R

12V

OUT A —Bf— ouT

OUT B B L

Figure 5.5 Additional circuit that summing up two outputs of the IC.
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The Bode plot of the ZVS QR buck converter with calculated circuit parameters is

shown in Figure 5.6.

A compensation network can be designed in a similar manner to that of a PWM
converter to meet closed-performance specifications. A two-pole, two-zero
compensation network is used for this circuit to provide high low-frequency gain and
good phase margin at the crossover frequency [8]. Figure 5.7 shows the two-pole, two-

zero compensation network. To design the compensator following steps should be taken

e A pole should be used in the compensation network to provide the desired high
dc gain at low frequencies to achieve zero steady state error at the output of the

converter.

@ Another pole should be introduced to cancel the equivalent series resistor

(ESR) of the filter capacitor at the output.

@ A zero should be introduced before the cut-off frequency of the filter

elements.

The compensator obtained from these considerations is as follows and the Bode diagram

of overall system is shown in Figure 5.8.

~2.26x10°°s* +3.058x10*s +1
21.824x107'°s* +9.92x10™*s

G(s)

(5.29)

The external components of the resonant mode controller IC MC34067 are summarized
in Table 5.4. The parameters include both external components that control the
frequency and off-time of the output signal and compensation network parameters.
These parameters are calculated for the converter to regulate the output in predefined

specifications.
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Figure 5.6 Bode diagram of the ZVS QR buck converter.

R2 C2
}7 R3 C1
IN© -
R1 d O OuT
+

Figure 5.7 A two-pole, two-zero compensation network.
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Table 5.4 The Resonant controller IC external components

Rosc 15 KQ R1 80 KQ

Cosc 10 nF R, 1 KQ

Rt 4.7 KQ R3 10 KQ

Cr 4.7 nF Ci 10 nF

Rvro 1.6 KQ C, 2.2 nF
CSsOFT-START 10 nF

Bode Diagram

80
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Figure 5.8 Bode diagram of the overall system.
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5.6 Overall Hardware Description

The circuit parameters of PWM buck and ZVS QR buck converters are summarized in
Table 5.5. The overall hardware roughly consists of two parts: open-loop stage and
closed-loop stage. The transitions between open-loop and closed-loop stages are realized

by two external on-off switches.

When the external on-off switches are on open-loop position, two possibilities arise. The
first one is the open-loop PWM buck converter. This configuration is obtained by
opening the connectors connected to the resonant capacitor and the diode across the
power switch and by shorting the connector connected to the resonant inductor. The gate
signals are obtained by a PIC 16F877 microcontroller. The gate signals have fixed-off
time about 4.5 ps and variable on-time by adjusting the potentiometer. These logic gate
signals are converted to MOSFET gate signals by a MOSFET gate driver IC IR2110
from International Rectifier. These signals are applied to the gate drive transformer to

drive the high-side power switch in buck converter.

The second configuration is the open-loop ZVS QR buck converter. This is obtained by
shorting the connectors connected to the resonant connector and the diode across the
power switch and by inserting the resonant inductor in series with the power switch. The

procedure of driving the MOSFET is the same as in PWM buck converter.

When the external switches are on closed-loop position, the system operates as single
loop controlled quasi-resonant converter with Variable Frequency Oscillator (VFO). The
resonant mode controller I[C MC34067 provides the fixed-off time gate signals at a
repetition rate regulated by a feedback controller loop. These two signals are summing
up through the additional circuitry to obtain gate signal for one-switch zero-voltage
switching circuit topologies as mentioned before. The output of the additional circuitry

is connected to high-side MOSFET driver IC IR2125.
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Table 5.5 Overall converter parameters

Output voltage, Vy 15V
Input voltage range 20V-30V
Load range 5Q-15Q
Maximum frequency 100 kHz
Resonant frequency 200 kHz

The current measurements are performed with the current transducers LAH 25-NP. The
nominal current of the current transducers are set to 8 A in order to achieve minimum
measurement error. The current outputs are connected through the measurement

resistors to turn the current signals into measurable voltage waveforms.

5.7 The Simulation and Experimental Results

This chapter presents the simulation and experimental results of PWM buck and ZVS
QR buck converters. The simulations are performed in Ansoft’s SIMPLORER. In order
to confirm converter characteristics with calculated design parameters, simulations are
an important part of the analysis. The open-loop and closed-loop simulations are
performed with active and passive semiconductor switches close to real-time behaviors.
The circuit parameters’ selection is based on the calculated design parameters. The
experimental verifications are performed with these parameters and semiconductor

switches are selected well-suited for this topology.

5.7.1 Open-Loop PWM Buck Converter

The circuit schematic for the open-loop PWM buck is shown in Figure 5.9. The quasi-

resonant converter is obtained by inserting some additional components such as a diode,
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a capacitor and an inductor into this conventional circuit. The drive signals are the same

for these converters. The circuit input parameters are summarized in Table 5.6.

Table 5.6 The design inputs for the system simulation

Input voltage 20V-30V
Output voltage (for closed-loop) 15V
Load range 50-15Q
Frequency range (for open-loop) 50 kHz — 100 kHz
Resonant components 25.6 uH — 22 nF
Filter components 160 uH — 220 uF
Parasitic inductance (for PWM buck) 200 nH
IRF84( LF
Dlﬂs ‘/'V'V'\
RgaEe
DSS16_01A ZX . .
vin () ‘Vgate CF = S RL
4
PWM

Figure 5.9 Open-loop PWM buck converter.
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The selected semiconductor switches (active and passive) are summarized in Table 5.7

with critical specifications.

Table 5.7 Specifications of the semiconductor switches

IRF 840 Power MOSFET

Maximum Drain-Source voltage 500 V
Maximum continuous drain current 8A
On-state resistor 0.75Q
Output capacitance 200 pF
Input capacitance 1300 pF
DSS16-01A Power Schottky Rectifier
Maximum reverse voltage 100 V
Maximum average forward current 16A
Forward voltage drop 0.64V
Junction capacitance 250 pF

The conventional PWM converters especially operated in high frequencies (switching
frequency > 50 kHz) are faced with some problems such as switching losses and
undesirable oscillations caused by parasitic reactances of the power stage. The parasitic
capacitances are associated with the semiconductor devices. The parasitic inductances
are package and lead inductances of semiconductor devices and stray inductances of the
interconnections. The parasitic reactances are considered in simulation examples. The
parasitic capacitances are included in device characteristics and the parasitic inductances
are characterized as an inductance of 200 nH in series with the active switch in

simulation.
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The simulation result of the MOSFET characteristics is shown in Figure 5.10. The green
waveform illustrates the Drain-Source voltage of the MOSFET at 50 kHz switching
frequency. The blue one illustrates the current through the MOSFET. The transition
between the on and the off states produces switching losses because the switch is
subjected to simultaneously high voltage and current at transition. The average value of
the MOSFET Drain-source voltage is about 21 V. The peak value of the current through
the MOSFET is approximately 2 A which is very close to the experimental result of the
MOSFET characteristics shown in Figure 5.11.

The focused turn-off characteristic of the MOSFET is shown in Figure 5.12. The
switching losses occur at turn-off transition because of the simultaneously high voltage

and current.

The turn-on characteristics of the MOSFET again occur with switching losses because
of the finite rise-time of the drain current and the finite fall time of the drain voltage.
This turn-on loss is directly related to the gate-drive circuitry. Higher the current
capability of the gate drive, lower the turn-on loss of the MOSFET. Furthermore, the
presence of the parasitic inductance can reduce the overlap of the drain current and the
drain voltage. The experimental result of the turn-on MOSFET characteristic is shown

in Figure 5.13 at 50 kHz.
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Figure 5.10 Simulation results of the MOSFET characteristics at 50 kHz
(scales: 10 V/div, 2 A/div, 5 ps/div and current probe x5).

215 Agilent Technologies

Figure 5.11 Experimental results of the MOSFET characteristics at 50 kHz
(scales: 10 V/div, 2 A/div, 5 ps/div).
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I Drain-Source Voltage
|

Figure 5.12 Experimental results of the MOSFET turn-off characteristics at 50 kHz
(scales: 10 V/div, 2 A/div, 5 ps/div).

- Agilent Technologies

Drain-Source voltage

Figure 5.13 Experimental results of the MOSFET turn-on characteristics at 50 kHz
(scales: 10 V/div, 2 A/div, 5 ps/div).
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The simulation result of the oscillatory Drain-Source voltage of the MOSFET in PWM
buck converter is shown in Figure 5.14. Because of the parasitic inductance in series
with the MOSFET, during conduction of the MOSFET, load current is flowing through
the parasitic inductance and magnetic field energy is stored. At turn-off, this energy
induces a voltage spike across the MOSFET and the oscillations occur between the
parasitic inductance and MOSFET output capacitance. The experimental result of the

MOSFET Drain-Source voltage is shown in Figure 5.15.

The oscillation frequency is determined by the values of the parasitic inductance and the
MOSFET output capacitance. The close look of the oscillations with simulation is
shown in Figure 5.16. The frequency of the oscillations is about 20 MHz in simulation

and the experimental result is about 17.5 MHz shown in Figure 5.17 at 50 kHz.
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t[ms]

Figure 5.14 MOSFET Drain-Source voltage in PWM buck converter at 50 kHz
(scales: 10 V/div and 500 ns/div).
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Figure 5.15 Experimental result of the MOSFET Drain-Source voltage at 50 kHz
(scales: 10 V/div and 500 ns/div).
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Figure 5.16 Simulation result of the MOSFET Drain-Source voltage oscillations

(scales: 20 V/div and 50 ns/div).
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Figure 5.17 Experimental result of the MOSFET Drain-Source voltage oscillations
(scales: 20 V/div and 50 ns/div).

Immediately after the diode current reduces to zero, voltage applied to the diode changes
abruptly from zero to input voltage. In practice such an abrupt voltage change induces
parasitic oscillations between the junction capacitance of the diode and the parasitic
inductance. The simulation result of the output diode voltage waveforms is shown in

Figure 5.18 at 100 kHz. The experimental result is also shown in Figure 5.19.

Output voltage is in PWM buck converter is insensitive to frequency change. The duty
ratio of the gate signal is determined by the output voltage. The simulation result of the
output voltage of the PWM buck converter with 100 kHz and an approximate duty ratio
of %50 is shown in Figure 5.20. The average value of the output voltage is about 9.25 V.
The experimental result of the output voltage is shown in Figure 5.21 with average value
of 9.8 V. The mismatch of the load values may cause output voltage difference between

the simulation and the experimental results.
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Figure 5.18 The simulation result of the output diode voltage at 100 kHz
(scales: 10 V/div and 2.5 ps/div).
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Figure 5.19 The experimental result of the output diode voltage at 100 kHz
(scales: 10 V/div and 2 ps/div).
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Figure 5.20 The simulation result of the output voltage (100 kHz, %50 duty ratio)

(scales: 5 V/div and 2.5 ps/div).
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Figure 5.21 The experimental result of the output voltage (100 kHz, %50 duty ratio)
(scales: 5 V/div and 1 ps/div).
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5.7.2 Open-Loop ZVS Quasi-Resonant Buck Converter

The open loop zero-voltage switching quasi-resonant converter is achieved by inserting
a resonant capacitor and a diode in parallel with the MOSFET and a resonant inductor in
series with the MOSFET. The MOSFET Drain-Source voltage in ZVS QRC converters
is quasi-sinusoidal because of the resonance between the capacitor and the inductor as
mentioned before. When the voltage across the MOSFET reduces to zero, the MOSFET
is turned on with zero voltage and switching losses are eliminated even at high
frequencies. The simulation result of the Drain-Source voltage (Vps) and the resonant
inductor current ( I, ) waveforms are shown in Figure 5.22 with 20 V dc supply voltage
and load resistor of 10 Q. The frequency of the gate signal is 50 kHz and the off-time is
fixed at about 4.5 pus. The amplitude of the resonant capacitor voltage is approximately
75 V in simulation. The experimental results for the Drain-Source voltage and the
resonant inductor waveforms are shown in Figure 5.23. The amplitude of the resonant
capacitor voltage is 76.3 V. The experimental resonant inductor current is nearly same

as the simulation one. The simulation and experimental results match quite perfectly.
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Figure 5.22 The simulation result of the Drain-Source voltage and the resonant inductor

waveforms (50 kHz, 10 Q) (scales: 20 V/div and 2 A/div, current probe x10).
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Figure 5.23 The experimental results of the Drain-Source voltage and the resonant

inductor waveforms (50 kHz,10 Q) (scales: 20 V/div, 2 A/div, 5 ps/div).
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The simulation results for the Drain-Source voltage and the resonant inductor
waveforms are shown in Figure 5.24 with 20 V dc supply voltage and a load resistance
of 10 Q at 71.5 kHz. The amplitude of the resonant capacitor voltage is reduced when
the frequency increases. This is because the voltage conversion ratio is dependent on the
switching frequency. If the switching frequency is reduced, the output voltage also
decreases. The resonant capacitor voltage is proportional to load current. The amplitude
of the resonant capacitor voltage is 67 V in simulation. The experimental results for the
Drain-Source voltage (Vps) and the resonant inductor current ( I, ) waveforms are

shown in Figure 5.25. The amplitude of the resonant capacitor voltage is 67.7 V.
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Figure 5.24 The simulation result of the Drain-Source voltage and the resonant inductor

waveforms (71.5 kHz, 10 Q) (scales: 20 V/div, 2 A/div, 5 ps/div and current probe x10).
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Figure 5.25 The experimental results of the Drain-Source voltage and the resonant

inductor waveforms (71.5 kHz, 10 Q) (scales: 20 V/div, 2 A/div, 5 ps/div).

The simulation results for the Drain-Source voltage and the resonant inductor
waveforms are shown in Figure 5.26 at 100 kHz. The experimental results for the Drain-
Source voltage and the resonant inductor waveforms are shown in Figure 5.27 at 100
kHz. The amplitude of the capacitor voltage is 57.5 V in simulation. The experimental

value is 58 V.

The resonant capacitor voltage and the resonant inductor current are simulated at
different load levels at 71.5 kHz. When the load resistor decreases, the resonant
capacitor voltage amplitude increases. The simulation result of the Drain-Source voltage
(Vps) and the resonant inductor current (I.;) waveforms are shown in Figure 5.28 with
20 V dc supply voltage and a load resistance of 5 Q at 71.5 kHz. The experimental
results for the Drain-Source voltage and the resonant inductor waveforms are shown in
Figure 5.29. The amplitude of the MOSFET Drain-Source voltage is 81 V in simulation.

The simulation and the experimental results match quite perfectly.
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Figure 5.26 The simulation result of the Drain-Source voltage and the resonant inductor

waveforms (100 kHz, 10 Q) (scales: 20 V/div, 2 A/div, 5 ps/div and current probe x10).
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Figure 5.27 The experimental results of the Drain-Source voltage and the resonant

inductor waveforms (100 kHz, 10 Q) (scales: 20 V/div, 2 A/div).
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Figure 5.28 The simulation result of the Drain-Source voltage and the resonant inductor

waveforms (71.5 kHz, 5 Q) (scales: 20 V/div, 2 A/div, 5 ps/div and current probe x10).
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Figure 5.29 The experimental results of the Drain-Source voltage and the resonant

inductor waveforms (71.5 kHz, 5 Q) (scales: 20 V/div, 2 A/div, 5 ps/div).
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When the load decreases until the M < r, the zero-voltage switching property may be
lost. The simulation result of the non-zero turn-on of the MOSFET Drain-Source
voltage is shown in Figure 5.30 with 20 V dc supply voltage and a load resistance of 40
Q at 71.5 kHz. The experimental result is shown in Figure 5.31.

The simulation result of the output voltage is shown in Figure 5.32 when the dc supply
voltage 24 V and the load resistor is 10 Q at 50 kHz. The output voltage is
approximately 14.9 V. The experimental result of the output voltage is shown in Figure
5.33 under the same conditions. The approximate value of the output voltage is 14.3 V

and is very close to the simulated value.

40

30

20

-20

-30

-40
2.0000 2.0050 2.0100 2.0150 2.0200 2.0250 2.0300 2.0350 2.0400 2.0450 2.0500

t[ms]

Figure 5.30 The simulation result of the Drain-Source voltage with non-zero turn-on

(71.5 kHz, 40 Q) (scales: 10 V/div, 5 ps/div).
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Figure 5.31 The experimental result of the Drain-Source voltage with non-zero turn-on

(71.5 kHz, 40 Q) (scales: 10 V/div, 5 ps/div).
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Figure 5.32 The simulation result of the output voltage (50 kHz, 4.5 ps off-time,
24 V DC and 10 Q) (scales: 10 V/div, 5 ps/div).
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Figure 5.33 The experimental result of the output voltage (50 kHz, 4.5 ps off-time,
24 V DC and 10 Q) (scales: 10 V/div, 20 ps/div).

The simulation result of the voltage waveform of the output diode is shown in Figure
5.34 at 50 kHz. The voltage applied to the diode changes abruptly when the current
through the diode reduces to zero. This voltage change induces parasitic oscillations
between the resonant inductor and the junction capacitance of the diode. The zero-
voltage switching QRC technique does not provide favorable switching conditions for
the output diode and therefore the output diode voltage waveform is oscillatory. The

experimental result for the voltage waveform of the output diode is shown in Figure
5.35.
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Figure 5.34 The simulation result of the voltage of the output diode at 50 kHz
(scales: 20 V/div, 5 ps/div).

5.7.3 Closed-Loop ZVS Quasi-Resonant Buck Converter

The closed-loop circuit parameters are the same as the open-loop ZVS QRC buck
converter. The DC input voltage is 24 V and the load resistance is 12 Q. Another 12-Q
load resistor is connected in parallel with the load through a switch. When the switch is
turned on, the load is switched from half load to full load. The simulation result of the
output voltage when the switch is turned on is shown in Figure 5.36. The experimental

result for the output voltage when the switch is turned on is shown in Figure 5.37.
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Figure 5.35 The experimental result of the voltage of the output diode at 50 kHz
(scales: 20 V/div, 5 ps/div).
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Figure 5.36 The simulation result of the output voltage from half-load to full-load
(scales: 1 V/div, 0.5 ms/div).
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Figure 5.37 The experimental result of the output voltage from half-load to full-load
(scales: 1 V/div,2 ms/div).

The simulation result of the output voltage when the load changes from full-load to half-

load is shown in Figure 5.38. The experimental result of the output voltage when the

switch is turned off is shown in Figure 5.39.
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Figure 5.38 The simulation result of the output voltage from full-load to half-load
(scales: 1 V/div, 0.5 ms/div).

When the circuit operates at 50 kHz in closed-loop, the step change in line voltage
occurs with the amplitude of 6 V. The simulation result for the output voltage when the
load changes from full-load to half-load is shown in Figure 5.40. The experimental

result for the output voltage when the switch is turned off is shown in Figure 5.41.

109



% Agilent Technologies

Figure 5.39 The experimental result of the output voltage from full-load to half-load
(scales: 1 V/div, 2 ms/div).
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Figure 5.40 The simulation result of the output voltage for %25 line voltage change

(scales: 1 V/div, 0.5 ms/div).
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The response of the single-loop controlled ZVS QR buck converter is presented. The
step change occurs, and 15 V output has an overshoot of 1.5 V for the step load and
approximately 2.1 V for the step line, both with a settling time of less than 4ms. The
experimental result of the output voltage of the closed loop ZVS QR buck converter is
shown in Figure 5.42.

: - Agilent Technologies

Figure 5.41 The experimental result of the output voltage for %25 line voltage change

(scales: 1 V/div, 1 ms/div).
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Figure 5.42 The experimental result of the output voltage (24 V DC in and 12 Q)
(scales: 5 V/div, 5 s/div).

In summary, for conventional PWM converters the high frequency oscillations present
on the switch voltage were illustrated experimentally and the results could be correlated
to the computer simulations and analysis. However, differences between the simulation
and the experimental results were noticed and these differences could be caused by the
un-modeled behavior of the parasitic components in the circuit. Moreover, unfavorable
switching conditions for both active and passive switches were illustrated

experimentally.

The oscillation problems could be eliminated by the soft-switching method more
effectively than the other passive snubber methods. Moreover, this method presents the
advantage of superior switching conditions for the active switch in the converter. The
switching waveforms were illustrated experimentally without any oscillations on them
and the experimental results obtained have supported the simulation results. The

experiments also illustrated that the voltage conversion ratio of the proposed converter
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were mainly dependent on the load and the switching frequency values. The differences
between the simulation and the experimental results for the output voltage could be
mainly attributed to the unpredictable behavior of the gate drive circuitry. Moreover, the
settling time and the overshoot of the output voltage were different. The differences

could be caused by the controller component variations.
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CHAPTER 6

EXPERIMENT MANUAL

6.1 Objective

The main object of this experiment is to investigate the properties of the soft-switching
technique. This chapter covers the experiments based on the soft-switching concept for
dc-dc converters. Firstly, introduction of the implemented soft-switching system is
carried out. The experiments are prepared according to undergraduate curricula with
different experiment scenarios and are intended to help the user to understand the basics
of soft-switching technique. All steps of the experiment include connection diagrams,
block schemes, measurement procedure and experimental results. The experiment
procedure from simple to complex may help to concentrate the user’s attention on the

experiments.

The first step is to analyze the switching behaviors of power MOSFET and output diode
operating under hard switching conditions. Focus is on turn-on and turn-off conditions.
Moreover, the oscillations which are present on the voltage waveforms are illustrated.
The second step is to demonstrate the operation of zero-voltage switching quasi-
resonant buck converter. Also the switch properties and important waveforms are to be
verified under varying load and frequency conditions. Furthermore, it is aimed to
observe the voltage conversion ratio for the resonant buck converter. The last step is to
investigate the output voltage characteristics when changes occur in input voltage and

load. The settling time, overshoot and controller performance are obtained.
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6.2 Theory of the Experiment

Conventional Pulse-Width Modulation (PWM) power processing technology has been
widely used in today’s power electronics industry, particularly in low-power application
due to circuit simplicity and ease of control. In PWM converters, the output voltage is
directly controlled by the duty cycle of the switch gate signal. That is to say, the PWM
is duty cycle controlled power processing technique and power flow is interrupted by
this phenomena. The PWM power processing technique maintains a constant switching
frequency and varies the duty cycle. The current and voltage waveforms are quasi-

square.

There are two switching events that take place in the generalized switching model called
as turn-on and turn-off in PWM converters. However, transition between on and off
states produces switching losses because of the simultaneously occurring high current
and voltage values. During the switching intervals, instantaneous power dissipated in the
semiconductor switch can be larger than the power loss occurring while conducting. The
average loss depends on the speed of the switching interval and switching frequency of

the switching converter.

Quasi-resonant conversion technique offers a general approach for improvement of
switching conditions. The quasi-resonant converters are directly derived from
conventional PWM topologies by adding only two additional components. This family
of circuits can be viewed as a hybrid of PWM and resonant converters. The resonant
action takes place only one mode of these converters and this is why they are called the

“quasi-resonant converters”.

When energy is injected into an L-C resonant tank circuit, the energy is exchanged
between the inductor and the capacitor in a periodical and quasi-sinusoidal fashion.
Because of this quasi-sinusoidal oscillation, L-C resonant tank circuit can be used as a

lossless or low-loss waveform-shaping device.
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The quasi-resonant technique is divided into two different parts: zero-current switching
technique and zero-voltage switching technique. By incorporating the L-C resonant
circuit, the current waveform of the switch is forced to oscillate in a sinusoidal manner,
therefore, creating zero-current switching conditions during both turn-on and turn-off.
The second technique is used to shape the voltage waveform of the switching device
into a quasi-sine wave, such that zero voltage condition is created for the switch to turn

on and turn off without any switching losses.

A resonant switch represents a subcircuit consisting of power switch and auxiliary
resonant elements Lr and Cr. In order to achieve zero-voltage switching, the resonant
capacitor is in parallel with switch and the resonant inductor is in series with them

shown in Figure 6.1.

S Le

S L,
O— YT Y O O lw O
LJ C
C, RI

Figure 6.1 Zero-voltage resonant switches.

If a diode is connected in anti-parallel with the active switch, the voltage across
capacitor Cg is clamped by the diode at zero during negative half of the resonant cycle.
This implementation is called half-wave network. If this diode is connected in series
with the active switch, the voltage across capacitor Cr oscillates freely, and this

arrangement is called full-wave network.
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A basic circuit diagram of the half-wave ZVS quasi-resonant buck converter is shown in
Figure 6.2. Inductance Lr and capacitor Cg form a resonant network. This network
shapes the voltage across switch S during its off time for zero-voltage turn-on. The

output filter consists of Ly and Cg, and Dy is a freewheeling diode.

Figure 6.2 Basic circuit diagram of half-wave ZVS QR buck converter.

For buck converters, the conversion ratio M is defined by:

(6.1)

where V) is the output voltage and Vj, is the input dc voltage.

The operation and characteristics of the converter depend mainly on the design of the
resonant circuit Lg and Cgr. The following parameters determine the converter

characteristics:
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Characteristic Impedance Zx:

Z,=|=% (6.2)

Resonant Frequency fr:

1
for - 6.3
" 2z L.C. (¢

Normalized Load Resistance r:

r=—— (6.4)

where R is the load resistance of the converter.

Typical theoretical waveforms of the ZVS quasi-resonant buck converter are shown in
Figure 6.3. In steady-state operation, a complete converter switching cycle is divided
into four intervals; capacitor charging stage (to-t;), resonant stage (t;-t;), inductor

discharging stage (t»-t3) and freewheeling stage (t3-ts).

Prior to ty, switch S is conducting. Consequently, the diode Dy is reverse-biased, and the

output current flows through the load.

118



6.2.1 Capacitor-Charging Stage (to-t1)

At the beginning of this interval, at ty, the switch S is turned off, the output current starts
to flow through the resonant capacitor (diode Dy is still reverse-biased) and voltage Vps

increases linearly. When Vpg is equal to the input voltage, diode Dy turns on.

C.V, 1 r
T = R%in _ = ° 6.5
NIV (6.5)
where
w=2rf, (6.6)

6.2.2 Resonant Stage (t;-tp)

This interval begins when the capacitor voltage Vpg reaches Vi, and the rectifier diode
Dy becomes forward biased. This causes the resonant element to resonate. During
resonance, the voltage of the resonant capacitor Cr across the switch reaches its peak
value:

Vossear = 10Zy +V, (6.7)

DSpeak
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Figure 6.3 Typical waveforms of half-wave ZVS QR buck converter.
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The resonant action of Cr and L causes Vpg to decrease to zero at t.

I s (t)=1,coswt (6.8)
Vs (1) =V;, + 1,2, sin wt (6.9)
T,=2 (6.10)

W
where

[V

7T +arcsin [—'“] for half-wave mode t, =Ty
o = N (6.11)

2r— arcsin[ ZV"‘ J for full-wave mode t, = Tb

N0

6.2.3 Inductor-Charging Stage (t,-ts)

When Vpg reaches zero, the anti-parallel diode turns on. Now the resonant capacitor is
shorted and the input voltage is applied to Lg. Therefore, the current I starts increasing

linearly until it reaches the value of the output current.

12,
Ty =W%(l—cosa) (6.12)

6.2.4 Free-Wheeling Stage (ts-t4)

At this moment, diode Dy turns off. During this interval, active switch S conducts the

output current. The duration of this interval is a control parameter and is determined by:

121



T34 :TS _T01 _T12 _Tzz (6.13)

where Ts is the period of a switching cycle.

A condition for achieving zero-voltage switching in the ZVS quasi-resonant buck

converter is:

r<m (6.14)

The steady-state characteristics can be obtained by solving the state equations of the
four stages in a switching cycle. The dc voltage conversion ratio, V¢/Vj, as a function of
the load resistance and the switching frequency, can be derived by equating the input

energy per cycle E;, and the output energy per cycle, Eo.

The expression for conversion ratio of a buck ZVS QRC can be derived by the method

described above:

M =V—°:1—L a+L+M(1—cosa) (6.15)
Vi, 2ty 2M r

where

o = 7 + arcsin (ﬁj for half-wave mode (6.16)

o =27 —arcsin (MLJ for full-wave mode. (6.17)

Peak voltage on the power switch and peak current in output diode occur during

resonance. The solutions of four topological modes result in the following peak values
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of voltage and current:

Y
D5 - pi =i(1+Mj (6.18)
Vv, M r

|

Wk (6.19)
IO

Y
p-pk _ 1 (6.20)
V, M

|

D-pk _ 5 (6.21)

6.3 Components of the Experimental System

The user can see the performance of a dc-dc converter circuit with or without soft-
switching technique and can discuss the operation of zero-voltage switching quasi-

resonant technique and important waveforms.

6.3.1 DC Power Supply Circuit for ICs

Power supply circuit is designed to start up the integrated circuits for the experiments.
Three different transformers (five-output 12-0-12 and 9-0, a three-output 15-0-15 and a
three-output 12-0-12) are used to obtain different low power dc voltages from the mains.
The input and output connections are made by connectors. The different voltage outputs

of this circuit provide the inputs to the buck converter unit. Low power dc supply circuit
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PCB layout and detailed circuit schematic are shown in Figures 6.4 and 6.5 respectively.

The component list is given in Table 6.1.

¥ FSUE ATWOT O

Figure 6.4 Power supply circuit PCB layout (bottom layer).
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Figure 6.5 Schematic diagram of power supply circuit.
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Table 6.1 Bill of materials

Part Number -

Reference | Qty | DESCRIPTION Manufacturer
Cl 1 | 100 nF, multilayer
C2 1 1000 pF, 25 V, electronic
C3 1 | 330 uF, 50 V, electronic
C4 1 | 100 nF, multilayer
C5 1 | 100 nF, multilayer
Co6 1 1000 pF, 25 V, electronic
C7 1 | 100 nF, multilayer
C8 1 330 pF, 50 V, ,electronic
C9 1 100 nF, multilayer
Capacitors C10 1 | 1000 pF, 25V, electronic
Cl1 1 | 100 nF, multilayer
Cl12 1 1000 pF, 25 V, electronic
C13 1 | 100 nF, multilayer
Cl4 1 | 330 pF, 50 V, electronic
C15 1 | 100 nF, multilayer
Cl6 1 | 330 uF, 50 V, electronic
C17 1 1000 pF, 25 V, electronic
C18 1 | 100 nF, multilayer
C19 1 | 330 uF, 50 V, electronic
C20 1 | 100 nF, multilayer
. D1 2 | 8A,600V,bridge
Diodes D2 2 | 8 A, 600V, bridge
Ul 1 | 15 V Regulator IC L7815
U2 1 | -15V Regulator IC L7915
IC’s U3 1 12 V Regulator IC L7812
U4 1 12 V Regulator IC L7812
U5 1 | 5V Regulator IC L7805
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6.3.2 PWM and ZVS Quasi-Resonant Buck Converter

The PWM and ZVS quasi-resonant buck converter is designed to be used in the
experiments. The user should combine the low power dc supply circuit as an input and a
resistive load as an output. Both open-loop and closed-loop operations are performed
with this circuit. The two switches are used to pass from open-loop operation to closed-
loop operation or vice versa. The other connections (dc power supply, load and
measurement points) are made by connectors. The varying frequency is achieved by the
potentiometer for open-loop operations. The switching frequencies between 50 kHz and
100 kHz are available in eleven discrete steps. The off-time duration of the gate signals
are fixed at 4.5 ps and the on-time duration varies with the switching frequency for
open-loop operation. The rheostat can be used as a varying resistive load for both open-
loop and closed-loop operations. The circuit PCB layout for bottom and top views and
detailed circuit schematic are shown in Figures 6.6, Figure 6.7 and Figure 6.8
respectively. The component list is given in Table 6.2. The circuit specifications are

given in Table 6.3.
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Figure 6.6 PCB layout (bottom view).
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Figure 6.7 PCB layout (top view).
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Figure 6.8 Schematic diagram of buck converter.
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Table 6.2 Bill of materials

Part Number -
Reference | Qty | DESCRIPTION Manufacturer
Cl1 1 100 pF, 400 V, electronic SAMSUNG
C2 1 | 22nF, 600V
C3 1 | 22 pF, ceramic
C4 1 | 220 pF, 400 V, electronic
C5 1 | 22 pF, 50 V, ceramic
C6 1 | 100 nF, multilayer
C7 1 | 100 nF, multilayer
C8 1 | 100 nF, multilayer
' C9 1 | 100 nF, multilayer
Capacitors C10 1 | 100 nF, multilayer
Cl1 1 10 nF, ceramic
Cl12 1 | 100 nF, multilayer
Cl13 1 10 nF, ceramic
Cl14 1 | 2.2 nF, ceramic
C15 1 | 100 nF, multilayer
Cl16 1 10 nF, ceramic
C17 1 | 4.7 nF, ceramic
Cl18 1 | 4.7 uF, 25V, electronic
C19 1 | 100 nF, multilayer
D1 1 15V, 1W, zener
D2 1 | 8A, 100V, ultrafast BYW29-100
. D3 1 8 A, 100 V, ultrafast BYW29-100
Diodes D4 1 [ 1A,1000 V.silicon 1N4007
D5 1 16 A, 100 V, schottky DSS16-01A
D6 1 | 8A,200V, ultrafast BYW29-200
Fuses F1 1 | 3 A, 250V glass fast acting type
L1 1 | 160 pH, buck filter inductor
Inductors
L2 1 | 25.6 pH, resonant inductor
MOSFETs Q1 1 |500V,8A IRF840
R1,R2 1 | 10kQ, 1/4 W
R3 1 |10Q,1/4W
R4 1 | 10kQ, 1/4W
R5,R6 1 |332Q,1/4W
Resistors R7 1 15kQ, 1/4 W
R8 1 1.6kQ, 1/4 W
R9 1 10kQ, 1/4 W
R10 1 |9.6kQ, 1/4W
R11 1 10kQ, 1/4 W
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Table 6.2 (continued)

Part Number -

Reference | Qty | DESCRIPTION Manufacturer
R12 1 | 80kQ, 1/4W
R13 1 | 1kQ,1/4W
R14 1 |20kQ, 1/4W
R15 1 |4kQ, 1/4W
R16,R19 1 10kQ, 1/4 W
Resistors R17 1 |4.7kQ,1/4W
R18, R20 1 |4.7kQ, 1/4W
R21 1 |4.7kQ, 1/4W
R22 1 |560Q,1/4W
R23 1 | 10kQ, 1/4W
R24 1 | 10 kQ, pot
Transducers T1 2 | LAH25-NP LEM
. Coilcraft
Transformers TR1 1 | Gate drive transformer SD250-1
. Microchi
Ul 1 | Microcontroller PIC 1 6F8p77
U2 1 | High side, low side gate driver IR2110
ICs U3,U4 1 | Op-amp LM307
ON
us 1 | Resonant mode controller Semiconductor
MC34067
U6 1 | High side driver IR2125
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The following experiment can be carried out by using the experimental system and

measurement devices.

- Observing waveforms for input current, output current, output voltage, MOSFET
drain-source voltage and output diode voltage for PWM buck converter.

- Obtaining waveforms for resonant inductor current, output current, output voltage
MOSFET drain-source voltage and output diode voltage for ZVS QR buck converter.

- Start-up response and transient response.

Table 6.3 The specifications of the half-wave zero-voltage switching quasi-resonant

buck converter

Input Voltage 20V-30V
Load 50Q-15Q
Inductor 160 uH
Output Capacitor 220 pF
Input Capacitor 100 puF
Resonant Capacitor 22 nF
Resonant Inductor 25.6 uH
Operation Frequency 20 kHz - 100 kHz
Resonant Frequency 200 kHz
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6.4 Required Measurement Equipment

The following measurement and test equipment is required to maintain the experiments

related to power factor correction.

- DC Voltmeter, min 600V DC

- DC ampermeter, min 10 A DC

- Wattmeter

- 2-channel, 80MHz, digital storage oscilloscope with higher sampling rate
- Differential voltage probes

- Connection cables

6.5 Experiment 1 — Switching Characteristics of the PWM Buck Converter

6.5.1 Introduction

The experiment is intended to illustrate the basic switching behaviors of the PWM buck
converter operating under open-loop conditions. The PWM converters are widely used
in today’s power electronics industry, particularly in low-power application due to
circuit simplicity and ease of control. However, the detrimental effects of the switching

loss and EMI are more pronounced especially at high switching frequencies.

In this experiment, the turn-on and turn-off characteristics of the MOSFET at different
switching frequencies will be analyzed. Also input current and the output diode voltage
will be observed. The frequency of oscillations on MOSFET and diode voltage

waveforms will be calculated.
For this demonstration, low power supply circuit, a dc power supply and a PWM and

ZVS quasi-resonant buck units will be used. The resonant capacitor and the diode

connection terminals of the buck converter will be opened and the resonant inductor
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connection terminals will be shorted. The open-loop/closed-loop switches should be in
open-loop position. The potentiometer will be used to adjust the frequency of the gate
signals. Switching characteristics of the MOSFET and the output diode will be analyzed

by oscilloscope with differential voltage probe.

6.5.2 Procedure

1. Connect the dc power supply to the input terminals of the PWM buck converter unit.
Take the open-loop/closed-loop switches to OPEN-LOOP position. Make the

connections between the low power dc supply and PWM buck converter unit shown

in Figure 6.9.
bV L ~15/+15 V|
>
&
[=9}
g +5V 1 +12V
wn
Q
(@)
=4
g +12 Vi
2
= BUCK CONVERTER
S =
h]
+ +12'V
bt
|
+5V

Figure 6.9 Open-loop buck converter and low power dc power supply connections.
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. Make the required connections with the following experiment parameters. Complete

the connection diagram of the circuit shown in Figure 6.10.

Table 6.4 PWM buck converter experiment parameters.

Input Voltage 20V
Switching Frequency 50 kHz
R load 10 Q
<]
I Ds
I
Cr
o o Le
AN
o o
| | b
> 2288
s " 10 o—o°
3 |
A Open Loop
= _
g ¢_f /\D, Cp — R,
s B © Closed Loop
Q
A

Diff. Probe Oscilloscope

Figure 6.10 Circuit connections of PWM buck converter.
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3. Connect the plug of the low power dc supply circuit to the mains and turn on the
power switch of the dc power supply. Observe the MOSFET drain-source voltage
waveform in the oscilloscope screen. If you see any oscillations, calculate the

oscillation frequencies. The measured waveform is illustrated in Figure 6.11.

-, Agilent Technologies

Ampl(]J: £2.50V Pk-Pk(]1) > 4031V
A Spurce 48 Select: Measure Clear Settings Thresholds
1 Pk-Pk Pk-Pk Meas e i

Figure 6.11 MOSFET drain-source voltage (scales: 10 V/div, 500 ns/div).

4. Connect the probe to MOSFET current measurement pins and observe the switch
current and voltage waveforms while the differential probe is connected to the power
MOSFET’s Drain and Source. Focus on the turn-on and turn-off conditions. The
measured waveform is illustrated in Figure 6.12, Figure 6.13 and Figure 6.14

respectively.

5. Connect the differential probe to the output diode of the PWM buck converter. If
you see any oscillations on the voltage waveforms, calculate the oscillation

frequencies. The measured waveform is illustrated in Figure 6.15.
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-Agilent Technologies

Figure 6.12 MOSFET current and voltage waveforms (The upper is switch voltage and
the lower is switch current) (scales: 10 V/div, 2 A/div and 5 ps/div).

-z Agilent Technologies

Figure 6.13 MOSFET turn-off characteristics (The upper is switch voltage and the lower
is switch current for both views) (scales: 10 V/div, 2 A/div and 5 ps/div).
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%% Agilent Technologies

Figure 6.14 MOSFET turn-on characteristics (The upper is switch voltage and the lower
is switch current for both views) (scales: 10 V/div, 2 A/div and 5 ps/div).

g }:—-Agilent Technologies

Figure 6.15 Output diode voltage waveform (scales: 10 V/div, 5 pus/div).
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6.5.3 Study Questions

1. Discuss the reason of the oscillations on the MOSFET voltage waveform. Which

factors can affect the oscillation frequency? Explain briefly.

2. Assuming that your PWM buck converter contains a slow silicon diode. Write a few
sentences that should explain: (1) why it takes time to switch off the diode, and (2)
how the diode induces switching loss in the MOSFET. You may assume that the

MOSFET switching times are much shorter than the diode reverse recovery time.

3. Comment on the oscillations on the output diode voltage waveform.

6.6 Experiment 2 — Component and Converter Based Characteristics of the ZVS

Quasi-Resonant Buck Converter

6.6.1 Introduction

In this experiment, quasi-resonant soft-switching technique is analyzed. A resonant
network consisting of an inductor and a capacitor is connected to the active switch in
order to shape the switch voltage into a quasi-sinusoidal form. Therefore, the switching
action occurs when the switch voltage drops to zero (i.e. zero-voltage switching). The
switching losses and EMI are reduced, thus higher switching frequencies up to 1 MHz

can now be available with this technique.

In this experiment, turn-on and turn-off characteristics of the MOSFET operating under
zero-voltage switching conditions will be analyzed. Also resonant inductor current and
output diode voltage waveforms will be observed. The load and frequency dependency

of the resonant capacitor voltage (MOSFET drain-source voltage) will be discussed.
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Also maximum load resistor values the converter has still zero-voltage switching

property will be found.

6.6.2 Procedure

1. Connect the dc power supply to the input terminals of the buck converter unit. Take
the open-loop/closed-loop switches to OPEN-LOOP position. Make again the
connections between the low power dc supply and buck converter unit shown in

Figure 6.9.
2. Make the required connections with the following experiment parameters. Complete

connection diagram of the circuit is illustrated in Figure 6.16. The experiment

parameters are summarized in Table 6.5.

Table 6.5 ZVS quasi-resonant buck converter experiment parameters

Input Voltage 20V
Switching frequency 50 kHz
R load 10 Q
Resonant Inductance 25.6 uH
Resonant Capacitor 22 nF

3. Connect the plug of the low power dc supply circuit to the mains and turn on the
power switch of the dc power supply. Observe the MOSFET drain-source voltage
waveform in the oscilloscope screen while the other probe is connected to the
command signal. Observe the turn-on and turn-off characteristics. The measured

waveform is illustrated in Figure 6.17.
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Figure 6.16 Circuit connections of open-loop ZVS quasi-resonant buck converter.
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Figure 6.17 MOSFET turn-on and turn-off characteristics (the upper is switch voltage,

the lower is command signal) (scales: 20 V/div, 5 V/div and 5 ps/div).
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4. Connect the differential probe to the resonant inductor current measurement pins
while the other differential probe is connected to the voltage across the switch.
Observe and match the results with the theoretical waveforms of ZVS quasi-resonant

buck converter. The measured waveform is illustrated in Figure 6.18.

: _:--Agilent Technologies

Ampl( ; J: FB.3YW Ayugl 20: 991 . FmA Freq( g J: 90.00kHz
- Spurce 2oy Select: Measure Clear Setting=s Thresholds
2 Freq Freq Meas i e ol

Figure 6.18 Resonant capacitor voltage and resonant inductor current (the upper is

capacitor voltage, the lower is inductor current) (scales: 20 V/div, 2 A/div and 5 ps/div).

5. Connect the differential probe to Cathode and Anode of the output diode. Observe
the output diode characteristics. If you see any oscillations on the voltage waveforms,

calculate the oscillation frequencies. The measured waveform is illustrated in Figure

6.19.

143



':-Agilent Technologies

Freq(lJ): S51.61kH=z

- Spurce 25 Select: Measure Clear Settings Thresholds
1 Freq Freq heas ~ali— ~li—

Figure 6.19 Output diode voltage waveform (scales: 20 V/div, 5 ps/div).

6. Connect the differential probe to Drain and Source of the power MOSFET and the
other probe to the current measurement pins. Set the potentiometer in order to have
71.5 kHz command signals. Increase the load value in steps up to the maximum load
(5 Q—15 Q), observe the voltage waveform across the switch for all the load levels.
Tabulate the amplitude of the resonant capacitor voltage with the load values. The
measured values for different load levels are shown in Figure 6.20 and 6.21. Then
increase the resistor beyond the maximum resistor at the output to obtain maximum
load resistance the converter has still zero-voltage switching property. The measured

waveform is illustrated in Figure 6.22.
7. Adjust the rheostat to obtain 10 Q of load resistance at the output. Increase the input

voltage in steps up to maximum input voltage level, observe and sketch the voltage

waveforms across the switch. Note all the data.
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-5 Agilent Technologies

Figure 6.20 Resonant capacitor voltage and resonant inductor current at 5 Q (the upper
is capacitor voltage, the lower is inductor current)

(scales: 20 V/div, 2 A/div and 5 ps/div).

%% Agilent Technologies

Figure 6.21 Resonant capacitor voltage and resonant inductor current at 15 Q (the upper
is capacitor voltage, the lower is inductor current)

(scales: 20 V/div, 1 A/div and 5 ps/div).
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Figure 6.22 Resonant capacitor voltage at 40 Q (scales: 10 V/div, 5 ps/div).

8. Adjust the resistance of rheostat to 10 Q. Adjust the input voltage to 24 V. Connect
the probe to the output terminals of the converter. Increase the frequency command
by turning the potentiometer in clockwise direction for all values of frequency.
Observe the output voltage and plot the normalized output voltage characteristics (M
= Vo/Vin) of the ZVS quasi-resonant buck converter versus the normalized frequency
(fu = fy/f}). Increase the resistance in steps up to the maximum load and repeat the
same procedure as mentioned above for different load levels. The measured

waveform is illustrated in Figure 6.23.

6.6.3 Study Questions

1. Why the oscillations increase on the output diode voltage waveform operating under
zero-voltage switching quasi-resonant conditions according to the PWM buck

converter? Explain briefly.
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Agilent Technologies

Figure 6.23 Resonant capacitor voltage and resonant inductor current at 100 kHz (the
upper is capacitor voltage, the lower is inductor current)

(scales: 20 V/div, 2 A/div and 5 ps/div).

2. If you need to use an off-line converter (directly connected to the AC mains)
operating under quasi-resonant technique, which type of quasi-resonant techniques is

suitable for the off-line converters? Explain your reasoning.

3. What are the advantages and disadvantages of soft-switching solutions? Consider

switching losses, operating frequency, manufacturing and total cost, size and weight.
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6.7 Experiment 3 - Closed-Loop Characteristics of the ZVS Quasi-Resonant Buck

Converter

6.7.1 Introduction

In this experiment, closed-loop performance of the ZVS quasi-resonant buck converter
is analyzed. The quasi-resonant converters are controlled either fixed turn-on, variable
turn-off times or fixed turn-off, variable turn-on times according to the quasi resonant
technique. In order to regulate the output voltage, the operating frequency changes when

changes occur in line voltage and load.

The output voltage is analyzed due to the immediate change in line voltage and load
levels. The settling time and overshoot are calculated and discussed in a control manner.

The overall performance of the closed-loop buck converter is investigated.

6.7.2 Procedure

1. Connect the dc power supply to the input terminals of the buck converter unit. Take

the open-loop/closed-loop switches to CLOSED-LOOP position. Make again the

connections between the low power dc supply and buck converter unit.

2. Make the required connections with the following experiment parameters. Complete

connection diagram of the circuit is illustrated in Figure 6.24. The experiment

parameters are summarized in Table 6.6.
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Table 6.6 Closed-loop ZVS quasi-resonant buck converter experiment parameters

Power Supply 1 24V
Power supply 2 30V
R Load 1 12Q
R Load 2 12Q
Resonant Inductance 25.6 uH
Resonant Capacitor 22 nF
<]
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Figure 6.24 Circuit connections of closed-loop ZVS quasi-resonant buck converter.

3. Connect the plug of the low power dc supply circuit to the mains and turn on the
power switch of the dc power supply. Make the connections of the overall system

shown in Figure 6.25 for load regulation test.
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Figure 6.25 Load connections for load regulation closed-loop test.

4. Connect the probe to the output terminals of the converter. Turn the system on.
Make sure that the output voltage is 15 V. Close the switch to change the output load
and observe the output voltage transient by using an oscilloscope. Save the
oscilloscope result and determine the settling time and overshoot of the output
voltage. For this time, open the switch to halve the output load and observe the
output voltage transient by using an oscilloscope. Again, save the oscilloscope result
and determine the settling time and overshoot of the output voltage. The measured

waveforms are illustrated in Figure 6.26 and Figure 6.27 respectively.
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~%. % Agilent Technologies

Figure 6.26 Output voltage waveform from half-load to full-load
(scales: 1 V/div, 2 ms/div).

--fAgilent Technologies

Figure 6.27 Output voltage waveform from full-load to half-load
(scales: 1 V/div, 2 ms/div).
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5. Make the connections of the circuit shown in Figure 6.28. Before starting, the power

supplies should be turned off and the switch should be in position 1. Adjust the

power supply-1 to 24 V DC and power supply-2 to 30 V DC. Make sure that they

are turned off before starting. Switch on the DC supplies. Change the switch position

from position 1 to position 2 quickly. Observe the output voltage transient by using

an oscilloscope. Save the oscilloscope result and determine the settling time and

overshoot of the output voltage. The measured waveform is illustrated in Figure 6.29.
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Figure 6.28 DC supply connections for line regulation closed-loop test.
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Figure 6.29 Output voltage waveform for line regulation

(scales: 1 V/div, 1 ms/div).

6.7.3 Study Questions

1. What are the other control methods for the quasi-resonant converters? Consider

multi-loop control.
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CHAPTER 7

CONCLUSIONS AND FURTHER WORK

7.1 Summary

In this thesis, conventional pulse-width modulated and quasi-resonant zero-voltage
switching (ZVS) buck converters have been analyzed, smulated, designed and
implemented. Both topologies are very important because they constitute the basic level
of understanding the difference between switched-mode converters and resonant
converters. Moreover, the basic quasi-resonant buck converter is the milestone to

understand the resonant power conversion.

This thesis can be summarized as follows: In chapter 1, existing pulse-width modulated
and quasi-resonant converters are briefly reviewed. Overall advantages and drawbacks

of these converter topol ogies are summarized.

In chapters 2, 3, and 4, conventional PWM converters and quasi-resonant converters are
reviewed in detaill. The modes of operation of basic buck topology are presented for
each of these topologies. The given key parameters are helpful for designing switch-
mode power supply topologies. Furthermore, analysis of the quasi-resonant converter

topology is discussed.

In chapter 5, design procedures for the two basic topologies are presented in detail. The
overal hardware description, small-signal model and the controller IC parameters are

also discussed in this chapter. Open-loop and closed-loop operations of the ZVS quasi-
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resonant buck converter are reviewed. Furthermore, simulation and experimental results
are obtained and presented. It can be seen throughout this chapter that most of the
simulation and experimental results are in agreement. Two different topological

examples are reviewed in this chapter.

In the last chapter, the educational experiment procedure is discussed. The experiment
steps are explained in detail, and the throughout this procedure, the experiment is very

instructive.

7.2 Conclusions and Comments

The following conclusions and comments can be made.

1. Especidly the voltage across the MOSFET is made sinusoida to have good
switching conditions in ZV'S quasi-resonant converters. The oscillations that
are seen in conventional PWM converters are thus eliminated. The switching
action occurs when the voltage across the switch is nearly zero. The
switching losses and EMI are reduced by achieving zero-voltage switching.

2. The switching condition for the output diode is not favorable. The abrupt
change in voltage when the diode current drops to zero, causes oscillations in
the diode output voltage waveform. This condition is expected because ZVS
technique has not been extended to the output diode in ZV'S quasi-resonant
converters. The current through the diode is in quasi-sinusoidal form (zero-
current switching) and the voltage across the diode is oscillatory.

3. The voltage across the MOSFET in conventional PWM converters is
oscillatory. The major parasitic inductances are package and lead inductances
of semiconductor devices and stray inductances of the interconnections.
Abrupt change in voltage across the MOSFET when the MOSFET is turned
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off causes oscillations because of the resonance between parasitic
inductances and the output diode of the MOSFET.

. Half-wave ZVS quasi-resonant converters are load dependent. The voltage
across the MOSFET changes with load variations. Wider the load range,
larger the voltage in amplitude across the MOSFET. For example, if the load
range is 10:1, the amplitude of the voltage across the MOSFET is
approximately 11 times the input voltage. For this reason, the zero-voltage
technique cannot be applied to off-line converters having wide load ranges.
In dc-dc converters, the load is selected in a narrow range especialy in low
power applications, because on-state resistance increases with increasing
maximum voltage rating. The optimal selection of the MOSFET becomes an
important process.

. The efficiency decreases with increasing load level (smaller load resistance),
because the conduction losses are much more pronounced when the
circulating RMS current increases. The efficiency increases until the value of
minimum load. Another important thing happens when the load resistance
increases beyond the maximum load resistance. The efficiency again
decreases because of non-zero voltage switching condition for the MOSFET.
The maximum resistance at which the converter still keeps its zero-voltage
switching property is variable. This variation depends on the input voltage
and the switching frequency of the converter. The minimum of the maximum
load resistances is calculated and used throughout the thesis for the worst
case as a design parameter when the input voltage and the switching
frequency are at their maximum. But for different conditions, the maximum
value of the load resistance is different.

. The high side gate drive circuitry is very simple and efficient without any
switching delay that occurs in high side driver ICs. Theoreticaly, the
disadvantage of the gate drive circuitry is not to have high duty cycle ratios
such as 80% or further. The coupling capacitors are inserted for wide duty

ratios, as in the buck converter. The presence of the coupling capacitors
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causes an increase in the negative bias during off-time and a decrease in turn-

on voltage thus providing areset voltage for the magnetizing inductance.

To obtain experimental results a laboratory prototype buck converter is built and tested
with hard-switching and soft-switching techniques. The results obtained are compared
with the results of the theoretical analysis and computer ssimulations. Furthermore, the
steady-state and the dynamic performance of the conventiona PWM buck and zero-
voltage switching quasi-resonant buck converters are investigated. The experimental
results are obtained for various loads and switching frequencies. It is observed that the
experimental results obtained are in agreement with the computer simulation results in
chapter 5. The amplitude of the oscillations in PWM buck converter is much greater
than the computer simulation results. This may be due to a misinterpretation of the
parasitic components. Furthermore, the output voltage overshoot and the rising time are
much higher in experimental waveforms in closed-loop ZVS quasi-resonant buck
converter due to the immediate change in line voltage and load. This may be caused by

the variations in compensation network components.

As a conclusion, the switching losses could be considerably reduced with zero-voltage
switching quasi-resonant buck topology by shaping the voltage across the switch in
quasi-sinusoidal fashion. The oscillations which are present in PWM buck converter
caused by the resonance between the parasitic components could be eliminated in ZVS
quasi-resonant buck converter. It has been shown that the only two drawbacks of the
ZV S quasi-resonant topology are the increase in the peak value of the voltage across the
MOSFET depending on the load range and the unfavorable switching conditions for the
output diode.
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