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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
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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)

20



)
f

}

. BN

<
)

_|

Q
=
-

OFF

‘"i"“
w

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 i