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(ABSTRACT)

Small size, light weight, high efficacy, longer lifetime and controllable output are the
main advantages of high-frequency electronic ballasts for gas discharge lamps. However,
power line quality and electromagnetic interference (EMI) issues arise when a simple
peak rectifying circuit is used. To suppress harmonic currents and improve power factor,

input-current-shaping (ICS) or power-factor-correction (PFC) techniques are necessary.

This dissertation addresses advanced high-frequency electronic ballasting techniques
by using a single-stage PFC approach. The proposed techniques include single-stage
boost-derived PFC electronic ballasts with voltage-divider-rectifier front ends, single-
stage PFC electronic ballasts with wide range dimming controls, single-stage charge-
pump PFC electronic ballasts with lamp voltage feedback, and self-oscillating single-

stage PFC electronic ballasts.

Single-stage boost-derived PFC electronic ballasts with voltage-divider-rectifier front
ends are developed to solve the problem imposed by the high boost conversion ratio
required by commonly used boost-derived PFC electronic ballast. Two circuit

implementations are proposed, analyzed and verified by experimental results.

Due to the interaction between the PFC stage and the inverter stage, extremely high
bus-voltage stress may exist during dimming operation. To reduce the bus voltage and
achieve a wide-range dimming control, a novel PFC electronic ballast with asymmetrical
duty-ratio control is proposed. Experimental results show that wide stable dimming

operation is achieved with constant switching frequency.

Charge-pump (CP) PFC techniques utilize a high-frequency current source (CS) or

voltage source (VS) or both to charge and discharge the so-called charge-pump capacitor



in order to achieve PFC. The bulky DCM boost inductor is eliminated so that this family
of PFC circuits has the potential for low cost and small size. A family of CPPFC
electronic ballasts is investigated. A novel VSCS-CPPFC electronic ballast with lamp-
voltage feedback is proposed to reduce the bus-voltage stress. This family of CPPFC

electronic ballasts are implemented and evaluated, and verified by experimental results.

To further reduce the cost and size, a self-oscillating technique is applied to the
CPPFC electronic ballast. Novel winding voltage modulation and current injection
concepts are proposed to modulate the switching frequency. Experimental results show
that the self-oscillating CS-CPPFC electronic ballast with current injection offers a more

cost-effective solution for non-dimming electronic ballast applications.
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Chapter 1 Introduction

1.1 Background

Light is defined as visually evaluated radiant energy, which stimulates man’s eyes
and enables him to see [F1]. Man has always sought to counter the influence of the
darkness by creating artificial light. In ancient times, man had very poor ways of making
artificial light. He tried to adapt natural luminous phenomena with the aid of rush lights,
torches, oil lamps, candles, etc. to this purpose. During the past 200 years, more
systematic research has been carried out, and ever-increasing technological progress has
enabled man to make real advances in the difficult search for effective light sources. The
discovery of electric power and the possibility of transmitting it in a simple manner

facilitated the development of modern lamps.

Today there are nearly 6,000 different lamps being manufactured, most of which can
be placed in the following six categories: incandescent, fluorescent, mercury vapor, metal
halide, high-pressure sodium (HPS) and low-pressure sodium (LPS). Except for
incandescent lamps, all of these light sources can be termed as gas discharge lamps.
Fluorescent and LPS lamps operate on low-pressure gaseous discharge, and the mercury
vapor, metal halide and HPS lamps operate on high-pressure gaseous discharge. The
mercury vapor, metal halide and HPS types are commonly known as high-intensity

discharge (HID) lamps.

The major characteristics to be considered when choosing a lamp are its luminous
efficacy, life, lumen depreciation and color rendering [F1, pp.190]. Luminous efficacy is
the measure of the lamp’s ability to convert input electric power, in watts, into output
luminous flux, in lumens, and is measured in lumens per watt (Im/w). The luminous flux
of a light source is the electromagnetic radiation within the visible part of the

electromagnetic spectrum multiplied by the sensitivity of man’s eyes to that part of the
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light from the source. The visible portion of the spectrum covers the wavelength range
from approximately 380 nm to 780 nm (Figure 1-1), and the eye discriminates between
different wavelengths in this range by the sensation of color in the manner illustrated by
Figure 1-2. The life of a lamp is the number of hours it takes for approximately 50% of a
large group of lamps of the same kind to fail. Failure means that the lamp will no longer
light or that light output has dropped to a specific percentage value. Lumen depreciation
during life is a characteristic of all lamps. This is a process of lamp aging, an important
consideration in lighting design. Finally, there is the matter of color rendering. The lamp
types do not provide the same nominal “white.” Their difference in spectral distribution
can produce two effects within a lighted space. Some of the colors of objects within that
space can appear unnatural or faded — reds can appear brown, violets nearly black, etc.
Second, the entire space may “feel” warm or cool. For example, a mercury lamp, lacking
in reds and oranges, makes a space seem cool, whereas an incandescent lamp, with

deficiencies in the blue and violets, makes a space feel warm.

Incandescent lamps and gas discharge lamps generate light through two different
physical mechanisms of electrical energy conversion [F3]. Incandescent lamps use the
Joule-heating process by electrically heating high-resistance tungsten filaments to intense
brightness. The electric behavior is simple. The lamp current is determined by the applied
voltage and the resistance of the tungsten filament, which is close to the v-i characteristic
of a linear resistor. The spectrum of energy radiated from incandescent lamps is
continuous with good color rendering. However, only about 10% of the electricity
flowing through incandescent lamps is converted to light, as shown in Figure 1-3(a), and
thus the luminous efficacy of incandescent lamps is low. Electric gas discharge lamps
convert electrical energy into light by transforming electrical energy into the kinetic
energy of moving electrons, which in turn becomes radiation as a result of some kind of
collision process [F5]. The primary process is collision excitation of atoms in a gas to
states from which they relax back to the lowest-energy atomic levels by means of the
emission of electromagnetic radiation. The emitted electromagnetic radiation is not
continuous, instead consisting of a number of more or less separate spectral lines. By
modifying the composition of the gas used, the luminous efficacy can be varied

considerably.
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Compared with incandescent lamps, gas discharge lamps have three great virtues as
light sources: They are efficient energy converters, transforming as much as 20% to 30%
of the electrical energy input into light energy output, as shown in Figure 1-3(b); they last
a long time, 18 times longer than incandescent lamps if fluorescent lamps are taken as an
example (rated life up to 20,000 hours); and they have excellent lumen depreciation,

typically delivering 60% to 80% of the initial level of light at the end of life.

Although gas discharge lamps have tremendous advantages over incandescent lamps,
they require an auxiliary apparatus called a ballast to run with them. It is a well-known
fact that gas discharge lamps have negative incremental impedance. Figure 1-4(a) shows
a typical curve of discharge potential drop versus current when a lamp is operated from a
DC power source. The curve can also be regarded as the locus of points (i,v) for which
the time rate of change of electron density, dn./dt, is zero. For points above and to the
right, dn./dt is greater than zero (production exceeds loss), and electron density would
increase with time. For points below and to the left, dn./dt is less than zero, and electron
density would decrease with time. Obviously, the slope of the curve, defined as
incremental impedance r = dv/di, is negative. The negative increase impedance
characteristic poses a circuit problem for operating lamps. In general, a starting voltage
V; that is higher than the steady-state operation voltage is needed to establish ionization
in the gas. After the discharge begins, the operating point (i,v) of the discharge would lie
somewhere on the line of the constant V =V, which is in the domain for which the
ionization rate exceeds the loss rate, and thus electron density 7, increases continuously
with time. Consequently, the discharge current increases without any regulation, and

eventually causes system failure.

As a result, gas discharge lamps cannot be directly connected to a voltage source. A
certain impedance must be placed between the discharge lamp and the voltage source as a
means to limit lamp current. For example, Figure 1-4(b) shows the effect of series
resistance in stabilizing lamp current. The dotted lines Vi, and Vi show the voltage
potential across the discharge and resistor, respectively, and the solid line Vg shows the

potential across the pair in series.
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Upon application of a starting voltage to the lamp-resistor system and establishment
of ionization, the operating point (i,v) is in the domain of positive dn./dt, increasing the
lamp current until it reaches the point (i, V5). A further increase in current would move
the operating point into the region of negative dn./dt, forcing the current back to is,. The
resistor R helps to establish the stable operating point of the discharge lamp and acts as a

ballast.

Obviously, the resistive ballast incurs large power loss and significantly reduces the
system efficiency. Fortunately, most discharge lamps are operated in alternating-current
(AC) circuits so that inductive or capacitive impedance can be used to provide current
limitation. AC operation also balances the wearing of two electrodes and maintains a
longer lamp life. The inductor (lag) and the inductor-capacitor (lead) ballast represent the

conventional ballasting approaches, and are known as magnetic ballasts.

Magnetic ballasts are operated in 50/60Hz line frequency. Every half line cycle, they
reignite the lamp and limit the lamp current. Although magnetic ballasts have the
advantages of low cost and high reliability, there exist at least three fundamental
performance limitations due to the low-frequency operation. First of all, the weight and
volume of the ballast must be great. Second, the time constant of the discharge lamps is
around a millisecond, which is shorter than the half line period, so the arc is reignited
twice each cycle. Figure 1-5 shows the measured voltage and current waveforms of an
F40T12 lamp operating at 60 Hz. After every line zero crossing, the lamp voltage
waveform has a restrike voltage peak; during the rest of the cycle, the voltage does not
vary much. This causes two big problems: The lamp electrode wearing is significant, and
the lamp’s output light is highly susceptible to the line voltage, which results in an
annoying visible flickering [F6]. Finally, there is no efficient and cost-effective way to

regulate the lamp power.

These drawbacks led to studying the use of high-frequency AC current to drive the
discharge lamps. High-frequency operation not only results in significant ballast volume
and weight reduction, but also improves the gas discharge lamp property. Figure 1-6
shows the measured voltage and current waveforms of the lamp operating with the same

current level but at high frequency. The voltage and current waveforms are almost
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proportional with the same v-i characteristic of a resistor, although this resistor is not
linear and varies as a function of time and lamp current. The restrike voltage peak no
longer exists. The recombination of ions and electrons in the discharge is very low. No
reignition energy is needed. The lamp electrodes also sustain the electron density during
the transition from cathode to anode function, resulting in additional energy savings.
Therefore, the gas discharge itself is more efficient in high-frequency operation,
contributing to an increased efficacy. Figure 1-7 shows the curve of fluorescent lamp
efficacy versus lamp operating frequency [A2]. It shows that the efficacy increases by
about 10% when the operating frequency is above 20 kHz. Other discharge lamps have a
similar characteristic. The high-frequency operation also makes the lamp start easily and
reliably, and eliminates audible noise and stroboscopic effect. In addition, due to the
advances in power electronics, power regulation can be easily incorporated into the

ballast, making intelligence and energy management feasible [A3].

Essentially, the high-frequency electronic ballast is an AC/AC power converter,
converting line-frequency power from the utility line to a high-frequency AC power in
order to drive the discharge lamp. Figure 1-8 shows the circuit diagram of typical high-
frequency electronic ballasts. In high-frequency operation, a low lamp current crest factor
(CF) is preferred. The CF is the ratio of the peak of the lamp current to the root-mean-
square (RMS) value. For high-frequency ballasts, it is a ratio of the peak of the
modulated envelope to the RMS value. The CF plays a significant role in ballast
performance. As studies show, the electrode life is very sensitive to the CF, and the life
of a gas discharge lamp is basically determined by its electrode’s life. The higher the CF,
the shorter the lamp life. The lamp life will drop to less than half if the CF becomes 2
[F3, pp.138]. A pure sine wave without modulation has a CF of 1.4; a triangular wave has
a CF of 1.7. American National Standards Institute (ANSI) specifications recommend
that the maximum CF be 1.7 [A4]. The CF is also a matter of lamplight flickering. Unlike
in magnetic ballasts where the flickering is caused by the jitter of the ignition angle in a
half-line cycle, the flickering is caused by the use of a modulated drive current to the

lamp in electronic ballasts. A higher CF means higher current modulation.
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To maintain a low CF, a bulk capacitor is necessary to handle the variations between
the input pulsating power and the constant output lamp power. A conventional practice is
to locate a bulk capacitor right behind the diode rectifier, as shown in Figure 1-8(b). This
is a rather simple solution for improving CF. However such a configuration draws current
from the AC line in only a small conduction angle, producing a very poor power factor
(PF) with rich harmonic currents. These harmonic currents in an AC utility line will
cause a lot of problems, such as voltage distortion, voltage flickering, transformer
overheating, generator high-torque rippling, and severe electromagnetic interference

(EMI) noise to the telecom/datacom systems and electronic data processing systems.

Lighting equipment represents a significant portion of the total electrical load. As
more and more electronic ballasts are put into use, it becomes increasingly important to

maintain high PF and low harmonics.

PF is a commonly used measure of power quality, which is defined as the ratio of the
average power to the apparent power at the AC terminal, and can be expressed as a
product of the distortion factor K; and the displacement factor Ky assuming an ideal
sinusoidal input voltage, as shown in (1.1). K, is defined as the ratio of the fundamental
RMS current to the total RMS current, and Kgis defined as the cosine of the displacement
angle @ between the fundamental input current and voltage. The PF is required by the
building code to be at least 0.9, either leading or lagging [AS]. Usually, a slightly leading
PF is preferred. Another important measure of the input-current quality is the total
harmonic distortions (THD), defined as (1.2), where I is the RMS value of the &™ current
harmonics. The relationship between PF and THD can be expressed as (1.3), where there

is no DC component in the input current.

1
PF = jveragepower =[ ] }cosﬁ =K,K, (1.1)
[pparent power I,

© 2
THD = M (1.2)

I} '

1
K

PF=— "6 (1.3)
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Figure 1-8. Circuit diagrams of high-frequency electronic ballast: (a) with small bus
capacitor, (b) with large bus capacitor, and (c) with large bus capacitor and PFC stage.

Table 1-1. Limits for Class C equipment (IEC 1000-3-2).

Harmonic Order Maximum Permissible Harmonic Current,
Expressed as a Percentage of the Input
Current at the Fundamental Frequency
5 %
2 2
3 30\
5 10
7 7
9 5
11 <n <39 3
" \ is the Circuit Power Factor
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From (1.1) to (1.3), both the distortion factor and the displacement factor must be
large in order to get a high PF. In practice, harmonics are important concerns. Several
standards have been established to limit harmonics. The most commonly cited standard in
lighting equipment industry is the IEC 1000-3-2 Class C, which sets the harmonic current
limits by percentage, as listed in Table 1.1 [F7].

To achieve high PF and low current harmonics, the use of a power-factor-correction
(PFC) or input-current-shaping (ICS) method is necessary. One simple approach is to use
a passive filter. However, passive filter components are usually bulky and ineffective. A
more effective approach is to use active means. A common practice is to employ the so-
called two-stage approach, in which a switching mode PFC stage is added to the
conventional electronic ballast, providing almost unity PF AC/DC rectification from the

utility line, as shown in Figure 1-8(c¢).

Electronic ballasts can provide dimming capability. Dimming controls have been
broadly employed in recent lighting systems to provide energy savings and improved
ergonomics. Study shows that energy savings of more than fifty percent can be achieved
with dimming controls [C1, C2]. The circuit shown in Figure 1-8(c) can be used as a
dimmable electronic ballast when an appropriate control circuit is employed. The
dimmable electronic ballast should have all the characteristics required for the non-
dimmable electronic ballast. An additional requirement is that the dimming control
should be done smoothly without abrupt changes in light levels when transitioning from

one light level to another. Flickering and striation should not be observed.

In summary, compared with magnetic ballasts, high-frequency high-PF electronic
ballasts provide remarkably improved performances as far as 1) improved circuit
efficiency; 2) improved luminous efficacy of lamps; 3) improved lamp lifetime; 4)
reduction in size and weight; 5) absence of flickering; 6) elimination of audible noise; 7)
high input PF with low THD; 8) better-controlled starting and operating conditions; and
9) facility for energy management, such as remote switching, dimming and photocell

control.

However, regardless of these advantages, electronic ballasts have been unable to

supersede the magnetic ballasts for over three decades [A6]. There are probably two
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major reasons for the long delay. First, it took many years for power devices to evolve.
Second, the initial cost of electronic ballasts is much higher than that of magnetic
ballasts. In the case of residential applications, one of the most undesirable points is the
high initial cost, although the long-run energy savings and lower maintenance costs will
offset this problem. Therefore, developing cost-effective electronic ballasts with high
performance by using advanced high-frequency electronic ballasting techniques is the

main purpose of this dissertation.

1.2 Review of Previous Research

Many efforts have been made previously to develop cost-effective electronic ballasts.
Small local silicon-controlled-rectifier (SCR) inverters for each lamp, as well as large
ones or even high-frequency rotating AC generators for the large banks of lamps in
factories or large office buildings, were considered. But with the rapid drop in transistor
and ferrite core prices, DC/AC inverters rectified from the utility line became dominant.
Therefore, major DC/AC inverters suitable for electronic ballast application are first

analyzed. Then, the PFC techniques and dimming control techniques are reviewed.

1.2.1 Major Electronic Ballast Topologies (DC/AC Inverter Stage)

Electronic ballasts are expected to perform the following functions: supply proper
starting and operating voltage for the lamp; maintain a running current at the designed
value with a low CF; regulate the lamp current output against supply voltage variations;
and have a high overall efficiency. To obtain extra energy savings and/or make intelligent
lighting, the controllable light output or dimming feature is expected. In addition, low

cost and high reliability are very important considerations.

From a historical perspective, electronic ballasts originated from the solid-state radio
frequency (RF) power amplifiers (PAs). RF PAs are usually identified by their classes of
operation, that is, Classes A, B, C, D, E, F, G, H and S [F9]. Based on how the transistor

is biased and driven, all these classes of PAs are placed in the following three categories:
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linear-mode PAs, switching-mode PAs and mixed-mode PAs [F10]. In the linear-mode
PAs, the power transistors act as a high-resistance current source to produce a magnified
replica of the input signal voltage or current wave. Because of the high voltage and
current product (power dissipated) inherent in power transistors, this category of PAs
usually has low efficiency. In switching-mode PAs, the power transistors operate as a
switch, alternately open-circuited and short-circuited. Ideally, a switch has either zero
voltage across it or zero current through it at all times (i.e., zero resistance when on,
infinite resistance when off, no associated parasitic capacitance or inductance, and zero
transition times). Therefore, this category of PAs can theoretically achieve efficiencies of
100%. In mixed-mode PAs, the power transistors basically act as a current source, but
partially also as a low-resistance “on” switch. Compared with linear-mode PAs, this
category of PAs can improve efficiency due to operating the power switch into saturation.
Obviously, the biggest achievements of switching-mode PAs are their high efficiency,

low power dissipation, high reliability, small size and low cost.

Classes D, E and S wusually comprise switching-mode PAs in RF engineering.
Essentially, Class S PAs are wideband PWM DC/DC converters with low-pass filters to
allow only a slowly varying DC or average voltage component to appear on the load. The
desired output signal is obtained by controlling the pulse width of the input signal, and
for this reason, it requires PWM control. In power electronics, Class S PAs are
appropriated for applications in variable-speed AC motor drives and uninterruptible
power supplies (UPSs), which use batteries to provide standby AC power. Classes D and
E PAs, on the contrary, are essentially resonant power converters with high-frequency
AC output voltage and current. This is most favored in electronic ballast applications in
which a sinusoidal current source is needed. Actually, Class D and Class E electronic

ballasts represent two major categories in today’s electronic ballast market.

Class D PAs were invented in 1959 by Baxandall [F11], and have been widely used
in various applications. However, the basic idea was probably first presented in 1932 by
F. N. Tompkns [F12] and later by G. H. Royer, et al. in 1954 [F13]. The original Royer
oscillator is a self-oscillating push-pull inverter generating a square wave voltage, in
which the timing was based on the saturation of the power transformer, resulting in

relatively high core losses and high switching spikes. The Jensen oscillator, as a modified
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Royer oscillator, eliminated these disadvantages by separating the timing and power
processing functions by a small additional rectangular B-H loop transformer that served
as the base drive transformer [F14]. Class D PAs, however, employ a pair of active
switches and a tuned network. The switches are driven to act as a two-pole switch that
defines either a rectangular voltage or rectangular current waveforms. The output
network is tuned to the switching frequency and removes its harmonics, resulting in a
sinusoidal output. This characteristic of Class D PAs easily finds its application in
electronic ballasts. With its sinusoidal current drive, the lamp efficacy is highest and the
EMI is smallest. Additionally, the tuned network also functions as an impedance match to
the lamp. The tuned network is probably the most cost-effective way to generate AC
current as well as allowing impedance matching. Figure 1-9 shows the four most
commonly used Class D topologies for electronic ballasts. These are voltage-fed and
current-fed variations of the push-pull topology for the 120V AC-line input and the half-
bridge topology for the 220V AC-line input.

Class D current-fed push-pull (Class D CFPP) electronic ballasts (Figure 1-9(a)) were
first discussed by R. J. Haver in 1976 [A7], and recently became an interesting research
topic in the areas of cold cathode fluorescent lamp (CCFL) ballasts and automotive HID
ballasts [A8-A12]. The Haver version did not use an isolation transformer to drive the
lamps, but rather a center-tapped choke connected directly from collector to collector
with the lamps across the choke. Since the peak voltage of the resonant tank is constant
(7Vp), determined by the volt-second balance of the inductor L;, in some cases this tank
voltage may not be sufficient to ignite the lamp, and a step-up transformer is needed. The
transformer is usually center-tapped with magnetizing inductance as the parallel-resonant
inductance. A resonant capacitor is in parallel to the primary winding. The turns ratio is
set to the specified nominal lamp-striking voltage. A lossless series impedance (such as a
coupling capacitor) adjusts the lamp RMS operating current to its specified value. The
circuit can be decoupled into two parts (Figures 1-10(a) and 1-10(b)). Due to the tuned
network, the output of the inductor L, is a rectified sine wave voltage with a peak value
of V,. In steady state, the volt-second product across the inductor must be zero, which

leads to V, =7iVg/2. Therefore, the switches are subjected to a peak voltage of 7Vg.
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Figure 1-9. Commonly used topologies for electronic ballasts (DC/AC inverter stage): (a)
current-fed push-pull parallel resonant ballast; (b) voltage-fed push-pull series-resonant
parallel-loaded ballast; (c) current-fed half-bridge parallel resonant ballast; and (d)
voltage-fed half-bridge series-resonant parallel-loaded ballast.
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Figure 1-10. Equivalent circuit of current-fed push-pull parallel resonant ballast: (a) input
stage, and (b) resonant stage.
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Figure 1-11. Resonant stage of voltage-fed ballasts.
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In the Class D voltage-fed push-pull (VFPP) electronic ballasts (Figure 1-9(b)), a
square-wave voltage is fed into a series-resonant or series-resonant-derived network,
thereby producing sinusoidal resonant current, as opposed to the CFPP electronic ballasts
in which a square-wave current is fed into a parallel-resonant or parallel-resonant-derived
network, thereby producing sinusoidal resonant voltage such that the voltage and current
waveforms are interchanged. Figure 1-11 shows the resonant stage. The voltage stress of

the switches is 2Vp rather than 7Vg.

Class D current-fed half-bridge (CFHB) and voltage-fed half-bridge (VFHB)
electronic ballasts are shown in Figures 1-9(¢) and (d), respectively. Although the circuit
topologies are different, the circuit operations are essentially the same as those of their

push-pull counterparts.

Class E PAs are also good candidates for ballasting gas discharge lamps. Since the
invention of the Class E PAs by N. O. Sokal and A. D. Sokal in 1975 [F15], they have
been a very interesting research topic. In the field of power electronics, the first reported
DC/DC converter based on the principle of the Class E PA was proposed by R. J.
Gutmann in 1980, in which a 5W, 25V-to-5V DC/DC converter operating at 10 MHz was
experimentally demonstrated to have an efficiency of 68% [F16]. R. Redl, et al. proposed
a more theoretical analysis and design guideline for Class E DC/DC converters [F17].
The first Class E electronic ballast was proposed by G. Lutteke and H. C. Raets in 1984;
in it a high-voltage-rating device BIMOS was used to operate the circuit at 450 kHz and
15W for 120V mains, and later for 220V mains [A14, A15]. Since then, many interesting
papers about Class E electronic ballasts have been published. Class E portable ballast
systems with high overall efficiency were presented with dimming function [C3, C4].
Other proposed Class E electronic ballasts were integrated with a PFC circuit [B22, B23].
A simple, cost-effective modified Class E electronic ballast was also reported for CCFL
applications [A16]. The first Class E electronic ballast to operate well into the MHz
region with a self-oscillating mode to drive an electrodeless lamp has also been proposed
[E1]. An exact analysis, valid at any duty ratio or circuit Q, with optimization procedures

for Class E electronic ballasts has also been reported [E2].
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There also exists a family of non-resonant electronic ballasts based on PWM
techniques. A flyback converter has been proposed to supply the fluorescent lamps with
DC lamp current [A17]. By eliminating the output diode, a bi-directional lamp current is
obtained [A18]. Boost-type converters with unidirectional or bi-directional lamp currents
were also presented [A19]. The buck-type version was also discussed [A20], in which a
voltage-doubler rectifier must be used to facilitate lamp ignition. A family of non-

resonant electronic ballasts with tapped inductors was introduced as well [A21].

One of the salient advantages of the PWM-based non-resonant electronic ballasts is
their simplicity and low cost. However, the volt-second balance required by the inductor
is usually achieved by the lamp voltage, which will incur a high lamp current spike when
the switch turns off. This high lamp current spike and/or DC current operation limits their

applications to emergency and portable light systems.

In contrast, Class D CFPP electronic ballasts have the best performances. Due to the
parallel resonant configuration with current feed, they can operate indefinitely under
virtually any load condition, including short, open, and the most severe situation in which
a lamp is socketed into a powered fixture. Another important advantage is that they can
achieve parallel lamp operation simply by adding a single ballast capacitor per additional
lamp, and part of the lamps’ replacements might occur while the rest of the lamps are in
normal operation. But the downside is that they have the largest component count. The
required large inductor and step-up transformer make the circuit bulky and lossy. High
voltage stress on the two switches also makes them less attractive, especially when
operated after a PFC pre-regulator. The Class D VFHB electronic ballasts, on the
contrary, are simple circuits requiring few components. When they operate at the
undamped natural frequency, they show current source characteristics such that no step-
up transformer is necessary. If isolation is needed, a smaller transformer can be used
because the secondary winding voltage is equal to the lamp voltage, unlike the Class D
CFPP electronic ballasts in which a separate ballast impedance is necessary to absorb the
voltage difference between the winding voltage (striking voltage) and the lamp’s normal
operating voltage. Another attractive feature is that the voltage stress of the two switches

is equal to the bus voltage, which allows low-voltage-rating MOSFETs to be used.

Chapter 1. Introduction 17



Compared with Class D electronic ballasts, Class Es have several advantages: They
are single-ended circuits, which simplifies the drive circuit; the current and voltage
waveforms of the switch are displaced with respect to time, such that the voltage does not
rise before the current has fallen to zero and the voltage falls to zero again with zero
slope before the current begins to rise, resulting in virtually zero switching; the parasitic
reactive elements such as transistor output capacitance, inductance capacitance and
leakage inductance of the transformer in the isolation version are absorbed in the circuit
operation; and input current is usually continuous, which reduces EMI to the source.
Because of its extremely low switching losses, the circuit is well suited to high-frequency
applications, in which the size of the magnetic components can be reduced significantly.
However, all of these advantages are achieved at the penalty of severe voltage and
current demands on the devices because of the sinusoidal-like voltage and current
waveforms for the switches as well as the passive components [A15]. Currently, they
mainly find their applications in compact fluorescent lamps in which they are inserted

into conventional incandescent lamp fittings, making critical the size of the ballast.

Considering all of these preceding factors, the Class D VFHB electronic ballasts are

chosen in this dissertation.

1.2.2 PFC Techniques in Electronic Ballasts

There are generally two methods for correcting the PF and suppressing harmonic
distortion: the passive PFC approach and the active PFC approach. Passive PFC refers to
using only line-frequency reactive components plus uncontrolled rectifiers, while the
active PFC uses active devices and high-frequency reactive components as well as
passive switches such as diodes. The advantages of the passive PFC approach are its
simplicity, reliability, robustness, lack of EMI generated, and low cost. Although the
input current of the passive approach is not expected to achieve a perfect sinusoidal
waveform, in low-wattage applications the circuit can be designed to meet the IEC 1000-
3-2 Class C specifications [B1-B3]. However, the physical size and weight of the line-

frequency components renders the passive approach very unattractive. The active
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approach, on the other hand, not only easily meets the specifications, but also
significantly reduces the circuit size and weight. The major issues are circuit complexity,

reliability and cost.

In literature, the single-phase active PFC circuits are classified into two categories:
the two-stage approach and the single-stage approach. The two-stage approach represents
the conventional practice, in which a current-shaping stage (PFC stage) cascades with the
DC/AC stage. Good PF and circuit performance can be accomplished simultaneously
since the PFC stage is dedicated to achieving high PF and regulating the DC-link output
voltage. The PFC stage could be a buck, boost or buck-boost converter. The buck
topology is seldom used except for some particular applications due to its step-down
characteristic, which incurs a dead angle of the input current when the line voltage falls
below the output voltage [B4]. The buck-boost topology can properly shape the input
current. However, the high voltage/current stresses and the pulsating input and output
currents limit its applications. The boost converter is more suitable for the PFC for the
following reasons. The boost inductor is in series with the input line, which gives a lower
current ripple, and the power switch is in shunt with the power-flow path with which the
converter operates efficiently. However, there is a limitation: The output voltage must be
higher than the line peak voltage. This may not be a problem for the single-phase

universal line where a cost-effective 450V bus capacitor can be used.

In terms of overall efficiency and EMI filter size, continuous-conduction mode
(CCM) is preferred for the boost converter operating as an active PFC stage. However, it
needs a complicated control circuit [B5]. Moreover, there exist severe problems caused
by the effect of the reverse-recovery characteristic of the boost diode. Some approach,
such as the use of a passive or active snubber, must deal with this adverse effect, further
complicating the circuit and increasing the cost [B6]. One practical solution is to operate
the circuit into the boundary between the continuous- and discontinuous-conduction
modes, which lessens the reverse-recovery problems and control complexity. However, a
wide range of variable switching frequency controls must be used, causing problems for
circuit implementation and design optimization. Discontinuous-conduction-mode (DCM)
operation may be a good trade-off for low-power applications. The circuit is simple, with

a PFC switch operating at constant duty ratio and constant frequency without sensing
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input voltage or current. But the high inductor ripple current not only requires a large
EMI filter, it also causes current stress on the devices. Nevertheless, the two-stage
approach shows good performances. It represents a mature PFC technique, but is a rather
costly and ineffective solution when used in low-power applications for which cost is a

sensitive issue.

Great efforts have been made to reduce the component count and circuit cost. The
majority of these efforts have focused on incorporating the PFC stage and DC/AC stage
into one by allowing them to share the active switches so that neither PFC switch nor

controller is needed. This technique is called single-stage PFC approach.

Lots of single-stage PFC circuits were proposed and analyzed in literature. The most
original ones are probably as follows: the dither rectifiers proposed by 1. Takahashi [B7],
the charge-pump power-factor-correction (CPPFC) circuits by W. L. Eaton [B8], the
modified valley fill circuit by J. J. Spangler [B9], the dual output PFC circuits by
Kheraluwala [B10], the boost integrated with flyback rectifier/energy storage/DC-DC
converter (BIFRED) and the boost integrated with a buck rectifier/energy storage/DC-DC
converter (BIBRED) by M. Madigan [B11], the voltage-source PFC circuit by S.
Teramoto [B12], the P-PFC circuits by Y. Jiang [B13], the single-stage isolated power-
factor-correction power supply (SSIPP) by R. Redl [B14], the magnetic switch (MS) PFC
circuits by O. R. Schmidt [B15], the voltage-doubler rectifiers by J. Zhang, et al. [B16],
the bus voltage feedback circuits by F. Tsai, et al. [B17], and J. Qian, et al [B18§], the
effective boost duty ratio by L. Huber, et al. [B19], the current-source PFC circuits by G.
Hua [B20], and the two-terminal ICS cells and three-terminal ICS cells by J. Zhang, et al.
[B17]. Based on these original single-stage PFC techniques, numerous modified circuits

were discussed in articles and patents.

The development path of PFC techniques in electronic ballasts is almost the same as
that in AC/DC converters. However, there are some special issues in electronic ballast
applications. First, electronic ballasts should meet the IEC 1000-3-2 Class C regulations,
which are the most stringent harmonic requirements in all classes. Second, as required by
the building code, the PF should be higher than 0.9. These two requirements together

stipulate almost sinusoidal input current waveform with THD less than 32%. Third, the
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power level of electronic ballasts is usually under 100 W, precluding any complicated
PFC method. Furthermore, as a mass product, the electronic ballasts should be small,
simple, reliable and cheap. Therefore, boost-derived and charge-pump-derived single-

stage PFC techniques are the focus of this dissertation.

The conventional single-stage DCM boost PFC electronic ballast is shown in Figure
1-12, in which switch S; is shared between the PFC stage and the DC/AC stage [B24].
Since the peak value of the boost inductor current naturally follows the sinusoidal line
voltage, the average input current also follows the line voltage when the duty ratio is

constant over a half line cycle. PFC is achieved without an additional switch or control.

The operation of the DCM boost converter as PFC rectifier is quite straightforward.

For the convenience of discussion, O factor is introduced as
asv,[V,, (1.4)

where V, and V3 are the line peak voltage and bus voltage, respectively.

The line current, real input power, PF and THD are given by previous work [B25], as

follows:
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The PF and THD are plotted in Figure 1-13 as a function of the a factor. It can be
seen that the PF and THD deteriorate as the o factor increases. The a factor should not
exceed 0.8 in order to meet the PF and THD requirements. It should be noted that the

boost converter is operated in DCM. The DCM condition is given by
a<l-D. (1.11)

Although the circuit in Figure 1-12 has potential low cost, there exist several
problems. First, according to (1.11) the a factor cannot exceed 0.5 since the duty ratio of
the PFC stage is determined by the DC/AC inverter stage in which D =0.5. Therefore, the
bus voltage should be higher than twice the line peak voltage, which calls for high-
voltage-rating devices. Second, DCM operation induces a pulsing line current so that a
large input EMI filter is required. Third, switch S, needs to tackle the current from the
PFC stage and the DC/AC inverter stage so that a higher-current-rating device is
necessary. Moreover, high bus voltage stress at light load is inherent and dimming

control is not easy to implement.

To solve the first problem imposed by the requirement of high boost conversion ratio,
a variable duty-ratio control strategy could be used [B26, B27]. From (1.5), if the duty
ratio is controlled according to (1.12), a unity PF is obtained even if the bus voltage is
close to the line peak voltage. However, lamp CF is increased and ZVS operation is

easily lost.

d(t)=k1-alsinwy], (1.12)

where £ is a constant which equals the duty ratio at the line zero-crossing.

Another approach is to increase the resetting voltage by using a “magnetic switch,” as
shown in Figure 1-14 [B29]. By adjusting the turns ratio of the transformer, good PF is
achieved as long as the bus voltage is larger than the line peak voltage. However, another
magnetic component and four fast-recovery diodes are added, which complicates the
circuit and increases cost. Finding a simple approach is one of the goals of this

dissertation.
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Figure 1-14. Single-stage DCM boost PFC electronic ballast with “magnetic switch”
[B29].
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Another family of electronic ballasts uses the so-called CPPFC technique to achieve
PFC. It has become attractive since the use of a bulky DCM boost inductor is not
necessary in these circuits [D1-D21]. The CPPFC circuits employ the capacitor to
integrate the PFC stage with the DC/AC inverter stage, by which an inherent PFC is
achieved. Figure 1-15 shows the basic CPPFC electronic ballast, in which the resonant
inverter is integrated with the PFC stage via Ci,. Therefore, this family of circuits has
potential low cost compared with the boost-derived PFC circuits. The issue is how to
evaluate these electronic ballasts since the PFC stage and inverter stage are interrelated.

Another issue is how to apply the self-oscillating technique to further reduce the cost.

D, D,
N N
1 1
A% c
i +
. =
\
Cin T
v, =V, sin(w0) -
N1
3

Figure 1-15. Basic CPPFC electronic ballast [D2].

1.2.3. Dimming Control

Most of today’s dimming control methods can be placed into four categories: variable
switching frequency control, variable duty-ratio control, variable bus voltage control, and

their combinations. Accordingly, the power stages may be different for viable operation.

The variable switching frequency control has been popularly adopted in practical
implementation because of its simplicity [C5-C12]. When the switching frequency is
located further away from the resonance of the tank, less energy is coupled to the lamps,

and the lamps dim. The analytical-based analyses for non-PFC electronic ballasts are
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given in other work [C5, C7]. An inherent unstable region exists due to the interaction
between the negative impedance of the lamps and the output characteristics of the
electronic ballast with frequency control [C5]. This analytical result has been verified by
experimental tests [C6, C7]. The dimming electronic ballasts with frequency control
provide only a limited dimming range, typically 3:1. If one attempts to extend the
dimming range, the lamps fail to stay on reliably. They either begin to flicker, or they

turn off and remain off.

The stable dimming range could be extended by using DC-link voltage control [C6,
C13, C14]. By selecting a switching frequency close to the undamped natural frequency,
the electronic ballasts behave as a current source controlled by the bus voltage [A22].
Flicker-free operation can be maintained when the lamp power is reduced to a small
value. However, the lamps tend to show striation as the lamp power drops to a certain
level. A simplified equation explains this phenomenon [C10]. Without employing a

special strategy to reduce the striation, the dimming range typically is about 10:1 [C6].

In practice the DC-link voltage control is only used with a variable bus voltage source
such as a PFC pre-regulator. Duty-ratio control can achieve a level of performance
similar to that of DC-link voltage control, but with a simple structure. Actually, with the
asymmetrical duty-ratio control, a small DC-biased lamp current is formed naturally,
which helps to prevent the development of striations [C10, C21-C23]. However, special
care must be taken when using the duty-ratio control in a half-bridge inverter, since the
switch with the small duty ratio could change its operation from ZVS to ZCS

commutation during the dimming control [C15].

Good performance could be achieved in combined control methods. A variable duty-
ratio and frequency control in a single-stage PFC electronic dimming ballast with a 3:1
dimming range was reported [C9]. A variable bus voltage and switching frequency
control for multiple fluorescent lamps applications in two-stage PFC electronic dimming
ballast with a dimming range of 3:1 has also been introduced [C17]. The strategy
combining duty-ratio control and switching frequency control with non-linear
compensation has been employed [C10]. The reported dimming range is 100:1. However,

the control scheme used is very complicated.
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1.3. Motivations and Objectives

The preceding discussion of the current electronic ballasting techniques demonstrated

the need for further research in this area. Specifically, four areas need to be addressed.

1) The most commonly used PFC topology in low-power applications is the DCM
boost converter due to the inherent PFC function. However, when applied in the half-
bridge electronic ballast applications, the bus voltage is required to be higher than two
times the line peak voltage to ensure DCM operation, which requires designer to resort to
impractical high-voltage-rating devices. An important research objective is to develop

new single-stage PFC electronic ballasts that only require low boost conversion ratios.

2) Dimming control plays an increasingly important role in modern lighting systems.
The marketplace has requested that the light output level be adjustable by a factor of 100.
Also the dimmable electronic ballast should meet the IEC 1000-3-2 harmonic
requirement. Therefore, it would be important to develop cost-effective single-stage PFC

electronic ballasts with continuous wide-range dimming control.

3) The CPPFC techniques eliminate the use of the bulky DCM boost inductor by
employing charge-pump capacitors; this approach shows good potential in electronic
ballast applications. A family of CPPFC electronic ballasts has been previously proposed.
However, because the charge-pump capacitors and the resonant inverter are highly
interrelated, the circuit performance is usually hard to analyze. It is very important to

understand and compare different CPPFC techniques.

4) The performance and overall cost of electronic ballasts are greatly affected by the
control circuits. Self-oscillating operation can reduce the complexity and cost of the
control circuit. To achieve good circuit performance, it is necessary to include the control
aspect into the self-oscillating circuit. It would be important to understand and develop

controllable self-oscillating techniques.

The overall objective of this dissertation is to develop advanced high-frequency

electronic ballasting techniques that incorporate these four objectives.
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1.4 Dissertation Outline

Chapter 1 introduces the research background and literature reviews. Then it provides

the research objectives and outline.

Chapters 2 and 3 cover the single-stage boost-derived PFC techniques. First in
Chapter 2, a novel voltage-divider concept is proposed to deal with the high boost
conversion ratio problem of the boost-derived DCM PFC circuit. Based on the proposed
concept, two new circuits, critical-conduction-mode electronic ballasts and interleaved
electronic ballasts, are proposed and analyzed. The proposed circuits are then compared.

The circuit analysis and comparison are verified by the experimental results.

Chapter 3 deals with the issues regarding single-stage boost-derived PFC electronic
ballasts with wide-range dimming control. First, the problems of the existing single-stage
PFC dimmable electronic ballasts are studied. Then, a family of single-stage PFC
electronic ballasts with asymmetrical duty-ratio control is proposed, analyzed and
implemented. Experimental results show that with the proposed circuits, high PF and low

THD, low lamp CF, low bus voltage stress and wide-range dimming control are achieved.

Chapter 4 studies the issues of the single-stage CPPFC electronic ballasts. A family of
CPPFC electronic ballast is reviewed and studied. Based on the study, the lamp voltage
feedback concept is proposed to suppress the bus voltage stress during light-load

operation. Circuit analysis is verified by experimental results.

Chapter 5 deals with the self-oscillating technique for CPPFC electronic ballasts. The
winding voltage modulation and current injection concepts are proposed to achieve
switching frequency modulation. The proposed concepts are verified by the experimental

results.

Chapter 6 summarizes the major results of the work and offers suggestions for future

work.
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Chapter 2 Boost-Derived Single-Stage Power-Factor-
Correction Electronic Ballasts

2.1 Introduction

The DCM boost-derived PFC converter is one of the most commonly used PFC
topologies in low-power applications. However, as discussed in Chapter 1, the
conventional DCM boost PFC electronic ballast has the problem of small o factor that is
required to meet the DCM condition. This chapter proposes the voltage-divider concept
to halve the effective a factor so that the DCM condition is automatically satisfied and
PF is improved. In addition, the ripple frequency of the input current doubles and the
ripple magnitude is reduced so that a smaller EMI filter can be used. Two circuit
implementations are proposed, analyzed, compared and verified by the experimental

results.

2.2 Voltage-Divider Concept in PFC Electronic Ballasts

Figure 2-1(a) shows the conventional single-stage DCM boost PFC electronic ballast,
in which switch S, is shared between the PFC stage and the inverter stage. Usually the
circuit is operated in constant frequency, constant duty ratio. Therefore, the PFC stage
has to be operated in DCM in order to achieve good PF. However, since the duty ratio of
the PFC stage is determined by the inverter stage, which usually equals 0.5, the a factor
should be less than 0.5 to meet the DCM condition of (1.11). The bus voltage exceeds
two times the line peak voltage, which may severely penalize the power stage design and
call for a special high-voltage-rating bulk capacitor. To solve this problem, previous work
has attempted to reduce the a factor by increasing the resetting voltage of the boost

inductor, as shown in Figure 2-1(b), in which the resetting voltage equals the bus voltage
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plus the winding voltage Vri,. The effective a factor halves when the turns ratio equals 2.
However, this is a rather costly solution since another magnetic component and four fast
diodes are added. To simplify the circuit, the approach proposed here is to halve the input
voltage using a voltage-divider branch so that the effective a factor is also halved. Figure
2-1(c) shows the conceptual circuit diagram, in which two small DC capacitors form the
voltage-divider branch. It can be seen that the two-level rectified line voltage is converted
into three-level voltage, which allows simpler and more efficient implementation of the

single-stage PFC electronic ballast.

2.3 Voltage-Divider PFC Circuit Implementations
2.3.1 Single-Stage Critical-Conduction-Mode PFC Electronic Ballast

The circuit derivation is shown in Figure 2-2. First the boost inductor is placed in the
center leg, as in the conventional DCM boost PFC electronic ballast. Then two fast
diodes are placed in the outer legs to form a full-bridge rectifier together with two body
diodes of the MOSFETs. Finally the voltage-divider branch is added. As can be seen
later, the proposed circuit operates in critical-conduction mode and has almost the same
performance as the circuit of Figure 2-1(b), but with simpler configuration. The complete

circuit diagram is shown in Figure 2-3.
To establish the circuit operation, some assumptions are made, as follows.

1) S;and S, operate at constant frequency: 0.5 duty ratio and 180° out of phase.

2) The bus capacitance, Cg, is large enough to be considered a voltage source.

3) The bus voltage, Vg, is always higher than the line peak voltage.

4) The output of the input rectifier is simply the rectified AC voltage. The voltage
across the voltage-divider capacitors is simply half of the rectified AC voltage.

5) The lamps are modeled as a resistor, Ry, at steady state.
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Figure 2-1. (a) Conventional DCM boost PFC electronic ballast [B24] (a =V, /V3). (b)
Boost PFC electronic ballast operating in critical conduction mode [B29] (0 =V, /(2VB)

i

T

=01/2). (c) Conceptual voltage-divider electronic ballast (Qcqr =(Vp/2) /Vp =0/2).
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Figure 2-2. Derivation of single-stage critical-conduction-mode PFC electronic ballast:
(a) making circuit symmetrical; (b) forming full-bridge rectifier; and (c¢) adding voltage-

divider branch.
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In steady state, two conversion stages can be identified for the purpose of analysis:
One is a PFC stage, which can be considered as two DCM boost converters operated 180°
out of phase and sharing one boost inductor (Figure 2-4(a)), and the other is a half-bridge
resonant inverter (Figure 2-4(b)). For the PFC stage, there are four topological stages

over one switching cycle, as shown in Figure 2-5. Figure 2-6 shows the key waveforms.

Mode 1 [to, t;]: Before ty, negative boost inductor current iz, flows through D, and Da.
At to, izp reverses polarity, resulting in turn-off of D; and D4. Since the gate voltage has
already been applied to S; during the D;-on period, S; is turned on with ZVS. Vi, is

applied to Ly, and iz, linearly increases.

Mode 2 [ty, t2]: At t;, S; is turned off. The positive iz, forces the body diode D, to turn
on. The negative voltage (Vg-Vini) is applied to the inductor, causing i, to decrease
linearly. This mode ends when i;, drops to zero at t,. The gate voltage should be applied

to S, during this mode.

Mode 3 [ty, t3]: At tp, ifp reverses polarity, causing turn-off of D, and Ds. S; is turned

on with ZVS. Vi, is applied to Ly, and i;; decreases linearly.

Mode 4 [t3, t4]: At ts, S, is turned off. Since iz, is still negative, the body diode of S is
forced on. The voltage (V- Vin2) is applied to Ly, and iz, increases linearly. This mode

ends at t4 when iz, becomes zero. A new switching cycle begins.

The analysis shows that the charging voltage is half of the rectified line voltage and
the discharging voltage is the bus voltage minus half of the rectified line voltage. Due to
the full-bridge rectifier, the boost inductor current never stays at zero. Therefore, the
boost inductor is operated in the critical-conduction mode if seen from the line input side.

High PF is obtained. For convenience of discussion, an effective O factor is defined as

a
a,=—-L == 2.1
2 @D

where V,, and V3 are the line peak voltage and bus voltage, respectively.

With the defined o factor, the equations of line current, PF, THD and circuit

parameters are derived as follows.
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Figure 2-3. Proposed single-stage critical-conduction-mode PFC electronic ballast.
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Figure 2-4. Simplified equivalent circuits: (a) PFC stage with two DCM boost cells
sharing a common boost inductor, and (b) half-bridge resonant inverter stage.
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Figure 2-6. Key switching waveforms.
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A. Input Current, PF and THD

From Figure 2-6, the peak inductor current 7, is determined by

V.tV |sinwtft,
ka — Vinlte — P| "¢ ) (22)
L, 2L,
The discharge time, #,, is given by
: I, B Vp|sin w,t|tc _ Qa,sin a),t|
t, = = . = . . (2.3)
(7, =V )L, 2V, -V inwd 1-a,pinwf
Since ¢, +t, =3T,, t. and f; can be determined by
C=ll—aeﬂ sinwt| T, and 24
: 2
1 .
t, =Eaeﬁ.|sma),t|TS , (2.5)
where T is the switching period.
Substituting (2.4) into (2.2) yields
VT, . . w, . .
1, = m (1 —Q,;|sin a)ltusm a)[t| = S L (1 —Q,;|sin a),tusm a),t|. (2.6)

b sb

The rectified mput current ij,..) equals half of |izs|. Therefore, the peak-to-peak ripple

current and average current of the rectified line input are determined by

w2l T (1-a,,[sin codJsin wy|, and 2.7

- =T il o S0 l|s1n )t|, an (2.7)
1 w

o=k = P (l—aeff sina),tusina),ﬂ. (2.8)

in(rec) 4 86() Lh

Due to the high-frequency input filter and rectifier, the instantaneous line current i;, is

obtained as

_ w, 1-a
1. = - ;
in 8 a)é Lb eff

sinwy|)sin @t . (2.9)
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Equation (2.9) shows that the line current will contain a certain amount of distortion

due to the non-linear term of (1-a

o 810 a)1t|) .

The line RMS current is given by

2
f I 4
I, = lji;da: lj ’_(1-a,sinf)sin@| df =—"L-+/z,  (2.10)
ﬂO ﬂO 8a)be 8a)sLb

1t : AT S 3,
where Z—I—T‘([((l a, s1n6?)sm9) d@—z 3—7_[a'eﬁ. +§a’€ﬁ. (2.11)
The input real power is given by
P —ljzv i dﬁ—l]ZV sin&[ ! (1-a,,sinB)sinB]dO = v, (2.12)
in ”0 in"in 7T0 P 8a)SLb eff 8a)SLb ) .
where —l]zsinz 6(1-a sinH)dH—l—ia (2.13)
Y & 2 3m '

0

The PF is defined as the ratio of real power to apparent power, which is given by

P _ﬁy

PF=— "o

I/in (rms) I rms \/;

(2.14)

If displacement is assumed to be unity, the THD can be obtained by

2
THD = -1 - pF> :?1/1—2L. (2.15)
y 4

PF

B. RMS MOSFET Current of the PFC Stage

The RMS MOSFET current in the PFC circuit can be approximately calculated using
a double integral when the switching frequency is much larger than the AC line
frequency [F18]. The square of the MOSFET current is integrated first to find its average
over a switching period, and the result is then integrated to find the average over the AC

line period. For the proposed PFC stage, the MOSFET current ii(¢) equals the boost
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inductor current when the MOSFET conducts, and is zero when it is off. Therefore, the

average of i,°(7) over one switching period is

1+T, 2 2

(i), :Ti [0 st g

o sin ). (2.16)

The RMS current I 1s then determined by

L) = \/%}<12>T dt = \/TL}%@ — a1, [sin age| ) , 2.17)

1o 0]

which can be simplified as

Jew 1% Jenv
I, = 2 |—|sin’6ll-a , sin6fdo = L g, 2.18
s(rms) lwaLb ﬂ'! ( eff ) lza)sLb \/E ( )
_1E A 9 , 16
where g—l—_[jsm 6?(1 ae_,ffsmﬁ) dH_E I—Ta'eﬁr +§a’eﬁ Eaeﬂ. (2.19)

0

C. Boost Inductance

The boost inductance is determined based on the power balance between the input
and output, or P =n [P, , where n is the conversion efficiency. Considering the input
power equation in (2.12), the boost inductance is determined by

77:[/2
L, ="
8w P

s 0

V. (2.20)

D. Resonant Parameters

The DC/AC inverter stage, shown in Figure 2-4(b) where Cq4 is a DC-block capacitor,
is a second-order series-resonant parallel-loaded tank, which can be described by the

following parameters [A22].

f, = _ 1 undamped natural frequency, (2.21)

2m|L.C

r r
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Z, = |- characteristic impedance, (2.22)

Q, == quality factor, and (2.23)

=1 fl—é resonant frequency. (2.24)
L

Using fundamental approximation, the amplitude of the resonant inductor current is

given by

:2VB D 1+(QLfn)2

1 s
Tz o -2 + 1

(2.25)

Spk

where f, (=f/fs) is the normalized switching frequency.

The RMS lamp voltage (output voltage) is given by

A2, 1

, =0 3 (2.26)
_ P S
J@ ¥ 5)

The RMS lamp current is given by

I, = V2V L 2.27)
T ZU\/QE(I_frlz) +fn2
Substituting (2.23) into (2.26) yields
2 2
Vi + L (2.28)

al-r2)) \2z.f,

So the output characteristic of the resonant circuit is described by a family of elliptic

curves in the V-I plane, with a variable f,.

If f, equals one, namely f; = f,, (2.28) reduces to:
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[ — \/EVB — \/EVB — \/EVBwoCr
“mwm L, /A

o

(2.29)

Equation (2.29) shows that output current is independent of load resistance at f,. A
current source characteristic is therefore offered. This current source characteristic
generates a high voltage to strike the lamp and sets the operating current. Therefore, it is
preferable that the resonant circuit operate in the vicinity of its undamped resonant
frequency. Considering the ZVS operation, f; is usually selected to be slightly greater
than f,. Given f,, quality factor Q; can be obtained from Equation (2.26), which leads to

0, = Sy , (2.30)

(2] ey

la

and the characteristic impedance Z, is given by

z =B 2.31)

CO

The lamp can be considered as a pure resistance with negative dynamic impedance at

the normal operation. So Ry, is determined by

Ve
R, ==k (2.32)

o

The resonant inductance and capacitance are respectively obtained as

= ZoJ, and (2.33)
a)S
C = /, . (2.34)
Zoa)S

For a given bus voltage Vg, switching frequency w, lamp voltage V;,, lamp power P,

and f,, the resonant parameters can be calculated from (2.30) to (2.34).
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2.3.2 Interleaved Single-Stage PFC Electronic Ballast

The second circuit implementation places two identical boost inductors in the outer
legs, as shown in Figure 2-7. As illustrated next, the PFC stage in the resulting circuit
consists of two DCM boost cells operating 180° out of phase and offers better
performance than the previous topology in terms of PF, harmonic distortion, switch

current stress and EMI filter size.

In steady state, two conversion stages can be identified for the purpose of analysis.
One is the PFC stage and the other is the resonant inverter stage. The resonant inverter
stage is the same as that in the critical-conduction-mode circuit. For the PFC stage, four
topological stages exist over one switching cycle, as shown in Figure 2-8. Key

waveforms are shown in Figure 2-9.

Mode 1 [to, t1]: At to, switch S, is turned off. Due to the positive inductor current of
izp2, the body diode of S; is forced to turn on, diverting the inductor current from S, to
diode D;. Voltage source Vi, is applied to the boost inductor Ly;, and iz, increases
linearly. Meanwhile, the negative voltage of (Vp-Vin) is applied to boost inductor Ly,
and iz;; decreases linearly. The equivalent circuit is shown in Figure 2-8a. When iz, is
greater than iz;,, D; is naturally turned off and the channel of S, starts conducting since
the gate voltage is applied to S; when D; conducts current. Because the discharging
voltage of (Vs-Vin) is bigger than the charging voltage of Vi, and at the same time the
discharging period allowed is the same as the charging period, iz, will definitely drop to

zero. DCM operation of boost inductor is ensured.

Mode 2 [ty, t2]: D4 is turned off when iz, drops to zero. Since the di/dt rate of the D4
current is controlled by (V; =V, .., /2)/Ly, » the reverse recovery of Dj is usually not a
problem. Due to the positive voltage applied, iz»; continues increasing during this mode.

Mode 3 [t,, t3]: Switch S; is turned off at t, and the body diode of S, is forced on by
irp;. The negative voltage of (V-Vin) is applied to Ly, resulting in a decrease of iz;;.

Vinz 1s applied to Ly,, and iz5; increases linearly. When iy, is greater than i;,;, D, is off

and S, 1s on. This mode ends when i;;; decreases to zero.
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Figure 2-8. Topological stages of the PFC stage.
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Figure 2-9. Key-switching waveforms.

Mode 4 [t3, t4]: D3 is turned off when i;;; drops to zero. The i;;, continues increasing

until S; is turned off at t4, and a new switching cycle begins.

This analysis shows that i;;; and i, operate in DCM and 180° out of phase. The
rectified input current ijug..) equals half of the sum of iz,; and iz;,. The ripple current is
reduced effectively. The line current, PF, THD and circuit parameters can be obtained as

follows.

A. Input Current, PF and THD

From Figure 2-9, the peak inductor current /,; is determined by

1 w
ka — __inl _TS - P
L 2° 2w,

N

[sin a]. (2.35)

The discharge time ¢, is given by
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I a

/A

ok sin a)lt|

t, = = - =, (2.36)
(V le)/Lb l_aejf|51na)lt| 2
Therefore, the minimum value of (iz5; + izs2) equals
! V
7 in(rec) V4 a .lsinwt
win =2 ty = — | [sin . (2.37)
L, 2w,L, 1-a,,[sinwi|

The rectified input current i) €quals half of (iz5; +izs2). Therefore, the peak-to-peak

ripple current and average current of the rectified line input are determined by

1 w, 1-2a,lsinw, .
i — -7 )= P eff 1
Lripple 2(1 Pk Imm) L, 1-a,lsina] [sin c|, (2.38)
i = Lo loin _ TV, 1 : [sin . (2.39)
4 8w, L, l—aeﬂp|51nc¢),t|

Due to the high-frequency input filter and rectifier, the instantaneous line current i;, is

obtained as

w
i ! . sin w . (2.40)
8aw.L, 1- a'eﬁ.|s1n a),t|

lin =

Equation (2.40) shows that the line current will contain a certain amount of distortion

due to the non-linear term of 1/ (1-a, []kin a),t|) .

The line RMS current is given by

2
T i i w
1=t [iza0 = lj N LU 7L (2.41)
my my| 8w, L, 1-a,, sin@ 8w, L,
where z——j sin” &
‘1 a’effsmé’j
2 1 2aeﬁ 1 1 —1 _aeff

(2.42)
ITO'

+
2 2
L (1=as) ae eff a- aeff ) \ll a; off 2 ﬂ 1-a,

The input real power is given by
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w . 77V2
P, -1 vlnzl,ldﬁ——JV sin@ il sind dg=—-2~
Ty 8w, L, 1-a,sind 8w,.L,

T )
where y—l L6,7616’
myl-a, sin @

2 1 2 1
=— - +

L -Lan G =l
2
M, a, a,\l-a,’ 2 T J1-a,

Yo

(2.43)

(2.44)

The expressions of PF and THD are the same as (2.14) and (2.15), respectively.

B. RMS MOSFET Current of the PFC Stage

Note that two MOSFETs operate at ZVS. The current through the channel of the

MOSFET can be determined from the boost inductor current waveforms, as shown in

Figure 2-10. The time periods 7; and 7, are determined by

Tl — Ia I, — T

=—4=-——and
T,)2 1, t

1
7, ZETS —l.

Substituting (2.36) into the above two equations leads to

r, 1 .

71 = Ea o ¢/, and
7, _ 1-2a, |s1n a)t| T,
T, 1-a,sn a)t| 2

Therefore, the average of i,’(f) over one switching period is

' 1D t,-1, 12 Lo+ 10+ 1,
a8 TI ek TST 3 ;_2 3pk

I;k aeff sin a)t|
=—|1- :
6 (1 —a,sin a)lt|)
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Figure 2-10. MOSFET current waveform.

The RMS current ;) 1s then determined by

Loy = _I< > Tlék (1— aeff sma)t| Jdt, (2.50)

T,y (l—a’qﬁ,|sma),t|)

which can be simplified to

\/gﬂVp 1 ”[sinzé’— a} sin’ @ Jdﬁ B Jerv

I, = P , 2.51
s(rms) 12a)va T \/_ ( )

il -a, smH; - 12w,L,
7 a’, sin’ @ in’
where g:lj sin” @ ——4— :— e/ff sin” & do. (2.52)
Ty ‘l—a'ef].smé’j 1 a,, smH)

C. Boost Inductance

The boost inductance is determined based on the power balance between the input

and output, or P, =77 LP, , where n is the conversion efficiency. Considering the input

power equation, (2.43), the boost inductance is given by
nnv,

Ly=L,=L,= 860]1; V. (2.53)
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D. Resonant Parameters

The DC/AC inverter stage is the same as that of the proposed critical-conduction-
mode circuit. Therefore, the design procedure for the resonant parameters is the same as

that discussed in Section 2.3.1.

2.3.3 Performance Comparison and Experimental Results

To evaluate the voltage-divider techniques, a circuit comparison and evaluation are
made in this section. The circuit in Figure 2-1(b) is used as the benchmark. The
comparison has been made in terms of PF, THD, input current ripple and switch RMS

current stress.

A. Review of the Benchmark Circuit

Figure 2-11 shows the simplified equivalent circuit and key waveforms of the
benchmark circuit. It can be seen that the circuit operates in critical-conduction mode.
These waveforms show that the input ripple current, instantaneous line current, RMS

current, and input power can be determined by

w
» =—L (1-a

Lyole = wl, o S10 a),t|)|sin w|, (2.54)
., . .
i, = 2wl (I-@asin a),t|) [Sinwt, and (2.55)
w
==z, (2.56)
Za)sLh
I I Y RN N NI 3,
where z _7_'[-([((1 a, smH)smH) a’H—E ;Ta'eﬁ +§aw, and (2.57)
77V2
P =—"y, 2.58
" 2wl y (2.58)
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17 ., . 1 4
where y=—|sin"8(1-a,,sin@)df=——-—a
d nI (1= ay smOdo=5 =3,

0

- (2.59)

The RMS MOSFET current is given by

671/
—L\/E , (2.60)

s(rms) — 3
w.L
5D

Where g:l.[(l_aeffS1n8)381n2&l18:%_iaeff+9 2 16 3
o )

—-a,——a.,.. 2.61
T 8 7 15m 7 (2.61)

The boost inductance is obtained by balancing the power between the input and the

output, which yields

_ v,
2w,P,

. (2.62)

b
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Figure 2-11. (a) Simplified PFC stage, and (b) key waveforms of the benchmark circuit
[B29].

Chapter 2. Boost-Derived S®PFC Electronic Ballasts 47



B. PF and THD Comparison

The PF and THD are of primary concern in the electronic ballasts. Ideally, the PF is
unity and the THD equals zero. However, as analyzed in Sections 2.3.1 and 2.3.2, the line
current is not sinusoidal but is instead distorted. The distortion is a function of the O¢s

factor. For the convenience of discussion, the equations of line current are rewritten as

o w,
Benchmark circuit Lon(arty = 2wl ——(-a,sin a),t|) sin wt, (2.63)
. o o, : :
Critical-conduction circuit i, ¢y = S, ————(-a,/sin a),t|) sinwt, and(2.64)
. . w, 1 .
Interleaved circuit LNy = - sinwt . (2.65)
8w,L, 1-a,,|sinwi|
Therefore, the normalized line currents become
o ) 1-a ﬂ|sm a),t|
Benchmark circuit Loy n =—— ————sinat, (2.66)
l1-a,
. . L ] 1- a. sin a)t|
Critical conduction circuit i, ¢y , = sinwt, and (2.67)
l-a,
. . . 1 - aeﬁ’
Interleaved circuit Lyonry n = ——SInWL. (2.68)
- l-a,psing, t|

It can be seen that the proposed critical-conduction-mode circuit has a normalized
line current equation that is identical to that of the benchmark circuit, which also can be
seen from the switching waveforms in Figures 2-6 and 2-11. For all three circuits, the line
current waveforms approach an ideal sinusoidal waveform when O.g approaches zero,
and becomes more and more distorted as Q¢ increases. Figure 2-12 shows the waveforms

as a function of the O factor.

The PF is the ratio of real power to apparent power, which can be represented by a

uniform formula defined in (2.14) and rewritten as
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pr=—tu N2V (2.69)

Vg(rms) Irms \/;

THD is a function of PF, which is given by

1/1—2y2. (2.70)
Z

With the derived y and z parameters in (2.11), (2.13), (2.42), (2.44), (2.57) and (2.59)

D%D:—Lﬂﬂ—PFZIVE;
y

PF 2

the PFs and THDs are plotted in Figure 2-13 for the three circuits. It can be seen that for a
given O.g, the interleaved circuit has the best PF with lowest THD. The proposed critical-
conduction-mode circuit has the same PF and THD as the benchmark circuit. It also
shows that even when the bus voltage is near the line peak voltage (O = 0.5), the PFs of

all three circuits are close to 0.99.

C. Input-Current Ripple Comparison

Input-current ripple frequency and ripple magnitude are related to the differential
EMI filter size and weight. A higher ripple frequency and lower ripple magnitude are
preferred. As discussed in Sections 2.3.1 and 2.3.2, the ripple frequencies in the proposed
two circuits are twice the switching frequency. However, the magnitudes are different.

For the convenience of discussion, the equations of the ripple current are rewritten as

: v, . :
Benchmark circuit i ey = ——— (=@ ,,[sin a),t|) sinwt, (2.71)
a)s‘Lb
Critical-conduction circuit " - 1- inwt)sinwt, (2.72
ritical-conduction circui L le(C_CM) —m( a;[sinw, |)sma), , (2.72)
s—b

o W 1-2a . |sinwt| .
Interleaved circuit i ety = ] d |sm wt. (2.73)
dw L, 1-a

o S0 a)lt|

If the average input line current is used as the base value, the normalized peak-to-

peak ripple current is obtained as

Benchmark circuit Lty n =2 (2.74)
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Critical-conduction circuit i .« ¢y , =2, and (2.75)

Interleaved circuit L le(NT)_n = 2(1 -2a,,|sin a),t|) (2.76)

eff

Figure 2-14 shows the normalized line peak-to-peak ripple current comparison. It can
be seen that the ripple magnitude in the interleaved circuit is smaller than other two

circuits and increases as the O factor decreases.

D. RMS MOSFET Current Comparison

The RMS current determines the conduction loss. The power switches carry both the
PFC and inverter stage currents in these three circuits. To simplify the analysis, only the
PFC stage current is considered since the inverter stages can be assumed to be identical.

The equations of RMS MOSFET current have been derived as follows:

_\/gan\/g,

Benchmark circuit e = 2.77
s(BM) 30)? Lb ( )
N4
Critical-conduction circuit  I{¢ () = —%/E , and (2.78)
o 2w,L,
N4
Interleaved circuit . =—=*g. 2.79
T = g VE (2.79)
Therefore, the normalized RMS MOSFET currents can be represented by
1
o= s - 243 g , (2.80)
- I base(rms) 3 Yy
P
where [ 7 (2.81)

base(rms) — Vp/\/?

With the derived y and g parameters in (2.13), (2.19), (2.44), (2.52), (2.59) and (2.61)
the normalized RMS MOSFET currents are plotted in Figure 2-15. It shows that the
interleaved circuit has smaller current stress than do the other two circuits, and this

difference increases as Qs Increases.

Chapter 2. Boost-Derived S’PFC Electronic Ballasts 50



Normalized i,

1 T T T
08k 3
2
0.6
04k
02k
0 | ! |

(=]
[\
(=]
N
(=]
(=)
(=]

Normalized i;,

1 T T
0.8~ 1
2
0.6~ 3
04—
02
0 | 1 |

Figure 2-12. Normalized line current waveforms as a function of Og within a half line
cycle: (a) benchmark circuit and proposed critical-conduction-mode circuit, and (b)
proposed interleaved circuit.
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Figure 2-13. Comparison of (a) PF and (b) THD.
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Figure 2-15. Normalized switch RMS current comparison.
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E. Experimental Results

Two prototypes are implemented to verify the analysis with 200V input and 85W
lamp power. The full-load bus voltage is selected to be 1.1 times the line peak voltage, or
311 V. The lamp voltage is 230 Vs, and the equivalent resistance is 620 Q with two
lamps in series. If the switch frequency is 52 kHz, and f, =1.05, the resonant tank
parameters are calculated from (2.30) — (2.34) as L, =1.14 mH and C; =9.2 nF. The boost
inductances are calculated from (2.20) and (2.53), assuming N =85% for the critical-
conduction mode and interleaved electronic ballasts, respectively. The calculated results
are 323 PH and 757 pH, respectively. The voltage-divider capacitance is 0.33 UF, which
is sufficient for it to be considered a voltage source at a switching frequency of 52 kHz.
The EMI filter is C¢ =0.22 PF, and Ly =3 mH and 1 mH for the critical-conduction mode
and interleaved electronic ballasts, respectively. Figure 2-16 shows the measured line
current waveforms with 0.969 PF and 21.2% THD for the critical-conduction mode and
0.994 PF and 9.2% THD for the interleaved ballast. At the same boost conversion ratio,
the measured harmonics could meet the IEC 1000-3-2 Class C requirement by a small
margin for the critical-conduction mode, but by a sufficient margin for the interleaved
ballast, as shown in Figure 2-17. The measured boost inductor current waveforms are
shown in Figure 2-18, and are in good agreement with the theoretical models. Figure 2-19
shows the switch current waveforms. The magnitude of switch current is larger in
critical-conduction mode than in the interleaved circuit. The measured efficiencies are
83% and 83.7%, respectively, if the filament losses are included. Because the resonant
tank is not modulated by any switching mode, the lamp current CF is about 1.4, as shown

in Figure 2-20.
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Figure 2-16. Measured input line current waveforms: (a) critical-conduction-mode
electronic ballast, and (b) interleaved electronic ballast.
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Figure 2-17. Measured input harmonic currents: (a) critical-conduction-mode electronic
ballast, and (b) interleaved electronic ballast.
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Figure 2-18. Measured boost inductor currents: (a) critical-conduction-mode electronic
ballast, and (b) interleaved electronic ballast.
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Figure 2-19. Measured switch current waveforms: (a) critical-conduction-mode electronic
ballast, and (b) interleaved electronic ballast.
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Figure 2-20. Measured lamp currents over a line cycle: (a) critical-conduction-mode
electronic ballast, and (b) interleaved electronic ballast.
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2.4. Summary

For the conventional single-stage boost-derived electronic ballast the bus voltage is
required to exceed two times the peak line voltage in order to achieve DCM operation,
which may severely penalize the power stage design. This chapter proposed a novel
voltage-divider concept to halve the effective o factor so that a high PF can be achieved
as long as the bus voltage is higher than the line peak voltage. In addition, the ripple
frequency of the line current is doubled and the ripple magnitude is reduced so that a
small input filter can be used. Two circuit implementations, a critical-conduction-mode
PFC electronic ballast and an interleaved PFC electronic ballast, have been proposed and

analyzed.

A comparative study has been done to evaluate the proposed concept. The results
show that with the voltage divider, the proposed critical-conduction-mode circuit has
almost the same performance as the benchmark circuit while the proposed interleaved
circuit has better performance in terms of PF, THD, input ripple current and RMS
MOSFET current stress. However, two boost inductors are needed. The proposed critical-
conduction-mode electronic ballast is more suitable for low-power applications, while the

interleaved circuit is attractive for medium-power applications.
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Chapter 3 Boost-Derived Single-Stage PFC Electronic
Ballasts with Wide-Range Dimming Control

3.1 Introduction

In general, electronic ballasts can provide dimming capability when matched with an
appropriate control system. Figure 3-1 shows the circuit diagram of a conventional two-
stage PFC dimmable electronic ballast, in which frequency control is used. The dimming
operation is fulfilled by adjusting the inverter switching frequency while the input current

waveform and bus voltage are well regulated by the PFC stage.

The circuit shown in Figure 3-1 represents a mature dimming practice. However, the
circuit cost is usually high. To reduce the cost, one approach is to employ a single-stage
PFC technique. Figure 3-2 shows an example if the proposed critical-conduction-mode
ballast operates in dimming mode. However, the control freedoms are reduced due to the
integration of the PFC and inverter switches into one switch. Although the line input
inherently has high PF, the bus voltage is no longer regulated. Besides, the lamp
characteristic is nonlinear with negative incremental impedance. The equivalent
resistance varies with different dimming levels. As a result, interactions exist between the

lamp and the inverter stage as well as the inverter stage and PFC stage.

To study the interaction between the lamp and the inverter stage, a lamp model is
proposed, and is then used to study the system. The results are adjusted according to the
boundary conditions between the inverter stage and the PFC stage. Using this approach, it
is found that high bus voltage stress exists when the previously proposed two electronic
ballasts operate in dimming mode. To suppress the bus voltage and expand the dimming
range, a new single-stage PFC dimmable electronic ballast with asymmetrical duty ratio
control is proposed, analyzed, designed and implemented. Finally, the circuit is verified

by experimental results.
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3.2 Modeling of Fluorescent Lamps for Dimming Operation

At high-frequency operation, the gas discharge lamp can be approximated as a pure
resistance whose value changes with dimming operation. Figure 3-3(a) shows the
measured Matsushita FHF32 fluorescent lamp’s RMS voltage versus RMS current. It can
be seen that the lamp resistance is smaller at higher lamp current and higher at lower
lamp current. Using a constant resistance obtained from the rated voltage over the rated

current will lead to considerable errors in the analysis of lamp-dimming operation.

The curve shown in Figure 3-3(a) implies that the lamp resistance is current-
dependent. However, the relationship between the lamp voltage and current is highly
nonlinear. It is found that lamp voltage increases almost linearly with the decrease of
lamp power, as shown in Figure 3-3(b). Based on this observation, a lamp power-
dependent mode is proposed in (3.1). To account for the positive impedance

characteristic in the low lamp power range, an exponential term is added, as follows:

I/la(Pla):aO-'-alma+a2|}Xp(a3ma)’ (31)
P

I (P )=—F" d 3.2

la( la) I/la(Ba)’an ( )
2

R, (F,) = V’“I(DP’“) ) (3.3)

la

where Py, V4, I, and Ry, are the lamp power, lamp RMS voltage, lamp RMS current and
equivalent lamp resistance, respectively. The terms ay-a, are the parameters for the units

of volt, volt per watts, volt, and per watts, respectively.

The parameters ap-a; can be experimentally determined from the measured data of the
lamps. Usually, the curve-fitting function of genfit in Mathcad is used to extract the
parameters from the measured data. For Matsushita FHF32 lamps, these parameters are
obtained as ag= 174.06 V, a;= -1.43 V/W, a,= -51.44 V, and as= -0.54 /W. As shown in

Figure 3-4, the calculation results agree very closely with the measured data.
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3.3 Study of Boost-Derived Single-Stage PFC Dimmable
Electronic Ballasts with Frequency Control

It is a common practice to use frequency control in the resonant converters to regulate
the output power. Although the proposed single-stage PFC circuits consist of both a PFC
stage and an inverter stage, these two stages can be first studied separately. The analysis
results are then adjusted according to the boundary conditions. Using the developed lamp
model, circuit performance of the critical-conductor mode and interleaved single-stage

electronic ballasts with switch frequency control are analyzed as follows.

3.3.1 Dimming Operation of the Inverter Stage with Frequency Control

The inverter stage being studied is shown in Figure 3-2(c). By symmetrically driving
two MOSFETs, a square-wave voltage source with amplitude of +Vg/2 is applied to the
resonant circuit. Assume that only fundamental component is present in the resonant
circuit. The inverter circuit can be represented by an equivalent circuit with lamp mode
Ri(P) and filament resistance ry, as shown in Figure 3-5. From Figure 3-5, the lamp RMS

voltage can be expressed as

RGN ARASE

I/la (Pla) = Vabl b (3 4)

Z,+Z,R)| 7 |Z,+Z,(P,)
where Z =r +ja L=r +jZ,f,, (3.5)
SR )(1 .t rfJ
Z (P)=R, (P )//(r + j: © Z  and (3.6)
p\"la la \*" la f .
C - S
196 1 j Lo (R, () +1))

o

fo=f.]f =« /e, and Z, =,[L,/C, .

Since the filament resistance 7,1s usually much smaller than R, and Z,, Equation (3.4)

can be simplified into
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From (3.7), the required frequency that gives the lamp power Py, is determined by
i z Y iz Y[ Vo, Y
£.(p,)= 1——(—nj + 1——(—°J - 1—(—5’] . (3.9)
2 Rla (Pla ) 2 Rla (])la ) lﬂ/la (])la )

Therefore, using the lamp mode developed in (3.1) to (3.3), the relationship between the

Vla (Ba) = Vabl . (37)

lamp power and the control parameter f; (or f,) can be obtained from (3.8) for a given bus
voltage and circuit parameter Z,. Figure 3-6 shows the calculated P;—f, curves with
different Z,, and with Vg =410 V. It can be seen that frequency control can be improved
when Z, is large. However, the frequency sweeping range becomes wider, which is not

good for circuit design.

Besides the control characteristic consideration, there is another important aspect: that
of how the filament heating current is varied during the dimming operation. It is
recommended that the filament current be maintained at a constant level over the entire
dimming range. As shown in Figure 3-5, there are two sources that contribute to filament

heating: the lamp arc current 7, (self-heating) and the parallel capacitor current I,
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(external heating). A filament current that is too large may shorten the lamp life; if the
filament current is too small, it may not maintain a stable lamp arc. For the FHF32 lamps,

the filament current is recommended to be around 0.4 A.

From Figure 3-5, the parallel capacitor current can be approximated by

1=(j@C Vun) = i Lr.m). (.9

o

The lamp arc current and parallel capacitor current are almost orthogonal to each

other; therefore, the filament current can be determined by

1, =R 21 :\/(%j +2(§Vm(eﬂ>j , (3.10)

o

where f, is determined from (3.8).

Figure 3-7 illustrates the variation of the filament current in relation to lamp power. It
can be seen that the filament current variation range is not wide during the dimming
operation due to the fact that the lamp voltage increases as lamp power is reduced. It also
shows that the filament current increases with smaller Z,. Z, is chosen to be around 550

Q to provide the recommended value.

To verify the preceding analysis, a prototype is built, in which the bus voltage is 410
V, full load switching frequency is 40 kHz and the resonant components L, and C, equal
1.56 mH and 5.6 nF, respectively. The characteristic impedance Z, equals 528 Q. The test
results are shown in Figure 3-8. It can be seen that the experimental results agree closely

with the theoretical prediction.

It should be noted that from the experimental observation, the striation phenomena
occur when the lamp is dimmed to below about 10% of full output power. The
mechanisms that cause striation are not completely understood, but a small DC current
along the order of 1 mA could eliminate the striation effect [C21-23]. However, due to

the symmetrical operation, no DC lamp current exists in the frequency control.
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Figure 3-6. Lamp power versus switching frequency.
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Figure 3-7. Filament current variation during dimming operation in frequency control.
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Figure 3-8. Experimental results of the lamp power versus switching frequency.

3.3.2 Bus Voltage Stress with Frequency Dimming Control

The dimming operation of the inverter stage is not independent in the single-stage
PFC electronic ballast. The boundary condition between the PFC stage and inverter stage
should be considered. Using equations derived in Section 3.3.1 and Chapter 2, the bus

voltage stress with frequency dimming control is studied as follows.

A. Bus Voltage Stress in the Critical-Conduction-Mode PFC Electronic Ballast with
Frequency Dimming Control

The average input power of the critical-conduction-mode electronic ballast is given

by (2.12) and can be rewritten as

7 14
P, =P l_i 2| (3.11)
8f,wl, \2 3m2lV,

Based on the power balance between the input and output,

P, =nP,

in?

(3.12)
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where 77 is the conversion efficiency. The switching frequency f, can be determined by

2
7 _n ., (1_47V, (3.13)
P, 8w, (2 3m2v,

Substituting (3.13) into (3.8), the bus voltage is determined by

n W, (1 4,
})la 8a)oLb

2 3mav,
EPRR ) RE
(&) | 2 &) ,(5.)

Obviously, (3.14) is complicated. It is hard to get a closed-form solution of Vp.

(3.14)

Instead, a numerical solution of Vg can be obtained through Mathcad software. Figure 3-
9 is the numerical curve obtained from (3.14), which shows that Vp increases as the lamp
power is reduced. Since the bus voltage increases during the dimming operation, the
sweeping range of the switching frequency becomes wider, as shown in Figure 3-10. If
the bus voltage is limited to below 450 V, the dimming range is from full lamp power to

about 62% of full power, which is too narrow to be practical.

650 \\
450

250 ‘ , 7 T T
40 50 60 70 80 90 100

PIa /Pla(full) %

Figure 3-9. Calculated bus voltage of the critical-conduction-mode electronic ballast with
frequency dimming control.
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Figure 3-10. Lamp power versus switching frequency.

B. Bus Voltage Stress in the Interleaved PFC Electronic Ballast with Frequency Control

The average input power of the interleaved PFC electronic ballast is given by (2.43)

and can be rewritten as

_ V,,Z Tt sin’ @
P, = | : de|. (3.15)
8/,w,L,\31-V,sin0/(27,)

Based on the power balance between the input and output, or P, =7F, , the switching

frequency f, can be determined by

n V(7 sin’ @
f, = | : de |. (3.16)
P, 8w,L,\{1-V, sin8/(27,)

0 0

Substituting (3.16) into (3.8), the bus voltage is determined by

=

n sin® @
L de
P, 8w, U 1-V,sin6/(27,)

0

- . (3.17)

Chapter 3. Boost-Derived S®PFC Electronic Ballasts with Wide-Range Dimming Control 69



It is also hard to get a closed-form solution of Vg from (3.17). However, a numerical

solution can be used. Figure 3-11 shows the calculated Vg curve, and Figure 3-12 shows

the control curve. It can be seen that Vp increases as the lamp power is reduced. If the

upper limit of the bus voltage is set to be 450 V, the dimming range is from full lamp

power to around 40% of full lamp power, which is still too narrow to be practical.
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Figure 3-11. Calculated bus voltage of the interleaved electronic ballast with frequency

dimming control.
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Figure 3-12. Lamp power versus switching frequency.
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3.4 Study of Boost-Derived Single-Stage PFC Dimmable
Electronic Ballasts with Asymmetrical Duty Ratio Control

Besides switching frequency control, duty ratio control is also usually employed to
regulate output power in the resonant converters. Duty ratio control has the advantage of
fixed-frequency operation, which can facilitate the design and utilization of magnetic
components. Usually there are two types of duty ratio control: symmetrical and
asymmetrical. However, the symmetrical duty ratio control was thought to be unsuitable
for dimming operation due to the highly distorted output voltage in the half-bridge

circuits [C16]. The asymmetrical duty ratio control is therefore studied.

3.4.1 Dimming Operation of the Inverter Stage with Asymmetrical
Duty Ratio Control

The inverter stage under study is the same circuit as that shown in Figure 3-2(c). The
duty ratios of two MOSFETSs are controlled in a complementary manner, which is the so-
called asymmetrical duty ratio control. Accordingly, the duty ratios of S; and S, are 1-D
and D, respectively. By driving two MOSFETs asymmetrically, an asymmetrical square-
wave voltage source with amplitudes of -(1-D)Vg and +DVj is applied to the resonant
circuit. Assume that only fundamental component is present in the resonant circuit. The

RMS value of the fundamental component of V,; is given by

V, = */3/3 sin(7mD). (3.18)

Substituting (3.18) into (3.7) yields

Vv,

V(B == sin(D) 2
fi-1 (i)

From (3.19), the required duty ratio that gives the lamp power P, is determined by

1

(3.19)
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(2.)]. (3.20)

D(Pla ) = llT arcsin

Therefore, using the lamp mode developed in (3.1) to (3.3), the relationship between the
lamp power and the control parameter D can be obtained from (3.20) for a given bus
voltage V3, switching frequency f, and circuit parameter Z,. For V3 =410 V and f,=1.08,
Pi—D curves with different values of Z, are calculated, as shown in Figure 3-13. It can be

seen that the lamp power increases with duty ratio in a parabolic shape.

The variation of the filament current in relation to the lamp power can be determined
by (3.10) since the switching frequency is fixed in the duty ratio control. Figure 3-14
shows the calculation results with £,=1.08. It can be seen that the filament current remains
almost constant during the dimming operation since the increase of the parallel capacitor
current compensates for the loss of the “self-heating” current. To provide the

recommended filament current value, a suitable Z, is around 550 Q.

=108

0 | | |
0.1 0.2 0.3 0.4 0.5

Figure 3-13. Lamp power versus duty ratio of S,.
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Figure 3-14. Filament current variation during dimming operation in duty ratio control.

Theoretically, the asymmetrical duty ratio control can achieve full-range dimming
control if the duty ratio can arbitrarily be any value between zero and one. However, for
the inverter in Figure 3-2(c), the maximum duty ratio is 0.5 and the minimum duty ratio
is limited to preserve the ZVS operation of the MOSFETs. Figure 3-15 shows the
waveforms of drain-source voltage vps2, resonant circuit input fundamental component
vap; and resonant inductor current iz, at two different duty ratios. When the duty ratio of
switch S, is set to be low in order to reduce lamp power, the prolonged conduction of S,
may allow the resonant inductor current to resonate from positive into negative and flow
through the body diode D, before switching off S;. As a result, S, cannot be turned on
with ZVS and suffers from the severe reverse-recovery-related problems of the body

diode D;. Therefore, the dimming range is limited by the ZVS operation of S,.

To verify this analysis, a prototype with L,=1.56 mH and C,=5.6 nF is built. The bus
voltage is 410 V and the switching frequency is 55 kHz. The experimental results are
shown in Figure 3-16. It can be seen that the dimming range is limited by the minimum

duty ratio, which is around 0.22 for this particular design.
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Figure 3-15. Waveforms of drain-source voltage vps,, resonant circuit input fundamental
voltage v,5; and resonant inductor current iz, at (a) D =0.5 and (b) D <0.5.
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Figure 3-16. Experimental results of the lamp power versus duty ratio.
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3.4.2 Development of Asymmetrical Duty-Ratio-Controlled Inverter
with ZVS Operation

Wide-range dimming operation can potentially be achieved with asymmetrical duty
ratio control if a suitable ZVS technique is employed. One ZVS approach is to add an
inductive branch in parallel with the capacitive load so that the overall impedance
becomes inductive [F21]. Figure 3-17(a) shows the circuit implementation. By properly
sizing the inductance L,, sufficient circulating current is generated for ZVS operation, as
shown in Figure 3-17(b). This solution is simple and effective. It does not affect the
characteristics of the original circuit. However, ZVS operation is achieved at the penalty
of increasing the conduction losses. Actually, the derived circuit bears a resemblance to
the well-known QSW buck DC/DC converter [F20]. Figure 3-17(c) shows the redrawn
circuit diagrams of the derived circuit and the QSW buck converter if the resonant tank is
regarded as an AC load. In DC/DC applications, the load requires a DC output voltage
and the load is usually in parallel with the output capacitor. In ballast applications, on the
other hand, the load requires an AC output voltage and the AC load can be in parallel
with the inductor. Due to the volt-second balance on the inductor, no DC voltage
component exists in the load. Based on this resemblance, a family of ZVS DC/AC
inverters can be derived from their QSW DC/DC counterparts, as shown in Figure 3-18.

To understand the characteristics of the derived ZVS inverters, the voltage conversion
gain is studied. For the derived inverters, the voltage conversion gain is defined as the
fundamental component of output RMS voltage vup15ms) over 2/Tt times input voltage V.
With the duty ratio D and voltage reference direction in Figure 3-18, two types of voltage

gain exist as follows.

The type I inverter (for the buck-derived inverter) is

— Vabl(rms) —
M, B = =sin(D7m), and 3.21
1400 @ /IT)VB (D) ( )
the type II inverter (for the rest of the inverters) is

M — Vabl(rms) :Sin(DiT)
" @/ny,  1-D

~4D. (3.22)
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Figure 3-17. (a) The inverter stage of Figure 3-2(c) with inductor L,; (b) waveforms of

(c)

S, (D)

Ballast Applications

drain-source voltage vps», inductor L, fundamental voltage v,1, resonant inductor current
iz, and inductor current iz, at D <0.5; and (c¢) circuit diagrams of QSW buck converter
and the derived ZVS inverter.
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Figure 3-18 Derivation of a family of ZVS inverters: (a) QSW buck converter and QSW
buck-derived inverter, (b) QSW boost converter and QSW boost-derived inverter, (c)
QSW buck/boost converter and QSW buck/boost-derived inverter, (d) QSW cuk
converter and QSW cuk-derived inverter, (¢) QSW sepic converter and QSW sepic-
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derived inverter, and (f) QSW zeta converter and QSW zeta-derived inverter.
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Figure 3-19 shows the voltage conversion gain curves as a function of duty ratio. It
can be seen that the gain of the type I inverter shows a parabolic shape and the gains of
the type II inverters show an almost linear curve over a wide range of D. Therefore, type

IT inverters have a wider control range than type I inverters.

Vab1(rms) / (Z/T[VB) Vab1(rms) / (2/TIVB)
1 T T 4 T T T T
M=4D —»
0.75|- N s L J
0.5 - 2L _
0251 4 N T _
0 | | | | D 0 | | | | D
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1

Figure 3-19. Voltage gains of the derived inverters as a function of duty ratio: (a) for type
I inverter, and (b) for type II inverters.

3.4.3 Zero-Voltage-Switching Condition

Theoretically, ZVS operation of the derived inverters can always be fulfilled if the
inductance L, is arbitrarily small. However, a smaller inductance induces a larger
circulating current, which increases conduction losses and may cause thermal problems.
One good approach is to use the maximum inductance that can achieve ZVS operation for
the required dimming range. The maximum inductance allowed is called the critical

inductance L,iy. By using the developed lamp model, L,y can be derived as follows.

Figure 3-20 shows the circuit diagram and key waveforms of the buck-derived
inverter, in which MOSFET output capacitances are not neglected. To achieve ZVS, S, or
S, should be switched on while its corresponding anti-parallel body diode is conducting.
In other words, Cy; and Cys2 should be completely discharged by (iz,+iz-) before the gate
voltage is applied to the respective MOSFET, and the gate voltage should be applied to
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the corresponding MOSFET before (i;,+iz,) changes the polarity. There are dead-time
boundaries for gate voltages. Assume the 7. is the MOSFET output capacitance
discharging time period and that 7, is the time period from which the switch is turned off
to the instant at which (i, +i;,) changes the polarity. Therefore, the ZVS condition is

given by
T.<t,<T, (3.23)

where ¢, is the dead time between the application of gate voltages to S; and S,. As

derived later, 7. and T are functions of L,. L,y is determined when 7 =T.

Lamp p—

Vbs2

\

iLO(aVQ)
/
-(1-D)T2 t=(1-D)TJ2  t,=T(1-D)T42
(b)
Figure 3-20. (a) Circuit diagram of ZVS buck-derived inverter showing reference
directions of currents and voltages, and (b) key waveforms.

> ¢
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From the waveforms in Figure 3-20, the fundamental component of output voltage

vap; and the resonant inductor current i, can be expressed by

Vst Z%Sin(Dﬂ)cos(a)st) , and (3.24)

iLr (t) = [m Cos(wst - ¢) s (325)
where [,, and @are the magnitude of the resonant current and phase lag of i;, with respect

to vp1, respectively. From Figure 3-5, [, and @can be expressed as a function of lamp

power P, when the lamp power-dependent model is used, as follows:

Z

o

1P =1, (B 7 +1: :%\/l{f" Rlauaa)J and (320

@(P,) = arccos ! . (3.27)

R®P) | . Z Y.
1 ' Z fn [f;l ' [Rla (1)[(1 J IJ

o

Unlike i, inductor current i;, changes linearly in two subintervals, as shown in

Figure 3-20. During the first subinterval, with the on-period of S, iz, is given by

0= 1y + 22+ 22 22y PRy, (3.28)
L 2 2 2

o

where 1, is the minimum value of i;,. During the second subinterval, with the on-period

of Sy, iz, 1s given by

Tj rm[%w; —%Tj (3.29)

Oify;@_l—D

o

iLo (t) = ]max -

where 1,4 1s the maximum value of i;,, which is given by

)

max min K

(3.30)

[

The average DC-link current ig.(vg is determined by
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D l—D

_ P, _ R 1
) = j =1 101, O
S 1707" S 170
T T
I, .
= (1 —D)iLo(avg) +—7’;s1n(DlT)cos Q. (3.31)

Based on the power balance between the input and output, the average inductor current

izo(avg) 18 determined by

. _ B, 1, .
L o(avg) = (1 — D)’?,- v (1 — D)”sm(Dﬂ)cos @, (3.32)

where 7); is the conversion efficiency of the inverter stage.

By noting that 7, +1 . =2i,.,.,and considering (3.30), one obtains

I = (1 _513’,7 V - (1 _}”))ﬂsin(Dﬂ)cos qo——D(lz_LD)VB T, and (3.33)
i" B 0
P I ) DU-DJV.
I = (i- Dli'] v - (l_mD)ﬂs1n(Dﬂ)cosqo+%Ts. (3.34)

Using the derived 7, time intervals 7. and 7, can be determined as follows.

Let Q. be the amount of charge stored in the output capacitances, which is given by
Oc =(Coy +Ci Vs (333)
During period 7., the amount of charge Q; that is extracted by (i;,+iz,)

—T+ T,
2

0= | (1,041, (O (3.36)

b Ly
2 2

which can be simplified; since 7.<<Tj, then

0, =[1,,. +1,cos((1-D)yn-¢)T.. (3.37)

max

Applying O; =0, leads to

— (Cdsl +Cd32 )VB
© L+, c08(1-D)T-g)

m

(3.38)
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Referring to the waveforms in Figure 3-20, 7, is determined from the following

equation:

[max _(I_LﬂT’C +[m COS{wY(%TY +T\fj _w} = 0 * (3'39)

o

. . 7l . 7l . .
Considering cos(x) = > —x, when x is close to Ex T, is obtained as

e *1,[¢=(1=D)n/2]

4
i (I_D)VB/LO +Imws (3 O)

Figure 3-21 shows the dead-time boundaries with respect to the lamp power P;, when
L, =0.5 mH. It can be seen that the critical inductance is around 0.5 mH for the full
dimming range. Figures 3-22(a) and (b) show the measured switching waveforms with
maximum duty ratio D =0.5 and minimum duty ratio D =0.1, respectively. ZVS operation
is maintained within this range. Figure 3-23 shows the measured lamp power versus duty
ratio. Compared with the results shown in Figure 3-16, the dimming range is greatly
expanded. However, due to the minimum dead-time limit, the controllable duty ratio of
S, cannot be arbitrarily small. From the experimental results, the minimum controllable
duty ratio is around 0.04, which corresponds to an effective duty ratio of 0.1. The

measured dimming range is around 5:1, far from the required 100:1.

ty (us)

5 T T T T
L,=0.5mH
Vg =410V, f =1.08
4 — —
3 — —]
2 — —
1 -
Lower Boundary T,
A | | Pia (W)
0 10 20 30 40

Figure 3-21. Dead-time boundaries for ZVS of buck-derived inverter.
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Figure 3-22. Measured switching current waveforms of ZVS buck-derived inverter at two
different duty ratios, (a) D =0.5, and (b) D =0.1.

Pia (W)

I T T T T
40— e Measured Data —

— Calculated Curve
30 =
20— -
10— ]
Vg=410 V
| | | |Z° =528 ohm | D
0
0.1 0.2 0.3 0.4 0.5

Figure 3-23. Experimental results of lamp power versus duty ratio.

Chapter 3. Boost-Derived S’PFC Electronic Ballasts with Wide-Range Dimming Control 84



From the analysis given in Section 3.4.2, type II inverters exhibit better voltage
conversion gain than does the buck-derived inverter. It is possible to achieve wide-range
dimming control for type II inverters. Since buck/boost-derived inverter is relatively

simple, the dimming operation is studied as follows.

Referring to the circuit diagram in Figure 3-18(c), one obtains

v, t0[o, DT,)
b= N (3.41)
-ov,/(1-p) «O[DT,,T,)
Therefore, the RMS value of the fundamental component of v,; equals
= V2, sin(D) N2, (3.42)
m 1-D Vi
Substituting (3.42) into (3.7) leads to
Z 2
Tl )
D(P,)= V(B (3.43)
8V,

Therefore, for the given bus voltage V', switching frequency f, and circuit parameter
Z,, the required duty ratio that gives the lamp power P, can be calculated from (3.43).
The calculated P;,—D curves with different values of Z, are shown in Figure 3-24. The
minimum duty ratio required is increased to around 0.1. It should be noted that the bus
voltage is adjusted to be 160 V since the circuit operation is different from that of the

buck-derived inverter. The switch voltage stress becomes Vg/(1-D).

The derivation of ZVS condition is similar to that of the buck-derived inverter. The

major results are given by

T = (Cdsl +Cd52)VB/(1 _D) ,and (3.44)
© 1 sin[p-(1-2D)m/2]-1 .

T :]m[¢_(1_D)n/2]_Imin, (345)
: VB/L0+Ima)s

where 7, is given by (3.26), @is given by (3.27), and I, is given by
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Figure 3-24. Calculated lamp power versus duty ratio with different values of Z,,.

I.. = £ _ 1, sin(72D)cos - Vs DT,. (3.46)
bnv, D 2L ‘

o

Figure 3-25 shows the dead-time boundaries with respect to the lamp power. The critical

inductance is around 0.7 mH.

To verify the calculation results, a circuit prototype is built and tested with the same
resonant tank. Figure 3-26 shows the measured lamp power versus duty ratio. It can be
seen that the dimming range is expanded to almost the full range. From the experiments,
another phenomenon is observed. A small amount of DC current, which helps to prevent
the development of striation, appears in the lamp current. The magnitude of the DC
current increases as the lamp power is reduced, which helps to maintain lamp life and
eliminate lamp striation. Figures 3-27(a) and (b) show the measured lamp current
waveforms at 70% and 4% of full lamp power, respectively. Obviously, the lamp current
becomes asymmetrical with asymmetrical driving voltage. From the experimental
observation, the striations do not occur until the lamp is dimmed to about 0.3% of full

lamp power. Excellent dimming performance is achieved with the help of the DC current.
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Figure 3-25. Dead-time boundaries for ZVS of buck/boost-derived inverter.
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Figure 3-26. Experimental results of lamp power versus duty ratio.
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Figure 3-27. Measured lamp current waveforms showing a small amount of DC current in
the lamp: (a) 70% of full lamp power, and (b) 4% of full lamp power.
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3.4.4 Bus Voltage Stress with Asymmetrical Duty Ratio Control

During dimming operations, the bus voltage is the result of the interaction between
the PFC stage and the inverter stage. The characteristics of an inverter stage with
asymmetrical duty ratio control are studied in Section 3.4.3. The characteristics of the
critical-conduction-mode PFC stage and interleaved PFC stage with asymmetrical duty

ratio control are studied as follows.

The equations of average input power for two PFC stages are derived in Chapter 2
under the condition of D =0.5. However, the input current waveforms change with the
duty ratio. Figure 3-28 shows the boost inductor current waveform of the critical-
conduction-mode PFC circuit when D <0.5. From the waveform in Figure 3-28, the

average line current and average input power can be respectively derived as

1y V,—-1V.
1, = 2 Z(m) (DTs _tdl): - 2 e t;,>and (3.47)
b b
1y V,-1ir
1, : ZWU) (D'_tdz) == 2 e Lo (3.48)
b b

From (3.47) and (3.48), 1,1, 1,2, t4; and ¢4, can be obtained as

nw, D-a,lsinwt
o= il et |(1—aeff sina),tusina),t , (3.49)
w.L, 1—2a’eff|sm a),t| :
w, D'-a,|sinwt
=2 /A e | (1 —a,,[sin a)ltusin wt|, (3.50)
wL, 1—206ﬂ|sm a)lt| -
D'-a [sinwt ]
= U |aeﬁ, sinw|T,, and (3.51)
1-2a ,|sin a),t| : ‘
, 2Daylsinad (3.52)
d2 A eff L - .
1-2a, sma),t| :

Therefore, the line input current and average line power are determined by
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Figure 3-28. Boost induction current waveforms of the critical-conduction-mode PFC
electronic ballast operating in asymmetrical duty ratio control.

1. w, . 4(D-0.5) :
== = 1- . 1 3.53
. <21Lh> 8w, L, ( T Slna}lt|{ ' (1 —20’eﬁ|5in w,t|)2 et amd :

+4y,(D-0.5) ] (3.54)

1 4
where y, :E—gra’eﬁ, , and (3.55)

]-’( fsinﬁ)sinzé’da (3.56)
0

1 2a fsiné’)z

Equation (3.54) shows that the input power increases with the decrease of duty ratio,
which makes the bus voltage even higher than the frequency control. Therefore, the
critical-conduction-mode electronic ballast, which is proposed in Chapter 2 for non-

dimming applications, is not suitable for dimming operation.

Similar characteristics can be found in the interleaved electronic ballast. Figure 3-29
shows the boost inductor current waveform with an asymmetrical duty ratio. From the

waveform, the line input current and input real power become

. 12 3
s T 4a)L P ]l—a |sin @] SIn &y
= [4 (D-0.5) +1]—s1na),t,and (3.57)
80)5 1- a’eﬁ,sma)t|
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Figure 3-29. Boost inductor current waveforms of interleaved PFC electronic ballast
operating in asymmetrical duty ratio control.

From the preceding study, it can be concluded that the critical-conduction-mode and
interleaved PFC electronic ballasts are not suitable for asymmetrical duty ratio control
due to their symmetrical structures. The conventional DCM boost PFC stage, on the other
hand, becomes attractive for asymmetrical duty ratio applications. Since the duty ratio is
not limited to be 0.5 in the asymmetrical duty ratio applications, there is a tradeoff
between the full-load bus voltage and the dimming range. Therefore, a new family of
single-stage PFC circuits is derived, which integrates the DCM boost PFC stage with the
ZVS inverters of Section 3.4.2, as shown in Figure 3-30. It should be noted that since
there are two inductors and an energy-storage-transfer capacitor in the cuk-derived and
sepic-derived ZVS inverters, the corresponding PFC circuits are derived by utilizing the
input inductor as the PFC inductor and the energy-storage-transfer capacitor as the DC-
link capacitor. Thus, the cuk-derived PFC circuit is degraded to the DCM boost PFC
stage plus the buck-derived inverter, while the sepic-derived PFC circuit is degraded to
the DCM boost PFC stage plus the buck/boost-derived inverter.
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Figure 3-30. A family of dimmable single-stage PFC electronic ballasts with
asymmetrical duty ratio control: (a) DCM boost PFC + ZVS buck-derived inverter, (b)
DCM boost PFC + ZVS boost-derived inverter, (¢c) DCM boost PFC + ZVS buck/boost-

derived inverter, (d) ZVS cuk-based circuit, (¢) ZVS sepic-based circuit, and (f) DCM
boost PFC + ZVS zeta-derived inverter.
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From the analysis given in Section 3.4.2, type II inverters are more suitable for wide-
range dimming operations. Therefore, the PFC circuits shown in Figure 3-30(a) and (d)
(based on the buck-derived inverter) are not considered. Since the zeta-derived circuit of
Figure 3-30(f) has many more components than the other three circuits, it is ruled out
from consideration. Among the remaining three circuits, the PFC circuit of Figure 3-30(e)
(ZVS sepic-based) has the simplest topology. Therefore, the sepic-based PFC electronic

ballast is selected as the proposed dimmable electronic ballast.

The average input power of the DCM boost PFC stage is given as follows from
previous work [B25]:

D2V2 Vs )
p == 0|, (3.60)
WL, 1=V, sin@/V,

Based on the power balance between the input and output, or P, =77P,,, the duty ratio

D can be determined by

Plaa)sLb
anj-T sin® @
Pol=V, sind/V,

D=

(3.61)

0

The duty ratio D can also be expressed from the inverter stage. It should be noted that the
input voltage of the inverter stage is the DC-link voltage. The relationship between the
bus voltage and the DC-link voltage Vc(ink) 1S given by

1
VB = Vdc(link) + VCo = SVdc(link) . (3-62)

From (3.43), the duty ratio D is determined by
Z 2
\an\/(l—f,f)Q +f,ff : ]

R (P
D— la( la)
8, (1- D)

Vie(B) - (3.63)
Therefore, the numerical solutions of V3 and D can be obtained from (3.61) and (3.63) for

a given lamp power Pj,. The calculation results are shown in Figure 3-31. It can be seen

that no bus voltage stress occurs during the dimming operation.
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3.4.5 Experimental Results

To verify the analysis results, a sepic-based electronic ballast is implemented with the

following parameters:
L,=1.56 mH, C;=5.6nF, L,=1.14mH, L,=0.7mH,and C,=0.33 pF

The electronic ballast operates a 32watt lamp with 110V, line input. The
experimental results are shown in Figures 3-31 to 3-33. It can be seen that the
experimental results agree closely with the theoretical predictions. Dimming operation
from 32 W to 0.1 W was obtained by controlling the duty ratio from 0.52 to 0.06. In this
dimming range, no striation or flickering is observed, and the circuit meets the IEC 1000-
3-2 Class C regulation. The measured maximum bus voltage and DC-link voltage are
lower than 400 V and 210 V, respectively so that 500V-rating MOSFETs can be used as
switches, and a 250V-rating electrolytic capacitor can be used as the DC-link capacitor,
which reduces the cost. The proposed circuit is shown to be a good alternative for

electronic ballasts with wide-range dimming controls.
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Figure 3-31. (a) Measured and calculated lamp power versus duty ratio, and (b) measured
and calculated bus voltage and DC-link voltage during dimming operation.
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Figure 3-32. Measured waveforms at two different lamp power levels (full, left; 1%,
right): (a) input line current waveforms, (b) lamp current waveforms, and (c) switch
waveforms.
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Figure 3-33. (a) Measured PF and (b) THD during dimming operations.

Chapter 3. Boost-Derived S®PFC Electronic Ballasts with Wide-Range Dimming Control 96



3.4. Summary

The dimming operation of a family of boost-derived single-stage PFC electronic

ballasts is studied in this chapter.

To describe the electrical behavior of fluorescent lamps operating in dimming modes,
a simple power-dependent lamp model is developed. Based on this model, circuit
equations are derived to predict the dimming operation of the ballast-lamp circuit. Study
shows that switching-frequency-controlled boost-derived single-stage PFC electronic
ballasts are not suitable for wide-range dimming applications due to the high bus voltage

stress.

To achieve a wide range of dimming control, asymmetrical duty-ratio-controlled
single-stage PFC electronic ballasts are developed. By adjusting the duty ratio, the lamp
power can be effectively controlled over a wide range. ZVS can be retained on the
MOSFETs by integrating the resonant converter with QSW DC/DC converter into one
stage. Moreover, a small amount of DC-biased current is naturally injected into the lamp,
which effectively eliminates the striations from the lamp and expands the stable dimming

range.

Based on the different control characteristics, the proposed circuits can be categorized
into two types: type I with a parabolic control curve, and type II with an almost linear
control curve. Experimental results show that the sepic-based single-stage PFC dimmable
electronic ballast (type II circuit) performs satisfactorily with good PF, low harmonic

distortion, low bus voltage stress and wide dimming range.

Untill now, the studied single-stage PFC electronic ballasts integrate the DCM boost
converter with the inverter. The boost inductor is necessary. The next chapter will study
another family of PFC circuits, the CPPFC electronic ballasts, in which the PFC inductor

1s eliminated.
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Chapter 4 Single-Stage Charge-Pump Power-Factor-
Correction Electronic Ballasts

4.1 Introduction

Boost-derived single-stage PFC electronic ballasts have been studied. In the boost-
derived PFC circuits, an inductor is used in series with the line input terminal through the
diode rectifier to shape the line-input current waveform to meet the harmonic regulations.
Figure 4-1(a) shows the basic circuit diagram [B24]. Using the dither-rectifier concept
introduced by 1. Takahashi, et al. [B7], a conceptual boost-derived PFC circuit is
obtained, as shown in Figure 4-1(b). Based on the study of J. Zhang, et al. [B37], the

unity PF condition is given by

), (4.1)

_ . 2LP, d .
dDither - 1 - Vp|Sll'l a)]t| + V—quSln a)[t

where dpier 1 the duty ratio of the dither voltage waveform.

The dual element of an inductor is a capacitor. There is another family of single-stage
PFC electronic ballasts called CPPFC electronic ballasts, which utilize a capacitor to
shape the line-input current waveform. Figure 4-2(a) shows the basic circuit diagram
[D2]. From it, a conceptual circuit can be obtained, as shown in Figure 4-2(b). As derived

next, the unity PF condition is given by
[s = lfi)zﬂVB > (42)

where I is the magnitude of the charge-pump current waveform.

Since the CPPFC technique eliminates the use of boost inductor, this chapter will

focus on the study and development of single-stage CPPFC electronic ballasts.
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Figure 4-1. (a) Basic boost PFC electronic ballast [B24], and (b) conceptual circuit

diagram.
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Figure 4-2. (a) Basic CPPFC electronic ballast [D2], and (b) conceptual circuit diagram.
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4.2 Analysis of a Family of Single-Stage CPPFC Electronic
Ballasts

A family of single-stage CPPFC electronic ballasts has been previously proposed
[D1-D21]. However, the diversity of circuit topologies and interrelated operations of the
charge-pump capacitor with the resonant components complicate the circuit evaluation.
To better understand the CPPFC mechanism and evaluate the performance, three basic
and two improved topologies are studied in this section. Based on the analysis, a new,

improved topology is derived in the next section.

4.2.1 Analysis of CS-CPPFC Electronic Ballasts

The circuit shown in Figure 4-2 is called the basic current source (CS) CPPFC
electronic ballast since a high-frequency CS i, is used to charge C;, to absorb energy from

the line input and discharge C;, to pump energy to the bus capacitor Cg.

A. Circuit Operation Principle

The series-resonant parallel-loaded tank in Figure 4-2(a) can be considered as a high-
frequency current source. The circuit diagram can be redrawn, as shown in Figure 4-3(a).
Using fundamental approximation, six topological stages exist over one switching cycle

in steady state, as shown in Figure 4-3(b). Figure 4-3(c) shows key switching waveforms.

Stage 1 [to, ti]: Before to, iy has a negative value and flows through S, and Dy. The
voltage at node m is clamped to the bus voltage Vg. At ty, iy becomes positive and starts
to discharge Cj,, resulting in the decrease of v,,. This stage ends when v,, decreases to the

rectified line-input voltage, and Dy is turned on. The time interval T and charge variation

AQ of C;, are given by
1 a)sCin
r= Zarccos{l —T(VB Ve )} 4.3)
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Figure 4-3. (a) Basic CS-CPPFC electronic ballast, (b) Six equivalent topological stages,
(c) Key switching waveforms.
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Figure 4-3. Continued.

AQ=C, AV, =C, (VB - Vm(rec))- (4.4)

where w is the switching frequency and Vjp is the bus voltage.

Stage 2 [t;, t;’]: At t;, Dy starts to conduct current and v,, is clamped to the rectified
line-input voltage. i; flows through the line input, Dy and S,. The load (in series with i)
absorbs energy from the input line. This stage ends when S; is turned off and S, is turned

on at t;’. During this time interval, the rectified line current i, is given by

i =i =Igsinet t0(,1]. (4.5)

X
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Stage 3 [t;’, t2]: Since i, is still positive, it continues to flows through input line and
Dy. It also charges Cg. This stage ends when i; becomes negative at t; and Dy is naturally

turned off. During this time interval, the rectified line current i, is given by

i, =i, =Igsinet t0(t'1,]. (4.6)

X

Stage 4 [t,, t3]: At tp, iy becomes negative and Dy is turned off. Since is still lower than
Vg, Dy remains off. i starts to charge Ci,, resulting in an increase of v,,. This charging
period continues until v,, reaches Vg at t; and Dy is turned on. The time interval and

charge variation 4Q of Ci, are given by (4.3) and (4.4), respectively.

Mode 5 [t3, t3’]: At t3, Dy is turned on and i, flows through Dy and S;. v,, is clamped to

V. This stages lasts until t;’, when S; is turned off and S; is turned on.

Mode 6 [t3°, t4]: Sy is turned on when S; is turned off at t3’. i is still negative and
flows through S, and Dy. At t4, iy becomes positive and Dy is turned off naturally. A new

switching cycle begins.

The average rectified input-line current equals the average i, over one switching

cycle, which is given by

1% 1% + I. AO
i =i =—\idt=—| |idt—|idt |=—"——. 4.7
m(rec) x(ave) TS‘ ;[ X 7—; {;[ X ;[ X J 77_ Tv ( )
Substituting (4.4) into (4.7) determines that
. I
lin(rec) = (_ - Cinf;'VB) + Cin svin(rec) : (48)
Vs
The instantaneous input power is given by
_ R . — ]s 2
pin (t) - Vinl[n - vin(rec)lin(rec) - ; - Cin.f.v VB Vm(rec) + Cinfvv[n(rec) * (49)
Averaging (4.9) over one line cycle yields
2V (1
Pin :_p(_s_cinf;VBj-l-lCinf;sz’ (410)
m\r 2
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If the first two terms equal zero, the input current faithfully follows the line voltage

without any distortion. The unity power factor condition is thus obtain as
I.=1nC, fV,. 4.11)

mn

The current and input power under the unity power factor condition become

iin (rec) = Cinj:vvin(rec) s (4 12)

P, =

|
, EQJJﬁ- (4.13)

Under unity PF operation, balancing the power between the input and output yields
1
Po :,7P[n :Encinf:vaz’ (414)
where P, and 77 are the output power and conversion efficiency, respectively.

From (4.14) the capacitor Cj, can be calculated as

_ 25
in I]fYsz *

(4.15)

Substituting (4.15) into (4.11), the magnitude of the resonant current /; is given by

_2nEV,

I
nv,

s

: (4.16)

Equations (4.11) and (4.16) show that a constant magnitude of current source is required

to achieve unity PF.

B. Lamp CF and Bus Voltage Stress

To maintain long lamp life and eliminate lamplight flicker, a small lamp CF is
preferred. The lamp CF is usually affected by the operation of the inverter stage. In
steady state, six topological stages exist over one switching cycle. These six topological
stages can be grouped into three sub-topologies, as shown in Figure 4-4. From Figure 4-
4, C;, takes part in the resonance in sub-topology A (stages 1 and 4), but is clamped
(switched out) in sub-topologies B (stages 2 and 3) and C (stages 5 and 6). Therefore,
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there are two resonant modes over one switching cycle: Mode 1 in which C;, is connected
in the resonant tank and Mode 2 in which C;, does not affect the resonant tank, and each

resonant mode has a different time interval, which is approximately given by

t, = iarccos{l - a)}_Cm (VB ~Vintree) )} , and (4.17)
a) N

s

ty =T, — 2 arccos[l - a)}_Cm (VB = Vintree) )} , (4.18)

s N

where #; 1s the time interval of Mode 1 and ¢ is the time interval of Mode 2. It can be
seen that #; reaches its maximum value near the input-line zero crossing and #; reaches its
maximum value near the input-line peak. The different time intervals can also be
explained from the boundary condition between these two resonant modes. The
equivalent circuit shows that the charge stored in C;j, changes in Mode 1 and remains

constant in Mode 2. The charge variation of C;, is given by

AQ =C (VB —Vl-n(rec)). (419)

mn

A4Q reaches it maximum value when v;,s.) =0, where it takes the longest time to charge

and discharge C;, during the resonant Mode 1.

From the voltage and current waveforms of C;, in Figure 4-3(c), the equivalence of
the “switched” C;, can be approximated as a variable capacitance Cequ plus a DC voltage
source Vequ with a value of 2(Vp+Vinre)), as shown in Figure 4-5(a). Since over one
switching cycle the voltage variation across Cequ equals Y2(Vg-Vinwe)) and the current

amplitude is I, Ccqu can be estimated as

— 213
Cogu = ol ) (4.20)

s in(rec)

Usually, the variation of Vg and I is relatively small over the half-line cycle, as
compared with Viyiee); therefore, Ceq 1s mainly affected by the rectified line voltage.

With the proper design, I = TICif; Vg can be achieved. So (4.20) can be approximated as

1
=C, — 4.21
equ Cln 1—0'|sin lt| s ( )
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where o =V,/Vs.

The output characteristic in the V-I plane is given by

(4.22)

where f, = f./f, and f=1/Qm[L.C,).

Equation (4.22) shows that the output characteristic of the resonant tank changes with
each half-line cycle, which causes the lamp current waveform to have a low-frequency
ripple and deteriorates the lamp CF. Figure 4-5(b) shows an example in which two
operation points are illustrated by the intersections of lamp characteristics with the output
characteristics near the line peak and line-zero crossing, respectively. The lamp has high
current near the line-zero crossing and small lamp current near the line-peak voltage, as
shown in Figure 4-5(c). In order to improve lamp CF, a suitable control scheme is

needed.

The variable capacitance also causes the resonant inductor current to have a low-
frequency ripple, and the unity PF condition of (4.11) cannot be satisfied, which

deteriorates the line-input current.

There is another problem in that the bus voltage increases during light-load operation.
Normally, the rapid-start electronic ballast consists of three operation modes: preheat,
startup and steady state. The preheat and startup modes correspond to the light load
because the lamps are not fully turned on. The preheat mode is needed to have a long
lamp life when the lamp is frequently turned on and off. Also, with preheating the lamp is
easy to ignite since the lamp ignition voltage is reduced. Usually, it takes 0.5 to 0.75
seconds to preheat the filament at a fixed switching frequency [AS5], and then the
switching frequency is reduced towards the resonant frequency so that a high lamp
voltage is obtained to ignite the lamp, as shown in Figure 4-6(a). The amplitude of the
resonant inductor current I also increases as the switching frequency is reduced, as
shown in Figure 4-6(b). However, the power balance between the input and output should

be maintained, as given by
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Figure 4-5. (a) Equivalent resonant tank, (b) operation points near line zero crossing and
the line-peak voltage, and (c) lamp current waveforms.
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2, (1 1 5
En = _S_CinfsVB +_Cinf€Vp = f)nut . (423)
N/ ‘ 2 ‘

Since in the preheat and startup modes, Is and f; are larger and P, is smaller than those in
the steady-state mode, Vg has to increase to maintain the equality of (4.23), as illustrated
in Figure 4-6©. Therefore, three problems exist in the basic CS-CPPFC electronic ballast:
high lamp CF, its inability to automatically meet the unity PF condition, and high bus

voltage stress at light-load operations.

C. Design Considerations

The design objective is to find the values of charge pump capacitor C;, and resonant
components L, and C,. To optimally design this CS-CPPFC electronic ballast, the

following should be taken into account:

. Minimum bus voltage Vg =V,,, where V,, is the line peak voltage;
. Satisfying the unity PF condition I, =71C, f.V, ; and
. Maintaining ZVS operation, that is
1
f,>—— (4.24)
2\ L
From (4.15), Ci, is given by
2P
Cin = 02 > (425)
ww,

where P, and n are the output power and the conversion efficiency, respectively.

To simplify the resonant tank design, the tank is designed near line-peak voltage,
where the modulation effect of C;, is minimized and the excitation voltage is close to a
pure square waveform. Using fundamental approximation, the output voltage and the

resonant inductor peak current are given by
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o(rms) — T 5 5 2 and (426)
W’ w,L,
l_af iy
0 lamp
w,C,) +1/R}
[ _ 2VB \/( s r ) / lamp — [S ) (427)

Lr(peak) —
Vs 2 2
et [
2
a)o Rlamp

4.2.2 Analysis of VS-CPPFC Electronic Ballasts

A family of VS-CPPFC electronic ballasts has been patented or published previously
[D8 — D15]. This family of circuits can be derived from the CS-CPPFC electronic ballast
by using the Thevenin equivalent network. The basic CS-CPPFC electronic ballast and its
simplified equivalent circuit are shown in Figures 4-7(a) and (b), respectively. In Figure
4-7(b), the charge pump capacitor Cj, is in parallel with the current source as a Norton
form. The corresponding Thevenin form is shown in Figure 4-7(d), in which Cj, is in
series with a voltage source. Since a voltage source is used to achieve PFC, this kind of
circuit is called VS-CPPFC circuit. Figure 4-7(c) shows the basic VS-CPPFC electronic
ballast, in which the lamp voltage is considered as a high-frequency voltage source

[D11]. The relationship between the VS and CS is given by

V, == ISC - (4.28)
Ja)s in

As expected, there is no characteristic change to the port terminal after this
replacement. The line current and input power can be obtained directly from (4.8) and

(4.10) as

iin(rec) = Cinf\" (2Va - VB ) + Cinfqvm(rec) > and (429)
2V

P ==L 0G0, V) Cut Y (430)
T
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Obviously, the unity PF condition is
2V, =V,. (4.31)
Under unity PF condition, the line current and average power become

iin(rec) = Cin SV and (432)

in (rec) >

P, =

1
1 ECmfst- (4.33)

Under unity PF operation, balancing the power between the input and output yields

c =_2%

= (4.34)
in 2
.y,

where P, and 77 are the output power and conversion efficiency, respectively.

Like in the CS-CPPFC electronic ballast, there is C;, modulation effect on the
resonant tank of the basic VS-CPPFC electronic ballast, as shown in Figure 4-8(a). The
modulation effect of C;, can be approximated as a variable capacitance C.q,, Which is

given by previous work [D11], as follows:

C,,, =C,(alsinawi), (4.35)

where o =V,/Vg.

Therefore, the output characteristic of the resonant tank in the V-I plane is given by

2, I’

v ﬁ%m— S (4.36)
(VAR {\/EVB 1}

T wl,

where £, = f./f, and f =1/ L (C +C,.)).
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Figure 4-7. (a) Basic CS-CPPFC electronic ballast, (b) conceptual CS-CPPFC circuit, (¢)
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Figure 4-8. (a) Equivalent resonant tank, (b) operation points near line-zero crossing and
line-peak voltage, (¢) lamp voltage waveform, and (d) lamp current waveform.
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From (4.37), the corner frequency f, is modulated by the half-line cycle, which causes
the envelope of V, to have 120Hz ripple. Since the lamp impedance can be approximated
as a resistance with a negative incremental impedance, the 120Hz ripple on the lamp
voltage causes a strong 120Hz ripple on the lamp current, and the lamp CF is
deteriorated. Figure 4-8 shows an example in which two operation points are shown to
demonstrate the modulation effect of Ci, on V, and lamp current. It should be noted that
since V, is not constant, the unity PF condition of (4.31) could not be satisfied; therefore

the line current is distorted.

Besides high lamp CF and inability to meet unity PF condition, this basic VS-CPPFC
electronic ballast also suffers from high bus voltage stress during light-load operations.
As shown in Figure 4-6, during preheat mode, the frequency is higher than normal
operation and Vg has to increase to keep low input power. During startup mode, lamp
voltage is much higher than that of normal operation in order to ignite the lamp.

Therefore, Vp has to increase to maintain the power balance, which is given by

in s —in in

2V 1 )
P, ==27cC, (20, —VB)+EC. fV:=P,. (4.37)
Vi

In summary, three problems exist in the basic VS-CPPFC electronic ballast: high
lamp CF, its inability to automatically meet the unity PF condition, and high bus voltage

stress at light-load operations.

To improve the lamp CF, one approach is to minimize the modulation effect of Ci,. In
order to achieve this goal, Cj, is split into two capacitors, Ci,; and Cjy,, in which Cjy, is in
parallel with either Dy or Dy, as shown in Figure 4-9(a) [D15]. From the equivalent tank
of Figure 4-9(b), Ci,; 1s in series with Ci,, so that the equivalent capacitance is reduced.
Therefore, this circuit is called the VS-CPPFC electronic ballast with improved crest
factor (ICF).

Using the Thevenin equivalent port, the functions of Ci,;, Cin, and VS can be replaced
by an equivalent capacitor Cr and voltage source Vr, as shown in Figure 4-9(d). Ct and

Vr are given by
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Figure 4-9. (a) Circuit diagram of VS-CPPFC electronic ballast with ICF, (b) equivalent
resonant tank, (c) equivalent circuit, and (d) Thevenin equivalent circuit.

C,=C

inl

+C,,=C, ,and (4.38)

C _
Vy=——t_y, =iy (4.39)
Cinl +Cin2 C

Substituting the above equations into (4.29) and (4.30), the line current and input

power are obtained as

iin(rec) = Cinf;[z%Va - VBJ + Cinfsvin(rec) > and (440)
2V C 1
En = ﬂp fsCin(zc;'ana _VBJ-'-ECinf‘SVpZ’ (441)
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The unity PF condition becomes

2%1@ =v,. (4.42)

From (4.34), the charge pump capacitances are given by

2P

Cinl +Cin2 :CT :/Zf—;z.
s'p

(4.43)
The design of this VS-CPPFC electronic ballast with ICF is straightforward. From

(4.39), it can be seen that the effect of the lamp voltage V, on PFC can be adjusted by the

scale of Ciy; to (Cin1+Cinz). In the two lamps-in-series applications, the total lamp voltage

is usually larger than the bus voltage. From (4.42) and (4.43), Ciy and C;y, are given by

= and (4.44)
20,

C,, ==t |1-Lo | (4.45)
wy,\ 2V,

4.2.3 Analysis of Voltage-Source Current-Source (VSCS) CPPFC
Electronic Ballasts

There is another family of CPPFC electronic ballasts, called VSCS-CPPFC electronic
ballasts, which employ both a current source and a voltage source to achieve PFC [D15-
16]. Figure 4-10 shows the basic VSCS-CPPFC electronic ballast, which can be regarded
as a combination of the basic CS-CPPFC electronic ballast with the basic VS-CPPFC
electronic ballast. The CS-CPPFC circuit consists of Cy,, Dy», C;, L; and lamp, while the
VS-CPPFC circuit consists of Cin, Dyi, C;, Ly and lamp. Both the VS-CPPFC circuit and
the CS-CPPFC circuit share a common resonant tank composed of C; and L,. From the
simplified equivalent circuit of Figure 4-10(d), it can be seen that Dy, is inserted into the

voltage-current source loop. More topological stages exist over one switching cycle.
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Assume i, =1 sincat and v, =V, sin(w,t +90°), two different operation regions exist

over a half-line cycle, as shown in Figures 4-11(a)-(b). A critical value Vi), defined by
(4.48), exists to separate these regions. If the instantaneous line voltage is larger than
Vieity, Dx 1s on at stage Ms; otherwise Dy remains off at stage Ms’. This is because when
the instantaneous line voltage is larger than V(uip, Vcyo can easily be charged to Vg —
Vintree) at the end of stage My so that Dy carries current. Otherwise, V¢ cannot be
charged to Vi — Vinrec) before the current source changes polarity. Dy remains off at mode

Ms’. Because of this difference, the average line current over one switching cycle

becomes

. 21

i =C f|—=—42V =V, |+C fuv, v 00,7, ) and  (4.46)

m(rec) m s a B mn N H‘I()"EC) I}’l(}”GC) crit
s y2

. _ 21, [ ]

li’l(“’c) - Cy2~f5 wC _VB + Cnysvin(rec) vin(rec) O Vcrit’ Vp > (447)
s y2

where C,, = CinlcyZ/(Cinl + CyZ)’

2
I/(crit) = VB t— (C

wV —1_)and 4.48
C()Cyz inl~s" a s) ( )

N

(crit)y — inla)sVa ‘ (449)

I —%Cyza)sVB +C

The unity PF condition is no longer applicable. However, there is sufficient room to

meet the IEC 1000-3-2 Class C regulations.

Although the modulation of the charge pump capacitors on the resonant tank still
exist, the effect is reduced, as shown in Figure 4-12. Since the envelopes of the lamp

current of the CS-CPPFC and VS-CPPFC electronic ballasts are somewhat

complementary, the lamp ripple is therefore lowered by their combination.

This basic VSCS-CPPFC electronic ballast still suffers from high bus voltage stress
during light-load operation. However, it can be designed to be lower than that in the VS-
CPPFC circuit and the CS-CPPFC circuit. As shown in (4.47), the circuit behaves like a

basic CS-CPPFC circuit when the instantaneous line voltage is larger than the critical
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voltage Vcrity. If Vieriry 1s designed very low, the circuit will operate in CS-CPPFC mode
most of the time. Therefore, the value of Cy, equals the Cj, of the basic CS-CPPFC
circuit. During the light-load operation, the critical voltage increases as Vg increases, and
the circuit will operate in the combined mode given by (4.46). If Cj,; is a small number,
the input power will be lower than that in the CS-CPPFC or the VS-CPPFC circuit. As a
result, the bus voltage will not increase as high as that in either the CS or the VS circuit.
However, the lamp CF becomes large if a small Cj,; is used. A trade-off exists between

the bus voltage stress and lamp CF.

5 X
CB
s v
—— + ;.
PN v__
ﬂ (b)
Dx Dy1
C |n1
| 8 Vln(rec

y2
mra)
(d)

Figure 4-10. (a) Basic CS-CPPFC circuit, (b) Basic VS-CPPFC circuit, (c) Basic VSCS-
CPPFC circuit, (d) Conceptual basic VSCS-CPPFC circuit.
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Figure 4-12. (a) Equivalent resonant tank, and (b) lamp current waveform.
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Figure 4-13. (a) Circuit diagram of VSCS-CPPFC electronic ballast with ICF, and (b)
conceptual VSCS-CPPFC with ICF circuit.

To further improve CF, another high-frequency capacitor is added in parallel with Dy,
so that the modulation effect of charge pump capacitors is further reduced. The resulting
circuit is called the VSCS-CPPFC electronic ballast with ICF, as shown in Figure 4-13. It
can be regarded as the combination of the basic CS-CPPFC circuit with the VS-CPPFC

with ICF circuit.

Depending on the relative magnitude of the voltage source and current source, three
operational modes exist, which can be classified as follows: Mode 1, in which the current
source greatly dominates the voltage source; Mode 2, in which the current source

dominates the voltage source; and Mode 3, in which the voltage source dominates the
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current source. Identifying different operational modes is important not only for

understanding the circuit operation principle, but also for circuit design.

For each operational mode, two different operation regions or topological stage series
exist over a half-line cycle. Similar to the basic VSCS-CPPFC electronic ballast, for each
operational mode there is a critical value Vi, which separates them into two different

regions. The topological stage series and critical voltage V iy are studied as follows.
I) Mode 1 (current source greatly dominates voltage source):

The circuit operates in Mode 1 if the condition given in (4.50) is satisfied. There are
two five-topology-stage series over a half-line cycle, as shown in Figure 4-14. It can be
seen that the input rectifier diode current waveforms are different in the two operation
regions. In region A, the rectified input-line voltage is bigger than V(y, and the
conduction angle of the input rectifier is larger that that in region B where the rectified
line voltage is lower than V(). Based on the waveforms and topological stages, the

rectified average line current and the critical voltage V iy are obtained as

1, C, I

——_— (4.50)
a)x Cinl C + C)Z w le
. — 213 ml 1/(Czn1 )
lin(rec) - Cinf;(w C - C 2Va _VB
Cmf:svm )ec m Iec D [O’ utt and (451)
S 21
lin(rec) - ( y2 )f [m - VB]
+ (Cyl + CyZ)-fsvin(rec) ln rec |_ crit ® pJ (452)
where C, =(C,,C, +C,,C,+C, Cyz)/(Cm1 +C,,),and
I/(crit) = VB _2Va Cinl/Cyl . (453)

From (4.50) — (4.53), it can be seen that unity PF occurs only when Vi, =0 and
C 1

y1 s —

C,+C, wC,
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IT) Mode 2 (current source dominates voltage source):

The circuit operates in Mode 2 if the condition given in (4.54) is satisfied. In steady
state, two five-topology-stage series exist over a half-line cycle, as shown in Figure 4-
15(a). The key switching waveforms are shown in Figure 4-15(b). Similar to the circuit
operating in Mode 1, two different operation regions exist over a half-line cycle.
Compared with the waveforms in Mode 1, the waveform of Dy; changes with the
waveform of Dy,. Based on the waveforms and topological stages, the rectified average

line current and the critical voltage Vi) are obtained as

C
L s Vo> 1 L, (4.54)
a)sCinl C + C w, le
i v=C f Cur 2L, | G/ * o 2V -V,
in(rec) inJ s le +C}72 a)sCin Cin R and (455)
+ C f;Vm Vec zn rec D [0 uzt)
21,
c,+C —— 7
m rec ( }Z)f( (C ) BJ (456)
+ (Cﬂ + Cy2 )f;V ;ec m rec D[ crzt’ p]

where C, =(C,C,, +C,C,,+C,C,,)/(C,, +C,,),and
1
v o=y, —2Cm Ly (4.57)
C a)vcml

From (4.54) — (4.57), it can be seen that unity PF occurs only when V,; =0 and

C I
i *— =) . Experimental result shows that the higher the critical voltage, the
c,+C, wC,

higher the line current distortion.
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Figure 4-15. Mode 2 (CS dominates VS). (a) Two five-topology-stage series: If Viyec)
>Vierity, then (M) - (M) - (M3) - (Ms) - (Ms) - (M)); otherwise, (M) - (M;) —
(M3) - (My) - (Ms’) — (M), and (b) key waveforms.
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IIT) Mode 3 (voltage source dominates current source):

The circuit operates in Mode 3 if the condition given in (4.58) is satisfied. The
topological stages and key switching waveforms are shown in Figures 3-16(a) and (b),
respectively. Similar to the circuit operating in Mode 1 or 2, two five-topology-stage
series exist over a half line cycle. It can be seen that the conduction angle of Dy is much
smaller so that a larger EMI filter is needed. The conduction angle of Dy,, however,
enlarges. Therefore, the ripple current of bus capacitor is reduced. The rectified average

line current and the critical voltage Vi) are given by

Va 2 ]S/wscinl > (458)
: 21, C,C,/C,*+C
i‘ (Vec) = in-fs Cm] —+ - y2/ l = 2Va _VB
Cinl + Cy2 a')scin in s and (459)
+ Cinf;vin(i'ec) Vin (rec) D [0’ Vcrit )
im0y =S oy _y
in(rec) inl vl s le + Cyl a B , (460)
+ (Cinl + Cyl )Jrsvin(rec) Vin(rec) D [Vcrit 4 Vp]
Where Cin = (Cinlcyl + CinlcyZ + CyICyZ )/(Cinl + Cy2) > and
I/criz = VB - 2(Va _]S /Cdscml ) . (461)

From (3.58) — (3.61), it can be seen that there is no unity PF condition. When the
instantaneous rectified line voltage is higher than Vi, the circuit operation is the same
as that of the VS-CPPFC. When the line voltage becomes lower than V), the circuit
operation is the same as that of the VSCS-CPPFC. The voltage stress at light-load
operations is high, the same as that in the VS-CPPFC electronic ballast.
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Figure 4-16. Mode 3 (VS dominates CS). (a) Two five-topology-stage series: If Viyec)
>Vieriy, then (M) -» (M2) —» (M3) — (My) — (Ms) —(M,); otherwise, (M;) — (M) —
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The preceding analysis shows that this operation of the VSCS-CPPFC electronic
ballast with ICF is very complicated. However, this gives design flexibility to optimize
performance. The lamp CF is improved based on the concepts in the VS-CPPFC with
ICF and basic VSCS-CPPFC circuits. However, the bus voltage at light-load operation
still exists. Experimental results show that the bus voltage stress is somewhere in between

those of the VS-CPPFC with ICF and the basic CS-CPPFC electronic ballast.

To verify the analysis, five studied circuits have been implemented. Table 4.1 shows
the experimental results. It can be seen that the basic VS-CPPFC electronic ballast has
the highest bus voltage stress, a moderate current stress, and the highest lamp current CF.
The circuit component count is lowest. The VSCS-CPPFC with ICF electronic ballast
dramatically improves the bus voltage stress and lamp CF over those of the basic VS-
CPPFC circuit. However, the current stress becomes worse, and another high-frequency
capacitor is needed. The basic CS-CPPFC electronic ballast has moderate bus voltage
stress, moderate current stress and moderate lamp CF. The circuit component count is
lowest. The basic VSCS-CPPFC electronic ballast has improved bus voltage stress,
current stress and lamp CF over those of the basic VS-CPPFC and CS-CPPFC circuits.
However, as additional high-frequency diode and capacitor are needed. The VSCS-
CPPFC with ICF electronic ballast further improves the lamp CF and current stress.
Without any feedback control, the circuit can satisfy the lamp CF regulation. The bus

voltage stress, however, becomes worse.

Table 4-1. The performance of CPPFC electronic ballasts.

HF HF
Type THD | Vems (V) | L (A) CF Diodes | Capacitors
Sore | 12% 800 24 2.6 2 I
st-v?llél;FC 6.8% 496 2.6 2.1 2 2
"CPPFC 1% 470 22 1.9 2 !
Bt | 123% | 455 1.95 1.8 3 2
VSCS/_IEI;PFC 13% 495 1.9 1.6 3 3
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4.3 VSCS-CPPFC Electronic Ballast with Lamp Voltage Feedback

This analysis of a family of CPPFC electronic ballasts shows that the high bus voltage
stress at light-load operation is a common problem since there is no particular means to
reduce the input power at light load. As a result, the bus voltage increases to reduce the
input power and maintain power balance, according to the derived line current and input
power formulas. If the input power is inherently able to decrease when the load becomes
light, then the bus voltage stress can be suppressed. Based on this idea, a new VSCS-

CPPFC electronic ballast with lamp voltage feedback (LVFB) mechanism is derived.

As discussed in Section 4.2.3, the voltage source and current source work together to
achieve PFC in the VSCS-CPPFC circuits. Due to the negative impedance characteristic
of the lamp, the lamp voltage increases when the lamp current decreases, which means
the magnitude of the voltage source increases when the load becomes light. In the
previous two VSCS-CPPFC electronic ballast circuits, the increase of the magnitude in
the voltage source will increase the input power, which will further worsen the bus
voltage. If the diode Dy; is removed from the basic VSCS-CPPFC circuit, there is no
impedance between the loop of the voltage source and the current source, so the current
source and the voltage source can be combined as an equivalent current source, as shown

in Figure 4-17. The equivalent current source is given by

I . =I-¢C,V,. (4.62)

s_equ s inl" a

Therefore, the magnitude of the equivalent current source decreases when the lamp
voltage increases. The input power can be reduced through this negative feedback, so as

to reduce the bus voltage stress.

The circuit operation is the same as that of the basic CS-CPPFC electronic ballast.

The equivalent charge-pump capacitance Ceq, is given by

Cequ = Cinl + Cy = Cin . (463)
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Figure 4-17. (a) VSCS-CPPFC electronic ballast with LVFB, (b) equivalent circuit, (c)
CS shifts through VS, and (d) equivalent circuit at a Norton form.

Substituting (4.62) and (4.63) into (4.8) and (4.10) results in

21 A
iin(rec) = Clﬂf.‘?(a)ci - 2 ijnl Va - V j Cl!‘lf;'vln rec and (4'64)
2V 21 ,
= n” fSCm[ij —2%1@ —VBJ+%CMfSVPZ. (4.65)
The unity PF becomes
2L, _5Cumy oy (4.66)
w.C «F

Under the unity PF condition, the line current and real power become
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iin (rec) = Cin s Vin( and (4 67)

rec) 2

f;=%QJW“- (4.68)

s p

From (4.66) and (4.68), tank current /; can be represented under the unity PF

condition as

2Py, 429“@“
=y S (3.69)

N

Obviously, (4.64) — (4.66) show that the current source and voltage source have a
combined effect on the line current and power. During light-load operations, the output
power is very low and the lamp voltage is higher than at normal lighting operation.
According to (4.65), the increase of lamp voltage V, will reduce the input power.
Therefore, the bus voltage stress can be suppressed. However, a higher resonant tank

current may be needed for a given line voltage and lamp power, according to (4.69).

Although the bus voltage is suppressed, the lamp CF is almost the same as that of the
basic CS-CPPFC electronic ballast since their operations are almost the same. To verify
the circuit, a prototype is built. The design condition is the same previous five circuits.
The electronic ballasts operate with 200V, line input and two 45W lamps in series. The
switching frequencies at normal operation and preheat mode are about 56 and 90 kHz,
respectively, with 0.5 duty ratio. The circuit parameters are L, =0.64 mH, C; =3.9 nF, Cj;,
=20.6 nF, and C,; =39 nF.

Table 4.2 shows the experimental results. It can be seen that the basic VS-CPPFC
electronic ballast has the highest bus voltage stress, a moderate current stress, and the
highest lamp current CF. The circuit component count is lowest. The VSCS-CPPFC with
ICF electronic ballast dramatically improves the bus voltage stress and lamp CF from that
of the basic VS-CPPFC circuit. However, the current stress becomes worse and another
high-frequency capacitor is needed. The basic CS-CPPFC electronic ballast has moderate
bus voltage stress, moderate current stress and moderate lamp CF. The circuit component

count is lowest. The basic VSCS-CPPFC electronic ballast has improved bus voltage
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stress, current stress and lamp CF are those of the basic VS-CPPFC and CS-CPPFC
circuits. However, an additional high-frequency diode and capacitor are needed. The
VSCS-CPPFC with ICF electronic ballast further improves the lamp CF and current
stress. Without any feedback control, the circuit can satisfy the lamp CF regulation. The
bus voltage stress, however, becomes worse. The VSCS-CPPFC with LVFB electronic
ballast has the lowest bus voltage stress and a moderate lamp CF. However, the current

stress is high.

From the analysis and experimental results, it can be seen that the VSCS-CPPFC with
ICF electronic ballast is attractive in the open-loop control application; the proposed
VSCS-CPPFEC electronic ballast with LVFB is attractive in high-line operation; and the

basic CS-CPPFC electronic ballast has potential low cost with good performance.

Table 4-2. The performance of CPPFC electronic ballasts:

HF HF
Type THD | Vimax (V) | L (A) CF Diodes | Capacitors

oerre | 12% 800 24 26 2 1
st_v?llg;FC 6.8% 496 2.6 2.1 2 2
epre. | 1% 470 22 1.9 2 :
B e | 123% | 455 1.95 18 ) ’
VSESEOPFC | 13w | a0s L9 L6 3 ’
e | 67% | 450 2.6 2.0 2 ’
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4.4 Summary

A family of CPPFC electronic ballasts has been investigated, implemented and
compared in this chapter. It has been shown that capacitors can be used to achieve PFC
function so that the CPPFC techniques appear to be a good alternative approach in

electronic ballast applications.

From the analysis and experimental results, the basic VS-CPPFC electronic ballast
suffers from the high bus voltage stress and high lamp CF and is not practical in
electronic ballast applications. The VS-CPPFC with ICF has improved performance due
to the adjustment effect of C,. However, this option suffers from high current stress. The
basic CS-CPPFC electronic ballast has the simplest structure, a moderate bus voltage,
moderate switching current and a moderate lamp CF, and is considered as a good
topology in electronic ballast applications. The basic VSCS-CPPFC electronic ballast
improves the lamp CF, bus voltage stress and current stress of the basic VS-CPPFC and
the basic CS-CPPFC electronic ballasts. However, this option increases the complexity of
the circuit and the lamp CF still cannot meet the regulation with open-loop control. The
VSCS-CPPFC with ICF electronic ballast appears to be the most complicated circuit, but
is able to meet the lamp CF regulation without any feedback control. There is a trade-off
between the complexity of the power stage and control circuit. The VSCS-CPPFC with
LVEFB electronic ballast performs well in the high-line application since it has lowest bus
voltage. However, this option suffers from high current stress. Therefore, the basic CS-
CPPFC electronic ballast shows the most promise in single-stage PFC electronic ballast

applications.

The performance of the basic CS-CPPFC electronic ballast will be further improved

using the self-oscillating technique, which is the topic of the next chapter.
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Chapter 5 High-Frequency Self-Oscillating Electronic
Ballasts

5.1 Introduction

Single-stage PFC electronic ballasts have been studied in previous chapters. An
assumption has been made that the power switches are driven by some means that has yet
to be described. Generally speaking, there are two driving methods for power switches:
an external driver and a self-oscillating driver. The external driver has the advantages of
flexibility, ease of control, and good sourcing and sinking capability, while the self-

oscillating driver has the advantages of simplicity, robustness and low cost.

Figure 5-1 shows an example of an external driver circuit, which includes average
lamp-current control with switching frequency modulation, for driving the basic CS-
CPPFC electronic ballast [D5]. The purpose of the frequency modulation is to improve
the lamp CF and maintain constant lamp power for a certain line-voltage variation. Figure
5-2 shows the lamp current waveforms with and without frequency modulation. The

measured CF is improved from 1.85 to 1.54.

However, such a scheme is usually costly to ballast circuits. For example, the
oscillator is either synchronized to the resonant network or is swept through resonance to
ignite the lamp. A high-voltage IC or a transformer is used to drive the high-side switch.
To fulfill the frequency modulation scheme, a lamp-current sensor, error amplifier and
timing resistor are used. An auxiliary power supply is also necessary to supply current to

the ICs.

In this chapter, a self-oscillating drive is proposed to reduce the complexity and cost
of the drive circuit. The proposed self-oscillating drive includes switching frequency
modulation to improve the lamp CF and power variation. Experimental results are

provided to verify the proposed technique.
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Figure 5-1. Average lamp current control with switching frequency modulation to
improve crest factor [D5].
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Figure 5-2. (a) Measured lamp current waveform with constant frequency control, and (b)
Measured lamp current waveform with switching frequency modulation [D5].
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5.2 Single-Stage CS-CPPFC Electronic Ballast with Self-
Oscillating Drive

Figure 5-3 shows a conventional MOSFET-based self-oscillating electronic ballast
(DC/AC stage), in which two MOSFETs are activated by a driver circuit consisting of a
three-winding current transformer (CT) with its primary winding in series with the
resonant path and two identical secondary windings to the gates of the transistors for a
symmetrical operation. The load resonant circuit of the inverter stage is a series-resonant
parallel-loaded tank. The resonant capacitor C; provides a high striking voltage to the
lamp for startup operation and a current path for filament-heating for normal lighting
operation.
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Figure 5-3. Conventional MOSFET-based self-oscillating electronic ballast (DC/AC
stage) [E7].

The self-oscillating process is initiated by the starting network, which consists of an
RC charging circuit (Rg and Cy), a diode-AC switch (DIAC) D,., and a discharging diode
Dygis. Within approximately one second after power is applied, the voltage across Cg will
reach about 30V break-over voltage of D,.. With the D, conducting, a positive turn-on
voltage pulse is applied to the gate of S,. When S, is turned on by this pulse, the drain
voltage of S, is rapidly switched to ground, and thus initiates the resonant circuit

oscillation. Once the circuit is started, proper design of the circuit parameters will lead to
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the self-oscillating mode. With S; switching each half cycle, any charge developed across

Cyt 1s discharged through Dy, preventing a build-up voltage of further startup pulses.

If the starting network is not considered, the operation of the self-oscillating
electronic ballast can be represented by a system block diagram, as shown in Figure 5-4.
In the block diagram, the transfer function G(s) is associated with the load resonant
circuit. The input of G(S) is the inverter output voltage and the output is the feedback
variable, i;,. The feedback variable is sensed by CT and fed into the gate converter,
which is represented by a transfer function H(S). H(S) provides the gate voltages to the
switches. Finally, a hard-limit block is used to represent the inverter. From the block
diagram, it can be seen that the operation of the circuit is self-sustained. The switching

frequency is no longer externally imposed, but is determined by the circuit parameters.

Vgl2 )
Vgs Vi Iy
> > G (S)
Y
Vg2
1
Inverter Load Resonant —— | Feedback
Circuit N

H(s)

A

Gate Converter

Figure 5-4. System diagram of the self-oscillating electronic ballast.

While this self-oscillating circuit is elegantly simple, the performance is not
satisfactory if it is directly applied to the single-stage CS-CPPFC electronic ballast
circuit. Figure 5-5 shows the circuit implementation and experimental results. It can be
seen that the line current shows great distortions near the line peak and the zero crossing.
The lamp envelope appears as a high ripple current with a measured CF as high as 1.88.
Moreover, the lamp power is very sensitive to the line voltage variations. The measured

lamp power variation is around +14.5% with respect to the £10% line voltage variation.
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Large lamp CF and power variation deteriorate lamp life. To maintain lamp life, lamp CF

should be lower than 1.7 and lamp power variation should be limited within £10%.

——1
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PF =0.97

THD =16.3%
MZ.00ms Chi J 56 W Chi T0,0mvVii MZ.00ms Chi F 56V
chi 100V MWE 100V

(b) ()

Figure 5-5. Single-stage self-oscillating CPPFC electronic ballast: (a) circuit diagram, (b)
measured line current waveform, and (c) measured lamp current waveform.

CF =1.88

In order to improve lamp CF and power variations, a proper control signal should be
introduced into the self-oscillating system. Figure 5-6 shows the system block diagram, in
which a control signal is applied to the gate converter. However, due to the self-sustained
operation of the circuit, the control of circuit operation is usually not easy. In order to

find a way to change the circuit operation, the operation principle is first studied.
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Figure 5-6. System diagram of self-oscillating electronic ballast with control signal.

5.3 Operation Principle and Control Aspect of the Self-
Oscillating Electronic Ballast

5.3.1. Operation Principle of the Self-Oscillating Electronic Ballast

Circuit models should first be established in order to approximate the actual

component behavior.

The MOSFET is used as a switch to control the power flow to the load. The
MOSFET moves the ip-vps characteristics from the cutoff region through the saturation
region to the linear region as it turns on, and reverses its path when it turns off. Figure 5-
7(a) shows the output characteristics of an n-channel MOSFET [F22, p575]. When the
gate-source voltage Vgs 1s less than the threshold voltage Vgs(m), the MOSFET is in the
cutoff region. Power MOSFETs have a Vs that is typically between 3 V and 6 V.
When the gate-source voltage is sufficiently large, namely Vgs-Vgsum) >Vps >0, the
MOSFET operates in the linear region (on-state). The drain-to-source voltage Vps is
roughly proportional to the drain current Ip. Between the cutoff and linear regions is a
saturation region. In the saturation region, the current flowing through the channel no

longer depends on the drain-source voltage, and is given approximately by the equation

i, :k(vGS —VGS(,h))z, as shown in Figure 5-7(b). Two circuit models therefore exist
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corresponding to the different operation of the MOSFET. When the MOSFET is in the
cutoff or saturation region, the equivalent circuit in Figure 5-7(c) is valid. When the
MOSFET is in the linear region, the equivalent circuit in Figure 5-7d is valid. An

appropriate circuit model is used in the analysis of circuit operation.

In order to simplify the analysis, an ideal Zener diode is assumed. The i-v

characteristic of the back-to-back Zener diode pairs is given by

V. i, >0
v. ={(-v..1.) i, =0, (5.1)
-V, i <0

where V, equals the sum of the Zener clamping voltage and forward drop voltage.

The current transformer can be modeled as a current-controlled current source
shunted by a magnetizing inductor L, referred to the transformer secondary. Two gates
are connected via an ideal 1:1 transformer. The ideal transformer obeys the relationships

of Vg1—=Vs2 and is1:i52.

Using the preceding circuit models, the self-oscillating circuit of Figure 5-3 can be
simplified, as shown in Figure 5-8. In steady state, eight topological stages exist over one
switching cycle. Due to the symmetrical operation, half switching cycle operation is

discussed, as shown in Figure 5-9. Figure 5-10 shows the key switching waveforms.

Stage 1 [to, t;]: Assume at ty the feedback current i; is bigger than the magnetizing
current i,, and Vg is clamped by the Zener diodes. Due to the positive volt-second
applied, i, linearly increases. The i; changes in a resonant waveform. This stage ends

when i,, reaches i at t;. During this stage i,, is given by

Chapter 5. High-Frequency Self-Oscillating Electronic Ballasts 138



b .
D ':<_ [Vas— Vasin) = Vos |

l«— Linear —»|<«— Saturation —» ) i
| A D

Voss /

Vess / 3
>
o <—Linearized

Vaso Cutoff , .S
o
o

Vs )

P —» V v
DS
Vs GS
(a) (b)
D oD

G G
in =f(Vss) bs(on)
C c | D Gs O c |

S o S
(c) (d)

Figure 5-7. Characteristics and equivalent circuit models of an n-channel MOSFET: (a)
output characteristics, (b) transfer curve, (c) equivalent circuit in cutoff or saturation
region, and (d) equivalent circuit in the linear region [F22].

Lamp

Controlled Current Source: ig = -i, /N

Figure 5-8. Simplified circuit model of self-oscillating electronic ballast.
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I
im (t) = LLJ. Vzdt + ImO = ZZ (tl - tO) + [mO 4 (52)

m t, m

where 7, is the initial magnetizing current at t,.

Stage 2 [ty, t2]: Since i, reaches i, at t;, the Zener diodes becomes unclamped and the
gate capacitors appear, causing resonance with the magnetizing inductor. The energy
stored in the gate capacitors starts transferring to the magnetizing inductor. V,, decreases
and Vg increases. Sy still carries the full resonant current until the gate voltage drops to a
level of Vg o), which is the gate-source voltage from the transfer curve of Figure 5-7(b)

needed to maintain ip = iy,

Stage 3 [to, t3]: Vs becomes temporarily clamped at Vg1 o) at time t,. Part of the
resonant current flows through the Miller capacitors Cgq» and Cgq; so that Vpg, increases
and Vpg; decreases, as shown in Figure 5-10(c). This mode ends when Vpg; reaches the

bus voltage at t; and the body diode of S; is turned on.

Stage 4 [t3, t4]: Once the drain-to-source voltage of S, reaches the bus voltage, Vg
becomes unclamped and continues its drop. Meanwhile, the drain current of S,, ips,,
decreases according to the transfer curve of Figure 5-7(b). The difference between iz, and
ips2 1s carried by the body diode of S;. This commutation ends when Vg drops below the
threshold voltage and S, is turned off. V, continues its drop until it is reverse-clamped

by the Zener diode at t4, and the next half switching cycle begins.

The preceding analysis shows that the switching period is mainly determined by the
interval of Stage 1 (Stage 5), during which the magnetizing inductor is linearly charged
(discharged) by the Zener clamping voltage. The interval of Stage 2 (Stage 6) causes a
considerable amount of delay due to the effects of the gate charge. The instantaneous
power loss occurs, however, primarily during the crossover time in Stage 3 (Stage 7)
where p(t) = vpsip is high. When subjected to extreme fluctuations, circuit reliability and

overall efficiency are impaired.
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Figure 5-10. Key waveforms.
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To reduce the turn-off losses, a speed-up winding and current amplifier circuit could
be added as shown in Figure 5-11(a). The square wave output voltage of the inverter is
coupled through Cg, to the winding Ng,. A regenerative switching action is generated,
which speeds up the charge and discharge of the MOSFET gate capacitances, as shown in
Figure 5-11(b). It can be seen that the intervals of Stage 2 to Stage 4 are reduced. With
the reduction of overlapping interval of voltage and current, the turn-off losses are
reduced dramatically. Experimental results show that efficiency is improved by about

4.4%.
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Figure 5-11. Self-oscillating electronic ballast with speed-up winding and current
amplifier circuit to reduce turn-off losses: (a) circuit diagram, and (b) key waveforms.
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5.3.2 Prediction of the Operation Frequency of the Self-Oscillating
Electronic Ballasts

Generally, the condition of stable self-oscillation is governed by the Barkhausen
criterion, which states that a unity loop gain is required to sustain stable oscillations in the
system [E15]. The Barkhausen criterion implies both unity magnitude and a phase angle

of 2k1t, which can be expressed in symbolic form as follows [E8]:

Gs)H(s)U(s) - G(jao)H(jao)U(jw) =102kn, (5.3)
where G(s), H(s) and I(s) are the transfer functions of the load resonant circuit, gate
converter and the inverter plus feedback network, respectively.

The Barkhausen criterion is used to predict the self-oscillating frequency. To simplify

the analysis, the following assumptions are made:

* Ideal MOSFETs with zero conduction losses, zero gate capacitances, and zero

drain-to-source transition time are used;
e Ideal Zener diodes are used; and
*  Only fundamental components are considered.

Under these assumptions, a simplified equivalent circuit and its switching waveforms
are obtained, as shown in Figure 5-12. The switching waveforms are very close to those
in Figure 5-11. Using fundamental approximation, the fundamental voltage vigmqg applied
to the resonant tank, the resonant inductor current i;, and lamp RMS voltage V), are given

by

2,
Vil fimd) = _735111(5‘1 + (0) ) (5.4)
i, (t)=-1 sinat,and (5.5)

v, = , (5.6)
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where Vs, @ @ 1, Z,, f, and R, are the bus voltage, switching frequency, phase lag of iz,

with respect to Vigimg, resonant inductor peak current, tank characteristic impedance,
normalized switching frequency and lamp resistance, respectively. Z, =./L,/C, ,
f,=f]f, =a/w,, and f, =1/(27T L,C,). The lamp is assumed to be a pure power-

dependent resistor in steady state, which is given by

, and (5.7)

7

la

(P)=a, +a, [P +a, Bxp(a, CP), (5.8)

where V5, (P) is lamp RMS voltage, P is the lamp power, and ajy-a, are parameters

determined from the measured lamp data.

The phase lag @is given by

@ = arctan %fn[ff +£]§”j —1} . (5.9)

o la

The resonant inductor peak current /, is given by

2
1+ e | g
_ 21 Z,

= ) 5.10
"oz, R, 2[ 2]2 5 10
7 1-f1 +/,
Therefore, the feedback current i, is given by
: i, () _1, .
ilt)=—"2L""2=Lsinar, 5.11
A== (5.11)

where N (=N;1/N, =Ng/N,) is the turns ratio of the current transformer C7.

Assume G is the phase angle between the current applied to the CT and the winding

voltage induced. Therefore, the magnetizing current i,, is given by
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T
V. 2V
() PR B : (5.12)
w w
where L,, is the magnetizing inductance seen from the secondary winding and V, is the
Zener clamping voltage.

n—- . . . . . .
At ¢ = —¢, im reaches i; and i, changes polarity, resulting in the change of gate-
w

voltage polarity. Therefore, S, is turned off at #,. The values of i; and i,, are given by

1y - (t):”Vz+2(9—¢)Vz
N i 2ad. '

m

(5.13)

Based on the Barkhausen criterion, & equals @in order to sustain oscillations, which

results in

Lsingp=—=-,

N o

R 2
1_,_[21{1] f? )

or 2V — sin| arctan) e £l fr+ Zo|

N1Z (R ] Z R,

0 g, [1—f2] +f2 0 a
Z n n
= (5.14)
2j;1a)0Lm

Equation (5.14) is complicated and it is hard to get a closed-form solution of the self-
oscillating f; (=f,-f,). Theoretically, given bus voltage Vg, lamp impedance Rj,, resonant
components L,, C,, Zener clamping voltage V. and current transformer parameters N and
L, the numerical solution of f; can be obtained from (5.14). However, there is an easy
way to find the relationship between f, and V,. Given lamp power P, the lamp impedance
R;, and lamp voltage Vj, are obtained from (5.7) and (5.8), respectively. Substituting
obtained Rj, and V}, into (5.6), f, is obtained for the given lamp power P. Substituting
calculated R, and f, into (5.14), V. is obtained. Figure 5-13 shows the calculated curve.
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Figure 5-12. (a) Simplified equivalent circuit of self-oscillating electronic ballast showing
reference directions of currents and voltages, and (b) key waveforms.
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Figure 5-13. Calculated self-oscillating frequency as a function of winding voltage.
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5.3.2 Control of the Self-Oscillating Electronic Ballasts

Equation (5.14) gives the relationship between the self-oscillating frequency and
Zener diode voltage V,. From Figure 5-13, it can be seen that f; increases with V,.
Therefore, one way to change switching frequency is to make the Zener clamping voltage
controllable. However, this is usually not easy. An equivalent circuit should be used.
Figure 5-14 shows a conceptual circuit diagram and key waveforms, in which the
switching frequency is controlled by a variable voltage source V y. As seen from the
graphic illustrations, the higher the Vi, the higher the switching frequency. Therefore,

this method is called self-oscillating control with winding voltage modulation.

To verify the proposed control concept, a prototype is built, which has circuit
parameters of: L, =1.56mH, C; =5.6nF, Vg =300V, and CT components of n, =1 turn
(L) =2.157pH) and ns =71 turns on a TDK PC 40 EI16 core [E16]. The circuit diagram
is shown in Figure 5-15; the winding voltage is controlled by a voltage source V. and
the polarity is controlled by the sign of secondary winding current i.. Figure 5-16 shows
the experimental results. The measured self-oscillating frequency increases from 25.6
kHz to 59.2 kHz when the control voltage V. changes from 5.5 V to 13.8 V. The

corresponding lamp power decreases from 45 W to 27 W.

The proposed control concept can be applied to the single-stage CS-CPPFC electronic
ballast, as shown in Figure 5.17, in which the lamp current is sensed via a current
transformer. The sensed current is converted into a voltage, which functions as Vg in
Figure 5-15. When the lamp current increases, V. increases, so switching frequency also
increases. The lamp current then decreases. Lamp current negative feedback is thus
introduced via the proposed concept. Figure 5-17(b) shows the experimental waveforms.
It can be seen that THD and PF improve. The lamp CF reduces from 1.88 to 1.6. The
lamp power variation reduces from +14.5% to +12%. However, high ripple current still
exists in the lamp current envelope, and this may shorten lamp life. To further improve
the lamp CF and power variation, another switching frequency modulation method is

proposed next.
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Figure 5-15. Implementation of self-oscillating electronic ballast with winding voltage
control.
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Figure 5-16. Measured switch current, lamp current and gate voltage at different control
voltages: (a) Vew =5.5 V, £, =25.6 kHz and Piymp =45 W, (b) Ve =8.7 V, f; =44.3 kHz
and Pjamp =32 W, and (¢) Ve =13.8 V, £, =59.2 kHz and Pjymp =27 W.
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Figure 5-17. Circuit implementation of single-stage self-oscillating CS-CPPFC electronic
ballast with winding voltage modulation: (a) circuit diagram, and (b) measured lamp
current waveform and input current waveform.
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Another way to control the operation frequency is to introduce a controllable current
signal i#;,; so that the turn-off instant of switch changes with i;,;. A conceptual circuit

diagram and key waveforms with and without current injection are shown in Figure 5-18.

. . . 7
Accordingly, the current relationship at ¢, = ¢ becomes
w

R 2
1+[J fn2 2
e 2 ]3]

5 sin| arctany — f,
Nlio R 2 Zo
P [l‘fnz] + 1y

7l
:#+1m. o (5.15)
2f;1a)0Lm '
where ;,; » is the injected current magnitude at time t;. Therefore, switching frequency is
a function of Iy m. Figure 5-19 is a numerical curve obtained from (5.15), which shows

that switching frequency increases as I;,; », Increases.

The current injection concept can be implemented by current transformer through

additional winding since the current transformer can be regarded as a current-mixing

network defined by
nSZZm = nplp +nsllsl +nles2 +ninjlinj +"" (516)
where np, ng, ng, Ny, ... are transformer winding turns, and 1,, iy, is2, iinj, ... are the

corresponding winding currents. The i, is the magnetizing current, referred to the ny;

winding.

The next step is to find a suitable current signal, which helps to reduce the lamp CF
and lamp power variation. From the measured lamp current waveform in Figure 5-2(a),
the lamp current is large near the line-zero crossing and small near the line-peak voltage.
It is required that the switching frequency is high near line-zero crossing and low near
line-peak voltage; therefore, the magnitude of the injected current is large near-line zero
crossing and low near line-peak voltage. The current through the charge-pump capacitor
Ci, fits the requirement, and can be injected into the gate converter via winding n;,;, as

shown in Figure 5-20. A small capacitor Ciy; (=390 pF) is used to adjust the magnitude.
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The turns of the current transformer are: n, =2 turns, and ny; =n,, =ng, =n;,; =33 turns on a
TDK PC40 EI-16 core. The measured line current waveforms with +10% line voltage
variations are also shown in Figure 5-20. Good PF and THD are achieved. Figure 5-21
shows the measured switching waveforms near the line-zero crossing, line-half voltage,
and line-peak voltage. The corresponding frequencies are 50 kHz, 44.5 kHz and 37.3
kHz. A good frequency modulation is achieved. Figure 5-21 also shows the measured
lamp current waveforms with £10% line voltage variations. The corresponding lamp CFs
are 1.48, 1.49 and 1.46. From the lamp current waveforms, it can be seen that the
proposed current injection approach has a better control effect than either the proposed
winding voltage modulation or the average lamp current feedback control proposed in
other research [D5] because it modulates the switching frequency cycle by cycle. The

measured lamp power variations are (-8.7%, 9.5%), within the £10% requirement.
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Figure 5-18. Conceptual self-oscillating electronic ballast with current injection: (a)
circuit diagram, (b) key waveforms without current injection, and (c) key waveforms with
current injection.
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Figure 5-19. Calculated self-oscillating frequency as a function of injected current.
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Figure 5-20. Self-oscillating CS-CPPFC electronic ballast with current injection: (a)
circuit diagram, (b) line current waveform at the rated line voltage (V, =200 V), (c) line
current waveform at —10% line variation (V, =180 V), and (d) line current waveform at
10% line variation (V, =220 V). v,: 100 V/div, i,: 0.5 A/div, time: 2 ms/div.
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Figure 5-21. Experimental results: (a) measured switching waveforms near line zero
crossing, (b) switching waveforms near half-line voltage, (c) switching waveforms near
line peak, (d) lamp current waveform at the rated line voltage (V, =200 V), (e) lamp
current waveform at —10% line variation (V, =180 V), and (f) lamp current waveform at
10% line variation (Vg =220 V).
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5.4. Summary

The cost of the CS-CPPFC electronic ballast can be reduced and the performance can
be improved by using the self-oscillating technique. However, the conventional self-
oscillating driver cannot be directly applied to the CPPFC electronic ballast because of
poor lamp CF, high line current distortion, and large sensitivity of lamp power to the line

voltage variation.

Novel winding voltage modulation concept and current injection concept have been
proposed, implemented and tested in this chapter. With the proposed concepts, the
switching frequency of the self-oscillating circuit can be effectively modulated by a
control signal so that the performance of the circuit is improved. Circuit topology and
experimental results show that the self-oscillating CS-CPPFC electronic ballast with
current injection circuit provides a good alternative for cost-effective non-dimming

electronic ballasts.
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Chapter 6 Conclusions

Electronic ballasts for gas discharge lamps received great attention in recent years due
to their merits of small size, light weight, high efficacy, and long lamp life. However,
poor input PF and rich harmonic current will be produced if the electronic ballasts are
powered directly by a simple peak rectifying circuit from the utility AC lines, which
deteriorates the power line quality and interferes with other electronic equipment. To
maintain high PF and low harmonic current, stringent regulations such as the IEC 1000-
3-2 have recently been established and enforced. These regulations have stimulated
considerable interest in developing cost-effective solutions in designing and
manufacturing high-power-factor electronic ballasts. A two-stage approach with a
current-shaping stage (PFC stage) followed by an inverter stage is used in practical
applications. To reduce the cost and component count, it is attractive to integrate the PFC

stage with the inverter stage so that power switch and its controller can be eliminated.

The use of controllable output electronic ballasts or dimming electronic ballasts can
significantly reduce energy consumption and make intelligent lighting feasible. Recently,
the development of cost-effective single-stage PFC electronic ballasts with wide-range

dimming control has become a dynamic research area.

To further reduce the cost, self-oscillating techniques are used in single-stage PFC
electronic ballasts. However, to achieve satisfactory performance, it is important to add a
control aspect to the self-oscillating electronic ballast when it is to be used in the single-

stage CPPFC circuits.

This dissertation presents several single-stage PF correction techniques, wide-range
dimming control techniques, and self-oscillating techniques. The following issues are
addressed: bus voltage stress in the boost-derived single-stage PFC electronic ballasts,

dimming control in the boost-derived single-stage PFC electronic ballasts, study and
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comparison of charge-pump PFC electronic ballasts, and self-oscillating technique with

control capability.

The most commonly used PFC topology in low-power applications is the DCM boost
converter, due to its inherent PFC function. However, when applied in the half-bridge
electronic ballast applications, the bus voltage is required to be higher than two times the
line peak voltage to ensure DCM operation, which may severely penalize the power stage
design. A novel voltage-divider concept is proposed and implemented by two new
circuits: the critical-conduction-mode electronic ballast and the interleaved electronic
ballast. The circuit analysis and experimental results show that the bus voltage can be

reduced to half that of the conventional DCM boost circuit.

To achieve a wide range of dimming control, asymmetrical duty-ratio controlled
single-stage PFC electronic ballasts are developed. By adjusting the duty ratio, the lamp
power can be effectively controlled over a wide range. ZVS can be retained on the
MOSFETs by integrating the resonant converter with QSW DC/DC converter into one
stage. Moreover, a small amount of DC biased current is naturally injected into the lamp,
which effectively eliminates the striations from the lamp and expands the stable dimming
range. Experimental results show that the proposed sepic-based single-stage PFC
dimmable electronic ballast performs satisfactorily with good PF, low harmonic

distortion, low bus voltage stress and wide dimming range.

A family of CPPFC electronic ballasts has been investigated, implemented, and
compared. It has been shown that capacitors can be used to achieve PFC function so that
the CPPFC techniques appear to be a good alternative approach in electronic ballast

applications.

From the analysis and experimental results, the basic VS-CPPFC electronic ballast
suffers from the high bus voltage stress and high lamp CF and is not practical in
electronic ballast applications. The VS-CPPFC with ICF has improved performance due
to the adjustment effect of C,. However, this option suffers from high current stress. The
basic CS-CPPFC electronic ballast has the simplest structure, a moderate bus voltage,
moderate switching current and moderate lamp CF, and is considered to be a good

topology for electronic ballast applications. The basic VSCS-CPPFC electronic ballast
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improves the lamp CF, bus voltage stress and current stress of basic VS-CPPFC and basic
CS-CPPFC electronic ballasts. However, this option increases the complexity of the
circuit, and the lamp CF still cannot meet the regulation with open-loop control. The
VSCS-CPPFC with ICF electronic ballast appears to be the most complicated circuit, but
can meet the lamp CF regulation without any feedback control. There is a trade-off
between the complexity of the power stage and control circuit. The VSCS-CPPFC with
LVFB electronic ballast performs well in the high-line applications since it has the lowest
bus voltage. However, this option suffers from high current stress. Therefore, the basic
CS-CPPFC electronic ballast shows the most promise for single-stage PFC electronic

ballast applications.

The performance and cost of CS-CPPFC electronic ballasts can be further improved
by using the self-oscillating technique. However, the conventional self-oscillating driver
cannot be directly applied to the CPPFC electronic ballast because of poor lamp CF, high

line current distortion, and large sensitivity of lamp power to the line voltage variation.

Novel winding voltage modulation and current injection concepts have been
proposed, implemented and tested. With the proposed concepts, the switching frequency
of the self-oscillating circuit can be effectively modulated by a control signal so that the
performance of the circuit is improved. The circuit topology and experimental results
show that the self-oscillating CS-CPPFC electronic ballast with current injection circuit is

one of the best electronic ballasts.

Chapter 6. Conclusion 159



References

A. General Electronic Ballasting Techniques

[A1]

[A2]

[A3]

[A4]

[A5]

[A6]

[AT7]
[A8]

[A9]

E. E. Hammer, “High Frequency Reference Circuit for CFL/Liner Fluorescent
Lamps,” Journal of the Illuminating Engineering Society, Summer 1997, pp. 69-
76.

L. Laskai, I. J. Pitel, “Discharge Lamp Ballasting,” Tutorial Record of IEEE-
PESC 1995, p.32.

W. Alling, “The Integration of Microcomputers and Controllable Output Ballasts
— a New Dimension in Lighting Control,” IEEE Transactions on Industry
Applications, Vol. IA-20, No. 5, Sept./Oct. 1984, pp. 1198-1205.

R. R. Verderber, O. C. Morse and F. Rubinstein, “Performance of Electronic
Ballast and Controls with 34- and 40- Watt F40 Fluorescent Lamps,” IEEE
Transaction on Industry Applications, Vol. 25, No. 6, Nov./Dec. 1989, pp. 1049-
1059.

W. Alling, “Important Design Parameters for Solid-State Ballasts,” IEEE
Transaction on Industry Applications, Vol. 25, No. 2, March/April 1989, pp. 203-
207.

I. J. Pitel, “Emerging Lighting Control Technologies: the Alternatives and Trade
Oft,” Journal of the Illuminating Engineering Society, April 1985, pp. 624-632,

R. J. Haver, “Solid State Ballasts are Here,” Electronic Design News, Nov. 1976.
M. Gulko and S. Ben-Yaakov, “Current-Source Push-Pull Parallel-Resonance
Inverter (CS-PPRI): Theory and Application as a Fluorescent Lamp Driver,”
IEEE Transactions on Industrial Electronics, Vol. 41, No. 3, June 1994, pp. 285-
291.

M. Jordan and J. A. O’Connor, “Resonant Fluorescent Lamp Converter Provides
Efficient and Compact Solution,” Conference Record of IEEE-APEC 1993, pp.
424-431.

Reference 160



[A10]

[Al1]

[A12]

[A13]

[Al4]

[A15]

[A16]

[A17]

[A18]

[A19]

[A20]

Y. L. Lin and A. F. Witulski, “Analysis and Design of Current-Fed Push-Pull
Resonant Inverters — Cold Cathode Fluorescent Lamp Drivers,” Conference
Record of IEEE-IAS 1996, pp. 2149-2152.

M. Gulko and S. Ben-Yaakov, “A MHz Electronic Ballast for Automotive-Type
HID Lamps,” Conference Record of IEEE-PECs 1997, pp. 39-45.

J. A. Sierra and W. Kaiser, “Comparison of Fluorescent Lamp Stabilization
Methods in the Current-Fed Push-Pull Inverter,” IEEE Transactions on Industry
Applications, Vol 36, No. 1, Jan./Feb., 2000, pp. 105-110.

M. Gulko, D. Medini and S. Ben-Yaakov, “Inductor-Controlled Current-Sourcing
Resonant Inverter and its Application as a High Presure Discharge Lamp Driver,”
Conference Record of IEEE-APEC 1994, pp. 434-440.

G. Lutteke and H. C. Raets, “High-Voltage High-Frequency Class-E Converter
Suitable for Miniaturization,” Conference Record of IEEE-PESC 1984, pp. 54-61.
G. Lutteke and H. C. Raets, “220 V Mains, 500 kHz Class-E Converter Using a
BIMOS,” Conference Record of IEEE-PESC 1985, pp. 127-135.

R. Redl and K. Arakawa, “A Low-Cost Control IC for Single-Transistor ZVS
Cold-Cathode Fluorescent Lamp Inverters and DC/DC Converters,” Conference
Record of IEEE-APEC 1997, pp. 1042-1049.

M. M. Hernando, C. Bianco, M. Alonso and M. Rico-Secades, “Fluorescent
Lamps Supplied with DC Current and Controlled in Current Mode,” Proceedings
of EPE 1991, pp. 499-503.

E. L. Corominas, J. M. Alonso, A. J. Calleja, J. Ribas and M. Rico-Secades,
“Optimizing Lamp-Power Regulation in Low-Voltage-Supplied Electronic
Ballasts by Using Non-Resonant Inverters,” Conference Record of IEEE-IAS
1998, pp. 2060-2067.

A. S. Simoes, M. M. Silva and A. V. Anunciada, “A Boost-Type Converter for
DC-Supply of Fluorescent Lamps,” IEEE Transactions on Industrial Electronics,
Vol. 41, No. 2, April 1994, pp. 251-255.

H. J. Boswinkel, J. L. Duarte and J. Rozengoom, “A Buck-Type Converter for
DC-Supply of Fluorescent Lamps,” Conference Record of IEEE-IAS 1998, pp.
2089-2093.

Reference 161



[A21]

[A22]

[A23]

E. L. Corominas, J. M. Alonso, A. J. Calleja, J. Ribas and M. Rico-Secades, “New
Topologies for Low-Power and Low-Input-Voltage Fluorescent Lamp Ballasts:
Tapped-Inductor-Inverters Analysis and Design Criteria,” Conference Record of
IEEE-IAS 1999, pp. 277-284.

M. K. Kazimierczuk and W. Szaraniec, “Electronic Ballast for Fluorescent
Lamps,” IEEE Transactions on Power Electronics, Vol. 8, No. 4, Oct. 1993, pp.
386-395.

M. C. Cosby Jr. and R. M. Nelms, “A Resonant Inverter for Electronic Ballast
Applications,” IEEE Transzctions on Industrial Electronics, Vol. 41, No. 4, Aug.
1994, pp. 418-424.

B. Integrated Single-Stage Power Factor Correction Techniques

[BI]

[B2]

[B3]

[B4]

[B3]

[B6]

R. R. Verderber, O. C. Morse and W. R. Alling, “Harmonics from Compact
Fluorescent Lamps,” IEEE Transactions on Industry Applications, Vol. 29, No. 3,
May/June, 1993, pp. 670-674.

J. Spangler and A. K. Behera, “Power Factor Correction Techniques Used for
Fluorescent Lamp Ballast,” Conference Record of IEEE-IAS 1991, pp. 1836-
1841.

P. N. Wood, “Fluorescent Ballast Design Using Passive PFC and Crest Factor
Control,” Conference Record of IEEE-IAS 1998, pp. 2076-2081.

H. Endo, T. Yamashita and T. Sugiura, “A High Power Factor Buck Converter,”
Conference Record of IEEE-PESC 1992, pp. 1071-1076.

L. H. Dixon Jr. “High Power Factor Pre-Regulator for Off-Line Power Suppliers,”
Unitrode Switching Regulator Power Supply Design Seminar Manual, SEM-700,
1990.

M. M. Jovanovic and Y. Jang, “A Novel Active Snubber for High-Power Boost
Converters,” IEEE Transactions on Power Electronics, Vol. 15, No. 2, March

2000, pp. 278-284.

Reference 162



[B7]

(B8]

[BI]

[B10]

[B11]

[B12]

[B13]

[B14]

[B15]

[B16]

[B17]

[B18]

I. Takahashi, “Power factor improvement of a diode rectifier circuit by dither
signals,” Conference Record of IEEE-TIAS 1990, pp. 1289-1294.

W. L. Eaton and A. B. Murray, “Reduction of Harmonics in Gas Discharge Lamp
Ballasts,” US Patent No. 4,511,823, April 16, 1985.

J. J. Spangler, “A Power Factor Corrected, MOSFET, Multiple Output, Flyback
Switching Supply,” PCI Proceedings, Oct. 1985, pp. 19-32.

M. H. Kheraluwala, R. L. Steigerwald and R. Gurumoorthy, “A Fast-Response
High Power Factor Converter with a Single Power Stage,” Conference Record of
IEEE-PESC 1991, pp. 769-779.

M. T. Madigan, R. W. Erickson and E. H. Ismail, “Integrated High-Quality
Rectifier-Regulators,” IEEE Transactions on Industrial Electronics, Vol. 46 No. 4,
Aug. 1999 pp. 749 —758.

S. Teramoto, M. Sekine and R. Satio, “High Power Factor AC/DC Converter,”
US Patent No. 5,301,095, April 5, 1994.

Y. Jiang and F. C. Lee, “Single-stage single-phase parallel power factor
correction scheme,” Conference Record of IEEE-PESC 1994, pp. 1145-1151.

R. Redl, L. Balogh and N. O. Sokal, “A New Family of Single-Stage Isolated
Power-Factor Correctors with Fast Regulation of the Output Voltage,”
Conference Record of IEEE-PESC 1994, pp. 1137-1144.

H. Watanabe, Y. Kobayashi, Y. Sekine, M. Morikawa and T. Ishii, “The
suppressing harmonic currents, MS (magnetic-switch) power supply,” Conference
Record of IEEE-INTELEC 1995, pp. 783-790.

J. Zhang, L. Huber, M. M. Jovanovic and F. C. Lee, “Single-Stage Input-Current-
Shaping Technique with Voltage-Doubler-Rectifier Front End,” IEEE
Transactions on Power Electronics, Vol. 16 No.1, Jan. 2001, pp. 55-63.

F. S. Tsai, P. Markowski and E. Whitcomb, “Off-Line Flyback Converter with
Input Harmonic Current Correction,” Conference Record of IEEE-INTELEC
1996, pp. 120-124.

J. Qian, Q. Zhao and F. C. Lee, “Single-Stage Single-Switch Power-Factor-
Correction AC/DC Converters with DC-Bus Voltage Feedback for Universal Line

Reference 163



[B19]

[B20]

[B21]

[B22]

[B23]

[B24]

[B25]

[B26]

[B27]

[B28]

Applications,” IEEE Transactions on Power Electronics, Vol. 13 No. 6, Nov.
1998, pp. 1079-1088.

L. Huber and M. M. Jovanovic, “Design Optimization of Single-Stage, Single-
Switch Input-Current Shapers,” Conference Record of IEEE-PESC 1997, pp. 519-
526.

G. Hua, “Condolidated Soft-Switching AC/DC Converters,” US Patent No.
5,790,389, Aug. 4, 1998.

E. Deng and S. Cuk, “Single Stage, High Power Factor, Lamp Ballast,”
Conference Record of IEEE-APEC 1994, pp. 441-449.

E. Deng and S. Cuk, “Single Switch, Unity Power Factor, Lamp Ballasts,”
Conference Record of IEEE-APEC 1995, pp. 670-676.

M. Ponce, R. Vazquez, J. Arau and D. Abud, “Class E Amplifiers Used as a High
Power Factor Electronic Ballasts for Fluorescent Lamps in a Single Stage,”
Conference Record of IEEE-PESC 1998, pp. 2009-2015.

C. Blanco, M. Alonso, E. Lopez, A. Calleja and M. Rico, “A single-stage
fluorescent lamp ballast with high power factor,” Conference Record of IEEE-
APEC 1996, pp. 616-621.

K. H. Liu and Y.-L. Lin, “Current Waveform Distortion in Power Factor
Correction Circuits Employing Discontinuous-Mode Boost Converters,”
Conference Record of IEEE-PESC, 1989, pp. 825-829.

C. S. Moo, S. Y. Chan and C. R. Lee, “A Single-Stage High Power Factor
Electronic Ballast with Duty-Ratio Controlled Series Resonant Inverter,” IEEE
Transactions on Industrial Electronics, Vol. 46, No.4, Aug. 1999, pp. 830-832.

A. Ganesh and B. Hesterman, “An Electronic Ballast with Novel Low-Cost Power
Factor Correction Circuit,” Conference Record of IEEE-IAS, 1998, pp. 2025-
2031.

M. Almeida Co, D. S. L. Simonetti and J. L. F. Vieira, “High-Power-Factor
Electronic Ballast Based on a Single Power Processing Stage,” IEEE Transactions

on Industrial Electronics, Vol. 47, No. 4, Aug. 2000, pp. 809-820.

Reference 164



[B29]

[B30]

[B31]

[B32]

[B33]

[B34]

[B35]

[B36]

[B37]

[B38]

M. Almeida Co, D. S. Simonetti and J. L. F. Vieira, “High-Power-Factor
Electronic Ballast Operating in Critical Conduction Mode,” IEEE Transaction on
Power Electronics, Vol. 13, No. 1, Jan. 1998, pp. 93-101.

F. Tao and F. C. Lee, “A Critical-Conduction-Mode Single-Stage Power-Factor-
Correction Electronic Ballast,” Conference Record of IEEE-APEC 2000, pp. 603-
609.

F. Tao and F. C. Lee, “An Interleaved Single-Stage Power-Factor-Correction
Electronic Ballast,” Conference Record of IEEE-APEC 2000, pp. 617-623.

R. Teodorescu, S. B. Kjar, S. M. Nielsen, F. Blaabjerg and J. K. Pedersen,
“Comparative Analysis of Three Interleaved Boost Power Factor Corrected
Topologies in DCM,” Conference Record of IEEE-PESC 2001, pp. 3-7.

M. M. Jovanovic, D. M. C. Tsang and F. C. Lee, “Reduction of Voltage Stress in
Integrated High-Quality Rectifier-Regulators by Variable-Frequency Control,”
Conference Record of IEEE-APEC 1994, pp. 569-575.

R. O. Brioschi, M. M. Lamego and J. L. F. Vieira, “Constant DC Link Voltage
HPF Electronic Ballast,” Conference Record of IEEE-IAS 1997, pp. 2353-2359.
Y. S. Youn, C. Gyun and G. H. Cho, “A Unity Power Factor Electronic Ballast
for Fluorescent Lamp Having Improved Valley Fill and Valley Boost Converter,”
Conference Record of IEEE-PESC 1997, pp. 53-59.

J. M. Alonso, A. J. Calleja, J. Ribas, E. Corominas and M. Rico-Secades,
“Evaluation of a Novel Single-Stage High-Power-Factor Electronic Ballast Based
on Integrated Buck Half-Bridge Resonant inverter,” Conference Record of IEEE-
APEC 2000, pp. 610-616.

J. Zhang, “Advanced Integrated Single-Stage Power Factor Correction
Techniques,” Ph.D. dissertation, Virginia Tech, March, 2001.

Fengfeng Tao, Qun Zhao, Fred C. Lee, and Naoki Onishi, “Comparative Study of
Critical-Conduction-Mode and Interleaved Single-Stage PFC Electronic Ballasts,”
Conference Record of CPES Annual Seminar 2000, pp. 301-308.

Reference 165



C. Dimmable Electronic Ballasts

[C1]

[C2]

[C3]

[C4]

[C5]

[C6]

[C7]

[C8]

[C9]

[C10]

F. Rubinstein, M. Siminovitch and R. Verderber, “Fifty Percent Energy Savings
with Automatic Lighting Controls,” IEEE Trans. Ind. Appl., Vol. 29, No. 4,
July/Aug. 1993, pp. 768-773.

M. A. Hay, “New Technology Boosts Fluorescent Dimming Up a Notch,” in
Consulting-Specifying Engineer, Nov. 1995, pp. 36-42.

J. L. Duarte, J. A. A. Wijntjens and J. Rozenboom, “Designing light sources for
solar-powered systems,” Fifth European Conference on Power Electronics and
Applications IEE, London, UK, Vol.8, 1993, pp. 78-82.

M. Ponce, J. Arau, J. M. Alonso and M. Rico-Secades, “Electronic Ballast Based
on Class E Amplifier with a Capacitive Inverter and Dimming for Photovoltaic
Applications,” Conference Record of IEEE-APEC 1998, pp. 1156-1162.

J. Rozenboom, “The Electronic Ballast Circuit and Low Pressure Lamps,” Int.
Journal Electronics, Vol. 82, No. 3, 1997, pp. 269-294.

J. Ribas, J. M. Alonso, E. L. Corominas, A. J. Calleja and M. Rico-Secades,
“Design Considerations for Optimum Ignition and Dimming of Fluorescent
Lamps Using a Resonant Inverter Operating Open Loop,” Conference Record of
IEEE-IAS 1998, pp. 2068-2075.

C. S. Moo, H. L. Chung, H. N. Chen and H. C. Yen, “Design Dimmable
Electronic Ballast with Frequency Control,” Conference Record of IEEE-APEC
1999, pp. 727-733.

T. F. Wu, T. H. Yu and M. C. Chiang, “Single-Stage Electronic Ballast with
Dimming Feature and Unity Power Factor,” IEEE Transactions on Power
Electronics, Vol. 13, No. 3, May 1998, pp. 586-597.

T. F. Wu and T. H. Yu, “Analysis and Design of a High Power Factor, Single-
Stage Electronic Dimming Ballast,” IEEE Transactions on Industry Applications,
Vol. 34, No. 3 May/June 1998, pp. 606-615.

T. F. Wu, Y. C. Wu, J. Y. Su and C. C. Chen, “Design Consideration for
Optimum Dimming in Single-Stage Electronic Ballasts,” Conference Record of

IEEE-IAS 2000, pp. 3374-3381.

Reference 166



[C11]

[C12]

[C13]

[C14]

[C15]

[C16]

[C17]

[C18]

[C19]

[C20]

C. Branas, F. J. Azcondo and S. Bracho, “Electronic Ballast for HPS Lamps with
Dimming Control by Variation of the Switching Frequency: Soft Start-up Method
for HPS and Fluorescent Lamps,” Conference Record of IEEE-IECON 1998, pp.
953-958.

T. J. Ribarich and J. J. Ribarich, “A New Control Method for Dimmable High-
Frequency Electronic Ballasts,” Conference Record of IEEE-IAS 1998, pp. 2038-
2043.

C. S. Moo, H. L. Cheng, T. F. Lin and H. C. Yen, “Designing a Dimmable
Electronic Ballast with Voltage Control for Fluorescent Lamp,” Conference
Record of IEEE-ISIE 1999, pp. 786-791.

S. Y. R. Hui, L. M. Lee, H. S. H. Chung and Y. K. Ho, “An Electronic Ballast
with Wide Dimming Range, High PF, and Low EMI,” IEEE Transactions on
Power Electronics, Vol. 16, No. 4, July 2001, pp. 465-472.

C. Branas, F. J. Azcondo and S. Bracho, “Fluorescent Lamps: Introduction to
Quasi-Optimum Control,” Conference Record of IEEE-IAS 1998, pp. 970-975.

C. S. Moo, H. L. Cheng and Y. N. Chang, “Single-Stage High-Power-Factor
Dimmable Electronic Ballast with Asymmetrical Pulse-Width-Modulation for
Fluorescent Lamps,” IEE Proc.-Elec. Power Appl., Vol. 148, No. 2, March 2001,
pp- 125-132.

T. F. Wy, Y. C. Liu and Y. J. Wu, “High-Efficiency Low-Stress Electronic
Dimming Ballast for Multiple Fluorescent Lamps,” IEEE Transactions on Power
Electronics, Vol. 14, No. 1, Jan. 1999, pp. 160-167.

A. Chee and J. Sampson, “A Novel Triple-Frequency Controlled Lamp Network
with End-of-Life Detection for Architectural Dimming of Compact Fluorescent
Lamps,” Conference Record of IEEE-APEC 1999, pp. 734-738.

C. R. Sullivan, S. R. Jurell and D. G. Luchaco, “Circuit for Dimming Gas
Disacharge Lamps without Introducing Striations,” US Patent No. 5,001,386,
March 19, 1991.

A. Okude, A. Ueoka, Y. Kambara and M. Mitani, “Development of an Electronic
Dimming Ballast for Fluorescent Lamps,” Journal of the Illuminating Engineering

Society, winter 1992, pp. 15-21.

Reference 167



[C21]

[C22]

[C23]

[C24]

[C25]

[C26]

[C27]

[C28]

[C29]

[C30]

[C31]

J. H. Reijnaerts, “Circuit Arrangement for Reducing Striations in a Low-Pressure
Mercury Discharge Lamp,” US Patent No. 5,369,339, Nov. 29, 1994,

R. L. Steigerward and L. D. Stevanovic, “Elimination of Striations in Fluorescent
Lamps Driven by High-Frequency Ballasts,” US Patent No. 5,701,059, Dec. 23,
1997.

C. R. Sullivan, “Control System for Proving Power to A Gas Charge Lamp,” US
Patent No. 5,864,212, Jan. 26, 1999.

G. C. Hsieh and C. H. Lin, “Harmonized Strategy for Breaking the Striations in
the Fluorescent Lamp,” IEEE Transactions on Industrial Electronics, Vol. 48, No.
2, April 2001.

C. S. Moo, Y. C, Chung, Y. H. Huang and H. N. Chen, “Modeling of Fluorescent
Lamps for Dimmable Electronic Ballasts,” Conference Record of IEEE-IAS
1996, pp. 2231-2236.

N. Sun and B. Hesterman, “Pspice High Frequency Dynamic Fluorescent Lamp
Model,” Conference Record of IEEE-APEC 1996, pp. 641-647.

N. Onishi, T. Shiomi, A. Okude and T. Yamauchi, “A Fluorescent Lamp Model
for High Frequency Wide Range Dimming Electronic Ballast Simulation,”
Conference Record of IEEE-APEC 1999, pp. 1001-1005.

S. Ben-Yaakov, M. Shvartsas and S. Glozman, “Statics and Dynamics of
Fluorescent Lamps Operating at High Frequency: Modeling and Simulation,”
Conference Record of IEEE-APEC 1999, pp. 467-472.

E. Deng and S. Cuk, “Negative Incremental Impedance and Stability of
Fluorescent Lamps,” Conference Record of IEEE-APEC 1997, pp. 1050-1056.
Fengfeng Tao, Fred C. Lee, and Naoki Onishi, “A Dynamic Pspice Model for
High-Frequency Fluorescent Lamp with Continuous Dimming Operation,”
Conference Record of CPES Annual Seminar 2000, pp. 295-300.

F. Tao, Q. Zhao, F. C. Lee and N. Onishi, “Single-Stage Power-Factor-Correction
Electronic Ballast with a Wide Continuous Dimming Control for Fluorescent

Lamps,” Conference Record of IEEE-PESC 2001, pp. 926-931.

Reference 168



D. Single-Stage Charge-Pump Power-Factor-Correction Techniques

[D1]

[D2]

[D3]

[D4]

[D5]

[D6]

[D7]

[D8]

[D9]

[D10]

[D11]

W. L. Eaton, A. B. Murray, “Reduction of Harmonics in Gas Discharge Lamp
Ballasts,” US Patent No. 4,511,823, April 16, 1985.

A. F. Hernandez and G. W. Bruning, “High Frequency Inverter with Power-Line-
Controlled Frequency Modulation,” US Patent No. 5,404,082, April 4, 1995.

A. A. Bobel, “Electronic Device for Powering a Gas Discharge Road from a Low
Frequency Source,” US Patent No. 5,434,480, July 18, 1995.

C. S. Moo, Y. C. Chung and C. R. Lee, “A New Power Factor Correction Circuit
for Electronic Ballasts with Series-Load Resonant Inverter,” Conference Record
of IEEE-APEC 1996, pp. 628-633.

J. Qian, F. C. Lee and T. Yamauchi, “Current-Source Charge-Pump Power-
Factor-Correction Electronic Ballast,” IEEE Transactions on Power Electronics,
Vol. 13, No. 3, May 1998, pp. 564-572.

C. S. Moo, C. R. Lee and H. C. Yen, “A High-Power-Factor Constant-Frequency
Electronic Ballast for Metal Halide Lamps,” Conference Record of IEEE-PESC
1998, pp. 1755-1760.

C. S. Moo, C. R. Lee and T. F. Lin, “A High-Power-Factor DC-Linked Resonant
Inverter,” IEEE Transactions on Industrial Electronics, Vol. 46, No. 4, Aug. 1999,
pp. 814-819.

M. Macehara, “Inverter Device for Stable, High Power Factor Input Current
Supply,” US Patent No. 5,274,540, Dec. 28, 1993.

M. Maehara and Kadoma, “High Power-Factor Inverter Device Having Reduced
Output Ripple,” US Patent No. 5,410,466, April 25, 1995.

M. H. Kheraluwala, S. A. El-Hamamsy and D. J. Kachmarik, “Multi-Resonant
Boost High Power Factor Ballast for Compact Fluorescent Lamps,” Conference
Record of IEEE-PESC 1997, pp. 60-65.

W. Chen, F. C. Lee and T. Yamauchi, “An Improved Charge Pump Electrnic
Ballast with Low THD and Low Crest Factor,” Conference Record of IEEE-
APEC 1996, pp. 626-627.

Reference 169



[D12]

[D13]

[D14]

[D15]

[D16]

[D17]

[D18]

[D19]

[D20]

[D21]

[D22]

W. Chen, F. C. Lee and T. Yamauchi, “Reduction of Voltage Stress in Charge
Pump Electronic Ballast,” Conference Record of IEEE-PESC 1996, pp. 887-893.
J. Qian, F. C. Lee and T. Yamauchi, “Analysis, Design and Experiments of a
High Power Factor Electronic Ballast,” Conference Record of IEEE-APEC 1997,
pp. 1023-1029.

J. Qian, F. C. Lee and T. Yamauchi, “Charge Pump High Power Factor Dimming
Electronic Ballast,” Conference Record of IEEE-PESC 1997, pp. 73-79.

J. Qian, F. C. Lee and T. Yamauchi, “A Single-Stage Electronic Ballast with
Power Factor Correction and Low Crest Factor for Fluorescent Lamps,”
Conference Record of IEEE-IAS, 1997, pp. 2307-2312.

T. Yamauchi and T. Shiomi, “A Novel Charge Pump Power Factor Correction
Electronic Ballast for High Intensity Discharge Lamps,” Conference Record of
IEEE-PESC 1998, pp. 1761-1767.

M. Macehara, K. Sato and H. Nishimura, “A Current Source Type Charge Pump
High Power Factor Electronic Ballast Combined with Buck Converter,”
Conference Record of IEEE-PESC 1998, pp. 2016-2020.

J. Qian, F. C. Lee and T. Yamauchi, “A New Continuous Input Current Charge
Pump Power Factor Correction (CIC-CPPFC) Electronic Ballast,” Conference
Record of IEEE-IAS 1997, pp. 2299-2306.

E. Statnic and G. Loehmann, “High Power Factor, High-Frequency Operating
Circuit for a Low-Pressure Discharge Lamp,” US Patent No. 5,521,467, May 28,
1996.

C. S. Moo, Y. C. Chung and J. C. Lee, “A New Dynamic Filter for the Electronic
Ballast with the Parallel-Load Resonant Inverter,” Conference Record of IEEE-
IAS 1995, pp. 2597-2601.

J. Qian, F. C. Lee and N. Onishi, “New Charge Pump Power Factor Correction
Electronic Ballast with a Wide Range of Line Input Voltage,” Conference Record
of IEEE-APEC 1998, pp. 216-222.

F. Tao, J. Qian, F. C. Lee and N. Onishi, “A Comparative Study of a Family of
Charge-Pump Power-Factor-Correction Electronic Ballasts,” Conference Record

of IEEE-APEC 1999, pp. 739-745.

Reference 170



[D23] F. Tao, F. C. Lee and N. Onishi, “Optimization of Combined Voltage-Source-

Current-Source Charge-Pump Power-Factor-Correction Electronic Ballast,”

Conference Record of IEEE-PESC 2000, pp. 341-346.

E. Self-Oscillating Techniques

[E1]

[E2]

[E3]

[E4]

[E5]

[E6]

[E7]

[E8]

N. Yunoue, K. Harada, Y. Ishihara, T. T. Todaka and F. Okamoto, “A Self-
Excited Electronic Ballast for Electrodeless Fluorescent Lamps Operated at 10
MHz,” Conference Record of IEEE-IAS 1998, pp. 2019-2024.

L. R. Nerone, “Novel self-oscillating class E ballast for compact fluorescent
lamps,” IEEE Transactions on Power Electronics, Vol.16, No.2, March 2001, pp.
175-183.

T. H. Yu, H. M. Huang and T. F. Wu, “Self Excited Half-Bridge Series Resonant
Parallel Loaded Fluorescent Lamp Electronic Ballasts,” Conference Record of
IEEE-APEC 1995, pp. 657-664.

Y, R. Yang and C. L. Chen, “Steady-State Analysis and Simulation of a BIT Self-
Oscillating ZVS-CV Ballast Driven by a Saturable Transformer,” IEEE
Transactions on Industrial Electronics, Vol. 46, No. 2 April 1999, pp. 249-260.

M. Trivedi, R. Vijayalakshmi, K. Shenai and B. Hesterman, “Improved
Capacitance Model for Power Bipolar Transistor Turn-Off Performance,”
Conference Record of IEEE-PESC 1998, pp. 1214-1218.

P. C. Theron, P. H. Swanepoel, J. J. Schoeman, J. A. Ferreira and J. D. Van Wyk,
“Soft Switching Self-Oscillating FET-Based DC-DC Converters,” Conference
Record of IEEE-PESC 1992, pp. 641-648.

P. N. Wood, “High Frequency Resonant Inverter Drives Fluorescent Lamps,”
PCIM Magazine, April 1990, pp. 43-44.

L. R. Nerone, “A Mathematical Model of the Class D Converter for Compact
Florescent Ballasts,” IEEE Transaction on Power Electronics, Vol. 10, No. 6,

Nov. 1995, pp. 708-715.

Reference 171



[E9]

[E10]

[E11]

[E12]

[E13]

[E14]

[E15]

[E16]

[E17]

[E17]

L. R. Nerone, “Design of a 2.5-MHz, Soft-Switching, Class-D Converter for
Electrodeless Lighting,” IEEE Transactions on Power Electronics, Vol. 12, No. 3,
May 1997, pp. 507-516.

C. Chang, J. Cang and G. Bruning, “Analysis of the Self-Oscillating Series
Resonant Inverter for Electronic Ballasts,” Conference Record of IEEE-IAS 1997,
pp- 2291-2298.

C. S. Moo, H. C. Yen, H. L. Cheng and C. R. Lee, “The Implementation of
Orthogonal Array Method on Designing Self-Excited Electronic Ballast,”
Conference Record of IEEE-ISIE 1999, pp. 780-785.

L. R. Nerone, “A Novel Ballast for Electrodeless Fluorescent Lamps,”
Conference Record of IEEE-IAS 2000.

C. Chang and G. Bruning, “Self-Oscillating Electronic Ballast Analysis Using the
Relay Systems Approach,” IEEE Transactions on Industry Applications, Vol. 37,
No. 1 Jan./Feb. 2001, pp. 255-2261.

H. Pinheiro, P. K. Jain and G. Joos, “Self-Sustained Oscillating Resonant
Converters Operating Above the Resonant Frequency,” IEEE Transactions on
Power Electronics, Vol. 14, No. 5, September 1999, pp. 803-815.

J. Millman and C. C. Halkias, Integrated Electronics: Analog and Digital Circuits
and Systems. New York: McGraw Hill, 1972, pp. 483-485.

F. Tao, Q. Zhao, F. C. Lee and N. Onishi, “Self-Oscillating Electronic Ballast
with Dimming Control,” Conference Record of IEEE-PESC 2001, pp. 1818-1823.
F. Tao, F. C. Lee and N. Onishi, “A Self-Oscillating Drive for Single-Stage
Charge-Pump Power-Factor-Correction Electronic Ballast with a Frequency
Modulation,” Conference Record of IEEE-IAS 2000, pp. 3367-3373.

F. Tao, Q. Zhao, J. H. Zhou, F. C. Lee and N. Onishi, “Self-Oscillating Single-
Stage Power-Factor-Correction Electronic Ballast with Duty Ratio and Frequency

Modulation,” Conference Record of IEEE-APEC 2001, pp. 683-687.

Reference 172



F. Other References

[F1]

[F2]

[F3]

[F4]

[F5]

[F6]

[F7]

[F8]

[F9]

[F10]

[F11]

[F12]

[F13]

J. B. Murdoch, [llumination Engineering — From Edison’s Lamp to the Laser.
New York, NY: Macmillan Publishing Company, 1985, p. 5, p. 190.

M. A. Cayless and A. M. Marsden, Lamps and lighting. Baltimore, MD: Edward
Arnold Ltd., London, 1983, p. 3, p. 10.

C. Meyer and H. Nienhuis, Discharge Lamps. Kluwer Technische Boeken B.V. —
Deventer, 1988, pp. 14-15, p. 138.

P. C. Sorcar, Energy Saving Lighting Systems. New York, NY: Van Nostrand
Reinhold Company Inc. 1982, p. 5, p. 18.

J. Waymouth, Electric Discharge Lamps. Cambridge, Mass.: The M.L.T. Press,
1971, p. 3, p. 28, p.30.

A. E. Emanuel and L. Peretto, “The response of fluorescent lamp with magnetic
ballast to voltage distortion,” IEEE Transaction on Power Delivery, Vol. 12, No.
1, Jan. 1997, pp. 289-295.

IEC 1000-3-2, Electromagnetic Compatibility Part 3: Limits, Section 2: Limits for
Harmonic Current Emissions (Equipment Input Current < 16A per phase), March
1995.

A. 1. Pressman, Switching Power Supply Design. New York: McGraw-Hill, 1998,
Ch.16.6, pp. 580-609.

H. L. Krause, C. W. Bostian, and F. H. Raab, Solid State Radio Engineering. New
York, NY: John Wiley & Sons, 1980.

N. O. Sokal, “RF Power Amplifiers, Classes A Through S — How They Operate,
and When to Use Each,” Professional Program Proceedings of Electronics
Industries Forum of New England, 1997, pp.179-252.

P. J. Baxandall, “Transistor Sine-Wave LC Oscillators,” Proc. IEE, Vol. 106, Pt.
B, Suppl. 16, May 1959, pp. 748-758.

F. N. Tompkins, “The Parallel-Type Inverter,” Transactions AIEE, September
1932, pp. 707-714.

R. L. Bright, G. F. Pittman and G. H. Royer, “Transistors as On-Off Switches in
Saturable-Core Circuit,” Electrical Manufacturing, Vol. 54, Dec. 1954, pp. 79-82.

Reference 173



[F14]

[F15]

[F16]

[F17]

[F18]

[F19]

[F20]

[F21]

[F22]

J. L. Jensen, “An Improved Square-wave Oscillator Circuit,” IRE Transactions on
Circuit Theory, No. 4. Sep. 1957, pp. 276-279.

N. O. Sokal and A. D. Sokal, “Class E — A New Class of High-Frequency Tuned
Single-Ended Switching Power Amplifiers,” IEEE J. Solid-State Circuit, Vol. SC-
10, June 1975, pp. 168-176.

R. J. Gutmann, “Application of RF Circuit Design Principles to Distributed Power
Converters,”IEEE Trans. on Industrial Electronics & Control Instrumentation,
Vol. IECI27, No.3, Aug. 1980, pp. 156-64.

R. Redl, B. Molnar and N. O. Sokal, “Class-E Resonant Regulated DC/DC Power
Converters: Analysis of Operation, and Experimental Results at 1.5 MHz,”
Conference Record of IEEE-PESC 1983, pp. 50-60.

R. W. Erickson, Fundamentals of Power Electronics. New York, NY: Chapman
& Hall, 1997.

M. K. Kazimierczuk and D. Czarkowski, Resonant Power Converters. New York,
NY: John Wiley & Sons, Inc., 1995.

C. P. Henze, H. C. Martin and D. W. Parsley, “Zero-Voltage Switching in High
Frequency Power Converters Using Pulse Width Modulation,” Conference
Record of IEEE-APEC 1988, pp. 33-40.

T. Zaitsu, O. Ohnishi, T. Inoue, M. Shoyama, T. Ninomiya, F. C. Lee and G. Hua,
“Piezoelectric transformer operating in thickness extensional vibration and its
application to switching converter,” Conference Record of IEEE-PESC 1994, pp.
585-589.

N. Mohan, T. M. Undeland and W. P. Robbins, Power Electronics, Converters,
Applications, and Design. New York, NY: John Wiley & Sons, Inc, 1995.

Reference 174



Vita

The author, Fengfeng Tao, was born in Zhangjia Gang, Jiangsu, P. R. China in 1967.
He received the B.S. and M.S. degrees in Electrical Engineering from Tsinghua
University, in 1990 and 1996, respectively. From 1990 to 1994, he was a research
assistant at the Institute of Nuclear Energy Technology (INET), Tsinghua University,
where he did research on the digital control for electronic welding power supply. In fall
1996, he joined the Virginia Power Electronics Center (VPEC) — now the Center for
Power Electronics Systems (CPES) — at Virginia Tech as a research assistant, engaged in
research in the areas of high-frequency power converter topologies, power-factor-
correction techniques, electronic ballast, piezoelectric transformer applications, and

distribute power systems.

175



