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Abstract

This thesis proposes a two-stage high-power factor and low THD electronics ballast
for a 40W commercial fluorescent tube lamp. The proposed ballast uses a Cuk
Buck-Boost ac-dc converter in continuous conduction mode (CCM) as a power
factor and input current shaper/pre-regulator. The dc-dc Cuk converter between ac-
dc diode rectifier and the resonant inverter of the ballast makes the input current
high frequency switched. As a result of in phase high frequency switching, the input
current can be easily filtered with small sized filter to obtain low THD input current
and also to maintain high input power factor. In the proposed electronic ballast
topology, a self oscillating half bridge series resonant parallel loaded inverter
(SRPLY) is used for the conversion of dc supply obtained by bridge rectifier to high
frequency ac supply. Use of high frequency ac for fluorescent lights allows better
conversion of energy to light than in the utility supply low frequency ac supply.
Also, the ignition cum voltage balancing inductors used in these lamps are reduced
in size providing further increase of efficiency by reducing copper loss in the
inherent resistance in inductors. The design, modeling and simulation of the
proposed topology is carried out in Orcad environment for a 40W, 220V, 50Hz
fluorescent lamp. The design is implemented practically. The zero voltage switching
(ZVS) is achieved which reduces the switching losses. The power quality indices
like total harmonic distortion of ac mains current (THDi), power factor (PF) and
energy conversion efficiency are evaluated to demonstrate the behavior of proposed

electronic ballast.

Xi



Chapter 1

Introduction

1.1 Background and present state of problem

Worldwide energy crisis has lead to interests in using energy efficient
gadgets and loads. In household and commercial use, incandescent lamps are
inefficient loads. Fluorescent lamps are well known for their higher luminous
(Im/watt) efficiency. However, all discharge lamps require adequate striking voltage
at the time of starting and current limiting control after the ignition process. This can
be achieved by using magnetic or hybrid or electronic ballast. The magnetic ballast
is large in size and weight, produces audible noise and flickering. The magnetic
ballasts have iron and copper losses and have poor input power factor. When the
fluorescent lamps are driven at high frequency by using electronic ballast, then the
luminous efficacy improves by 10-15%, resulting in reduction in audible noise and
flicker. High frequency allows smaller choke coils of low internal resistances which

reduce the copper loss. As a result the overall efficiency improves.

Electronic ballasts use semiconductor components to increase the frequency
of fluorescent lamp operation, typically in the 20 — 40 kHz range rather than 50/60
Hz supply as normally used. The conventional magnetic ballast needs a starter to
ignite the lamp and the lamp flickers during the ignition process. This flicker causes
high intermittent starting current. The event consumes extra power during start and
consumers are to pay for this. Intermittent high starting current reduces the lamp
performance with time as the filament property changes eventually damaging the
filament property all together. Electronic ballasts consist of solid state devices to
generate a high frequency ac voltage to drive the compact fluorescent lamp. The line
voltage supplied to the ballast is converted into a dc voltage using a full-wave diode
bridge rectifier (DBR) and a filter capacitor. Then an inverter is used to feed high
frequency (20 to 100 kHz) current to the lamp. In the existing electronic ballast, the
relatively small conduction time of DBR and input filter components distorts the
input ac mains current waveform, which is rich in odd harmonics. However, this

electronic ballast has power quality problems like poor power factor (PF), high crest



factor (CF) and high total harmonic distortion (THD) of ac mains current which do
not comply with the international regulations such as IEC 61000-3-2 [1]. This non-
sinusoidal shape of the input current drawn by the rectifiers causes a number of
problems for the power distribution network and for other electrical systems in the

vicinity of the rectifier including:

1) Phase displacement of the current and voltage fundamentals requires that the
source and distribution equipment handle excess reactive power increasing
their volt-ampere ratings,

2) High input current harmonics and low input power factor,

3) Lower rectifier efficiency because of the large rms value of the input current,

4) Input ac main‘s voltage distortion because of the associated higher peak
currents,

5) High reactive components size,

6) Heat loss due to I’R drop in wire and eddy-current loss and core loss in the
transformer core result in lower overall efficiency,

7) Lower power conversion,

8) Excitation of system resonances,

9) The inefficient use of electric energy, the discontinuous conduction of the
bridge rectifier results in a high total harmonic distortion (THD) in the input
Lines and

10) Malfunctioning of the sensitive electronic equipments.

A dc-dc converter interfacing with diode bridge rectifier (DBR) and a small
low pass filter improves the power factor to nearly unity. By proper control of the
dc-dc converter, the input current may be shaped almost in phase with the input

voltage.

The active power factor corrected (PFC) electronic ballast draws the input
current to follow ac mains voltage and hence the input power factor is improved
nearly to unity when filtered by a small filter (because of high frequency switched
input current nature). The harmonic pollution of ac mains can be effectively be
reduced when a high power factor (HPF) with low total harmonic distortion (THD)

of the input current is achieved. The other advantages of the HPF are reduction of ac



main“s ms current and the crest factor of ac main‘s current [1]. HPF can be obtained
using two power processing stages. The first one is a high power factor pre-regulator
(PFP) stage, which converts the ac mains voltage to a dc voltage. The second stage
transforms the dc voltage to a high frequency ac voltage to drive the fluorescent

lamp.

1.2 Objective of the Thesis

The specific aims of this research are:

1. To design a schematic model of electronic ballast with low THD and high
power factor,

2. Analyze the design procedure for various portion of proposed electronics
ballast and

3. To implement proposed ballast in practical for 40W tube light.

1.3 Thesis outline

This thesis includes five chapters. Background and present state of problems
are presented in chapter-1. Literature review that includes different PFC schemes and
resonance converter topologies are presented in chapter 2. Comparisons such as
Incandescent lamps VS Fluorescent lamps, magnetic VS electronics ballast are also
included in this chapter. In chapter 3, design procedure of proposed electronics
ballast and analysis of them with mode in operation are described. Choice and
selection of different component values and their operating voltage are included in
this chapter. Practical circuit of proposed electronics ballast is given in chapter 4.
Details practical circuit diagram combination with pulse generating circuit is
included here. PCB layout includes top view and bottom view. The chapter at the
end presents simulated and experimental results of the ballast circuit. Chapter 5 is
conclusion chapter. Summary of the thesis and suggestions for future research is

given here.



Chapter 2

Literature Review

Over time, incandescent lamps, known as electric lamps, have proven to be a
reliable source of light and have, therefore, dominated the lighting industry. While
incandescent lamps are able to provide excellent light quality and performance, they
suffer from low power conversion efficiency. The power efficiency of an
incandescent lamp can be as low as 10%; the majority of the energy consumed by
the lamp is dissipated as heat rather than visible light [2]. The incandescent lamp*s
low power conversion efficiency prompted the development of alternative lighting
solutions such as high power light emitting diodes (LED) and energy efficient

fluorescent lamps.

An LED presents many advantages over an incandescent lamp. These
include, low energy consumption, longer life, robustness, small size, and durability.
However, due to the use of semiconductor diodes in LED lamps, current LED
lighting products are expensive than incandescent lamps and fluorescent lamps of
comparable light output. Another disadvantage is that LEDs require very precise
current and heat management. The performance of an LED lamp is highly sensitive
to the ambient temperature of the operating environment [3][4]. When the LED is
operating in a high ambient temperature environment with a high driving current,
the LED package can overheat and eventually lead to device failure. LED lamp is
also prone to producing non-uniform light intensity; it cannot produce the same light
intensity in all directions [3]. This particular shortcoming of LED lamps limit their
applications needing a continuous spherical field of light. The aforementioned
problems associated with the LEDs have hindered its entrance into the mainstream
lighting industry so far. However, effort is going on to overcome the problems. If
the problems can be tackled at feasible costs, LEDs will enter the ligh industry and

dominate the market in future.



2.1 Incandescent lamps VS Fluorescent lamps

One of the major differences between fluorescent and incandescent lamps is
the way they generate light. Incandescent lamps use the Joule-heating process by
electrically heating the tungsten filaments inside the glass tube to increase the lamp
brightness. Since the resistance of an incandescent lamp is governed by the tungsten
filament (which behaves like a resistor), the lamp current is simply equal to the
applied input voltage divided by the filament resistance of the lamp. Essentially,
incandescent lamp behaves as a resistive load as shown in Figure 2.1(a). The power
of the lamp is easily adjusted since the lamp voltage and current are more or less
directly proportional to each other. However, only 10% the energy consumed by the
incandescent bulb is converted to visible light. The incandescent lamp has such poor
efficiency because the majority of the energy is wasted in the form of heat and

infrared radiation.

In a bid to solve the poor energy conversion efficiency of incandescent
lamps, low pressure gas discharge lamps (also known as fluorescent lamps) were
developed. Rather than heating up the tungsten filament to generate light, the
fluorescent lamp generates light by utilizing the phenomenon of inelastic scattering
of electrons. Visible light is produced by a chemical reaction called fluorescence.
Three key elements are required in the transformation of electrical energy into
visible light: highly mobile electrons, mercury atoms, and phosphor. When a highly
mobile electron collides with a mercury atom in the gas inside the fluorescent tube,
the electron transfers energy to the atom™s outer electron and causes that electron to
jump to a higher energy level. Since this energy level is highly unstable, the electron
falls back to a lower energy level and an ultraviolet photon will be emitted from the
atom. However, the ultraviolet photon is emitted at a wavelength that is not visible
to human eyes. A phosphor layer is then coated on the interior of the tube so that the

photon is emitted at wavelengths that are visible to human eyes.

From the above description, it can be observed that the structural design of a
fluorescent lamp is more complicated than the incandescent lamp. When the
fluorescent lamp is turned on, the electric power quickly heats up the electrodes that

are located at the end of the tube to emit electrons. These electrons then collide with



and ionize the gas atoms surrounding the filament. As a result of avalanche
ionization, the conductivity of the ionized gas rapidly increases, allowing higher
currents to flow through the lamp. If the voltage and current of the fluorescent lamp
is displayed graphically according to the aforementioned explanation, it can be
deduced that fluorescent lamp essentially inherits negative resistance as shown in
Figure 2.1(b). The presence of this negative resistance physically means that as the
fluorescent lamp current increases, the lamp voltage decreases, which lead to the
lamp resistance to decease and allow more current to flow through the lamp. If the
lamp is connected directly to a constant-voltage supply, the lamp will be damaged
due to the uncontrolled current flow. As a result, a lamp current stabilization
element called ballast must be required in all the fluorescent lamps to prevent the

uncontrolled amount of current flowing into the lamp.

vI_rmllp.fl! X vLampﬂ

— > 1L amp,in -— > lLampﬁ
Less lamp power Less lamp power

(@) (b)

Figure 2.1: (a) Incandescent lamp V-I curve; (b) Fluorescent lamp V-1

characteristics [5]

2.2 Magnetic Ballast VS Electronic Ballast

Fluorescent lamps cannot be directly connected to the AC main since it will
cause the lamp current to become unstable and will eventually destroy the lamp. In
order for stable lamp operation, it is necessary to have a device (known as a ballast)
to act as an interface between the AC mains and the lamp. In electronic circuits, the
simplest way to limit the lamp current is to place a reasonable sized resistor between
the input voltage source and the lamp. However, the placement of a resistor in the
circuit will result in significant power loss. Since the signals at the fluorescent lamp
terminals are AC, a reasonably large inductor can be used to provide the necessary
impedance to limit the lamp current (once the lamp has been ignited) in place of a

resistor. There are two main types of ballasts: Magnetic and electronic. Early



ballasts used with fluorescent lamps were magnetic and its two major advantages are
its cost effectiveness and its simplicity. Magnetic ballasts mainly consist of a large
magnetic coil that operates at the line frequency. Their application has following
disadvantages: (1) the magnetic coil is large and is very heavy; (2) since the ballast
operates at the line frequency, the arc within the lamp glass tube is reignited twice
during each line frequency cycle (this results in significant wear on the lamp
electrodes and visible flickering); (3) there is no way to implement advanced
dimming control to adjust lamp power; (4) the lamp efficacy, which is defined as
lumens per watt, is very poor when the lamp operates at very low frequency. The
last point is illustrated by Figure 2.2, which shows the relationship between the
output lumens of a fluorescent lamp as a function of the lamp operating frequency
[5]. It is observed that as the operating frequency is increased to above 20 kHz, an

improvement of more than 10% is achieved in the lamp efficacy.

The drawbacks of the magnetic ballasts led to the development of high
frequency electronic ballasts based on advanced electronic circuitry. Unlike
magnetic ballasts, electronic ballasts are designed to operate at high frequency. High
frequency operation improves the lamp efficacy, reduces the circuit component size,
and allows easy lamp starting. In addition, when the ballast operates at high
frequency, the ions inside the discharge tube do not have enough time to recombine
with the highly mobile electrons. Because the recombination does not take place, the
magnetic ballast™s re-ignition problem and flickering noise do not exist in electronic
ballasts. Figure 2.3 shows the typical current and voltage waveforms of a fluorescent
lamp that uses a high frequency electronic ballast. It can be observed in the figure
that a high output voltage must be provided until the arc is established inside the
lamp so that the lamp current will start to flow. Due to the negative lamp impedance
phenomenon, the envelope signal of the lamp voltage and current changes in the
opposite direction when the lamp power changes. The lamp current decreases at a
much faster rate than the lamp voltage™s rate of increase. Therefore, due to their
many advantages over magnetic ballasts, electronic ballasts are widely used in the
fluorescent lighting industry and its design plays a key role in providing consumers

with highly energy efficient fluorescent lighting.



Fluorescent lamps efficiency relative to 50 Hz operation increases rapidly
when the operating frequency changes from 1 kHz to approximately 20 kHz, than
increases much more gradually beyond 20 kHz. However, electromagnetic
interference (EMI) increases with frequency. To increase efficiency while limiting
EMI, electromagnetic ballasts typically operate at a frequency between 20 and 50
kHz.

Figure 2.2: Efficacy of fluorescent lamp VS lamp operating frequency [5]

l!amp

|
i Lamp ignition N " _
' phase Steady-state full power operation

Figure 2.3 Typical voltage and current waveforms in electronic ballast [5]



2.3 Basic Requirements of Electronic Ballasts

An electronic ballast is essentially an electronic device that converts the low
line frequency AC signal to a high frequency AC signal to drive the fluorescent
lamp. The basic functions of the electronic ballast are: (1) to provide sufficient high
voltage across the lamp electrodes during the lamp ignition process; (2) to stabilize
the high frequency lamp current after the lamp is successfully ignited; (3) to perform

power factor correction (PFC) so that the harmonics of the line current is minimized.

Power factor correction is critical in ballast designs because the fluorescent
lamp is essentially a load that consumes power from the AC main and (depending on
the circuit design) can inject harmonics into the utility. The more harmonics the line
current has, the more harmonics are injected and the overall power factor drops. The
significance of PFC will be further discussed in the next section. Magnetic ballasts
also incorporate PFC since the inductive coil introduces a lagging power factor (PF)
at the line input. PFC is implemented in magnetic ballasts by placing a capacitor in
parallel with the ballast so that the input sinusoidal line current becomes in phase
with the line voltage. Electronic ballasts, on the other hand, implement PFC by using
advanced power electronic circuits. The details regarding the PFC techniques used
in electronic ballasts will be discussed later in this chapter. Figure 2.4 is a general
block diagram of commercial fluorescent lamp electronic ballast. The commercial
ballast consists of three main parts: (1) a diode rectifier that converts the AC line
voltage to a rectified sinusoidal voltage; (2) a PFC circuit that allows the input
current becomes a sinusoidal signal that is in phase with the line voltage; (3) a DC-
AC inverter that converts the DC voltage into high frequency signal to drive the
fluorescent lamp. In addition, a control circuit can be included to provide more
advanced functions such as dimming control of the lamp, lamp end-of-life detection,

or lamp over-voltage protection.
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Figure 2.4 Block diagram of electronic ballast with PFC in commercial fluorescent

EMI filter rectifier

1 Lamp
T

lamps [6].

2.4 Harmonics and Power Quality Standards

Harmonics are defined as unwanted frequency components on the source
power generated by the loads. Harmonics cause equipment malfunction, equipment
failure, unnecessary high operating costs and in some cases fires. Harmonics are
created when electronic devices draw current in a non-linear fashion. This causes
line voltage distortion, which is an irregularity in the shape of the voltage waveform.
Voltage distortion produces such effects as motors prematurely burning out, clocks
running fast, computers freezing up and system crashes. The percentage of
harmonics in a waveform is called THD (total harmonic distortion). As the THD

increases, the efficiency of the system is greatly reduced.

Figure 2.5 Harmonics phenomena [7]

The ever expanding application of power electronics load and increasing
dependency upon energy saving electronics lighting equipments has produced

serious concern about power quality. The term Power quality broadly refers to
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maintaining a waveform close to sinusoidal waveform of bus voltage magnitude and
frequency. The standard organization IEEE guides references for power quality

1SSues.

Although distortion problems happen particularly in the final customer, this
problematic issue has other implications to be considered in the production,
propagation and resolution of this type of disturbances. The harmonics increasing
disturbances brought a set of standards (resulting from previous guidelines),
recommendations and limits, to assure the compatibility between equipment, devices
and power distribution systems. When a equipment draws current from the utility in
a nonlinear or choppy manner, this is called current distortion. It always produces
harmonics in the load current waveform and can produce significant harmonics in
the voltage waveform at the point of common coupling (PCC) and elsewhere. The
harmonic distortion of voltage and/or current waveform corresponds to a specific
case in the power quality issues. In the network that have current and voltage
harmonic sources (CFL, FL run by EB.) this may exceed the permissible limit.[8]-
[9] Typically, the standard limits are applied to individual loads. Nevertheless,
monitoring all the loads is a strong challenge as IEEE Std 519 limits for current
distortion. But we can assume for all lighting, motor drives, power supplies, and
other equipment sharing a common electrical bus or panel with sensitive electronic

loads THD value limits 15 percent. [10]

According to the International Standards, the norms 1000 of the International
Electro-technical Commission (IEC) define the current and voltage harmonic levels
that must not to be exceeded. The IEC 61000-3-2 Standard foresees limits for the
current harmonics components emission in equipment (class grouped) for lesser than
16 A rms (per phase). For equipment with current superior to 16 A, this Standard
recommends the application of the IEC 61000-3- 4. Norms IEC-1000-2-2 and IEC-
1000-2-4 specify the voltage harmonic levels to be respected at the interconnection
point of low voltage distribution network, for public and industrial customers,

respectively.
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The European Standard EN 50 160:1994 gives the main characteristics of the
voltage, including harmonics voltage, in the customer delivery point for low and

medium voltage under normal operating conditions.[11]

However, the main reference for this subject is the American Standard that
was presented by the IEEE in the recommendation 519-1992: IEEE Recommended
Practices and Requirements for Harmonic Control in Electric Power Systems,

initially proposed in 1981 and revised in 1992.[9]

IEEE Std 519 was introduced in 1981 and most recently revised at 1992. The
standard recognizes the responsibility of an electricity user to not degrade the
voltage of the utility by drawing heavy nonlinear or distorted current. It also
recognizes the responsibility of utility to provide users with a near sine wave
voltage. According to IEEE Std 519, harmonic voltage distortion of power systems
69 KV or below is limited to five percent with each individual limits of three
percent. The current harmonics limits based on short circuit strength of the system.
Essentially, the customers allowed to inject in a system is depend on the system able

to handle harmonic currents.[9]

Widespread use of static rectification equipment in industrial loads on small
and medium power transformers has resulted in a dramatic increase in the harmonic
content of the load current for this equipment. It is quite common for the harmonic
factor of the current to exceed 0.05 per unit, which is the limit specified for usual
service conditions in IEEE Std C57.12.00- 1993 and IEEE Std C57.12.01-1998. 1t is
also well known that higher harmonic content in the current causes higher eddy
current loss in winding conductors and structural parts linked by the transformer

leakage flux and consequently, higher operating temperatures.[12]

IEEE Std C57.110-1998 (Revision of IEEE Std C57.110-1986) describes
transformer de-rating for harmonic loads. This recommended practice set forth by
the American National Standards Institute (ANSI) and the Institute of Electrical and
Electronics Engineers (IEEE) establishes two methods for the current de-rating of
power transformers when connected to loads which consume non-sinusoidal

currents. The standard applies to non-sinusoidal load currents which have a
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harmonic load factor (which is defined as the ratio of the effective value of all the
harmonics to the effective value of the fundamental harmonic) greater than 0.05 per
unit. The Requirements of IEEE-519-1992 IEEE-519-1992 describes the
recommended practices and requirements for Harmonic Control in Electrical Power
Systems. The scope of IEEE-519-1992 is clearly stated as the intention of
establishing goals for the design of electrical systems that include both linear and
non-linear loads. The document describes the voltage and current waveforms that
may exist throughout the system and establish waveform distortion goals. It defines
the interface between sources and loads as the point of common coupling with
observances of the design goals to minimize interference between electrical
equipment. It is the responsibility of any reputable equipment supplier to provide
their customers with equipment, at the best possible cost per performance ratio, that
will meet the known operating requirements of the 1 of 4 customers. Included with
the purchase of that equipment is the less tangible but equally important application
experience that the supplier can share with the customer. Lastly, the equipment
supplier should be able to supply any necessary service and application support
directly associated with the performance of that equipment and its impact on other

electrical equipment utilizing the same PCC.

The generation of harmonics in a power system can be attributed to the use
of rectifiers, arc furnaces, static var compensators, inverters, electronic phase
controllers, cyclo-converters, switched mode power converters, and pulse width
modulated drives, as defined in IEEE Standard 519-1992. All of these devices may
cause harmonics in the voltage and or current wave shape provided by the utility. In
the case of devices containing solid state components to achieve switching, voltage
harmonics can be attributed to voltage notching due to commutation periods while
current harmonics can be attributed to discontinuous conduction due to the
switching of the solid state components. The system response characteristics to
harmonic loads on a distribution system determine the effect of these loads. The
flow of harmonic currents in a distribution network is dependent on the system
short-circuit capacity, the placement and size of capacitor banks, the characteristics
of the loads on the system, anti finally, the balanced or unbalanced conditions of the
system. IEEE Standard 519-1992 provides recommended practices for harmonic

control for both the utility and individual customer. Because of the wide range of
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harmonic- producing loads described above, three harmonic indices have been
recommended for the individual customer to provide a meaningful insight of
harmonic effects.[9] These indices include:
i) Depth of notches, total notch area, and distortion (RSS) of bus voltage
distorted by commutation notches (low-voltage systems),
i1) Individual and total voltage distortion, and

ii1) Individual and total current distortion.

Voltage Notching: Whenever ac voltage is rectified to dc with solid state
switching devices, a phenomenon called commutation notching can occur. The
duration of these notches in each ac voltage cycle is typically only a few
microseconds, but they can last longer and cause equipment malfunction or
resonance with attendant damage or loss to neighboring electrical equipment or the
processes they control. Current Distortion When a customer's equipment draws
current from the utility in a nonlinear or choppy manner, this is called current
distortion. It always produces harmonics in the load current waveform and can

produce significant harmonics in the voltage waveform at the PCC and elsewhere.

Current Distortion: The distribution side having responsibility to provide quality
voltage to all its customers. If customers keep their voltage notching and current
distortion within the limits, this will allow distribution to provide this service.
Specifically, this service is defined as voltage having distortion levels within the

limits.

2.5 Power factor
Power factor is defined as the ratio of the average power to the apparent
power drawn by a load from an AC source. Assuming an ideal sinusoidal input
voltage source, the power factor can be expressed as the product of the distortion
power factor and the displacement power factor, as given in equation (2.1). The
distortion power factor K, is the ratio of the fundamental root-mean-square (RMS)
current (Zus1)) to the total RMS current (Z,,,,;). The displacement power factor Kj is
the cosine of the displacement angle between the fundamental input current and the
input voltage [13].
PF=K, Ky 2.1
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The distortion power factor K, is given by the following equation.
Ki =1 ms1) / Lms (2.2)
The displacement power factor Ky is given by the following equation.
Ky = cos0 (2.3)

The displacement power factor Ky can be made unity with a capacitor or
inductor but making the distortion power factor K, unity is more difficult. When a
converter has less than unity power factor, it means that the converter absorbs
apparent power that is higher than the active power it consumes. This implies that
the power source should be rated to a higher VA rating than what the load needs. In
addition, the current harmonics generated by the converter deteriorates the power
quality [14] of the source, which eventually affects other equipment. High power
factor and low harmonics do not go hand-in-hand. Though there is no a direct
correlation between the two, the following equations link total harmonic distortion

(THD) to power factor in some way.

THD(%) = 100 x % -1 (2.4)

d
The distortion power factor K is also given by the following equation.
1

\/1 . (THD(%))Z
100

Therefore, when the fundamental component of the input current is in phase with the

K, = (2.5)

input voltage, Ko=1. We then have,

PF =K, Ky =K, (2.6)



16

Substituting (2.5) in (2.6), we have

PF = ! (2.7)

\/1 +(THD(%)j2
100

Moreover, a perfectly sinusoidal current could also have a poor power factor

if its phase was not in line with the voltage. From (2.7) it is apparent that a 10%
THD corresponds to a Power Factor of approximately 0.995. Thus it is clear that
specifying limits for each of the harmonics will help in the control of input current
“pollution” better, both from the standpoint of minimizing the circulating currents
and reducing the interference with other equipment. So, while the process of shaping
this input current is commonly called “power factor correction,” the measure of its
effectiveness towards complying with international regulations is the amount of

reduction in the harmonic content of the input current.

2.6 Review on Resonant Inverter Topologies in Electronic Ballast
As shown in Figure 2.6, electronic ballasts have a resonant inverter stage that
converts the DC link voltage into high frequency AC signal to drive the fluorescent
lamp. Most of the DC-AC conversion process in electronic ballasts is performed by
using voltage source resonant inverters (VSI) due to its robustness, circuit simplicity
(ease of achieving soft-switching), and it is easily implemented. The three basic
types of resonant tank circuits used in VSIs are [15]: series loaded resonant (SLR);
parallel loaded resonant (PLR); and series-parallel loaded resonant (SPLR). All of
the aforementioned VSI resonant circuits are displayed in Figure 2.6. In the analysis
presented in the next section, the lamp resistance is considered to be extremely high
during the lamp ignition stage so the load of the resonant circuit is represented by an
open circuit. After the lamp ignition, the lamp becomes a finite resistive load at the
output of the resonant circuit and it begins to consume power at this stage. In Figure
2.6, rfil represents the lamp filament resistance and R, represents the steady-state

lamp resistance.
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2.6.1 Half-Bridge Resonant Inverters [6]

The voltage source half-bridge resonant inverter is a common type of VSI
that is used in electronic ballasts. There are three variations of the voltage source
half-bridge resonant inverter configuration and they are illustrated in Figure 2.6.
Since a high quality factor (Q) is normally selected for resonant circuit design (to
reduce the harmonics at the output load), fundamental approximation is always used
to simplify the circuit analysis. When performing fundamental approximation, only
the fundamental component of the input square wave voltage (v,») is considered.
The voltage gain plots (|vu/vasi|) of the SLR, PLR and SPLR resonant circuits are
given by Figure 2.7, where v,;; represents the fundamental component of v,. In the
SLR circuit case, it can be observed that |v,,/v.p;| 1s always equal to one regardless
of any changes in Q. Qs is defined by (Eq. 2.4), where f, equals to the corner
frequency of the resonant circuit and is given by (Eq. 2.5). When the SLR circuit
operates close to resonance, the impedance provided by L, and C, cancels out each
other. The ballast circuit elements then cannot provide current limiting function as
vap 1S connected directly to the lamp. As a result, SLR circuit cannot be used in
electronic ballast applications in an open-loop fashion. A control circuit is required

to provide stable operation for the lamp current.

In the PLR circuit, the O, is defined by (Eq. 2.6), it can be observed that a
high output voltage is obtained when Q, is high (i.e. when R, s large). Physically,
this means that a high output voltage can be achieved during the lamp ignition
process even in the absence of a step-up transformer [16]. A high output voltage can
be obtained even when the input of the inverter is connected to a rectifier with low
input line voltage [16]. After lamp ignition, Ry, decreases and hence, O decreases.
According to Figure 2-8, |v,,/v;| then decreases and allows the lamp voltage drops to
its rated value. Therefore, the voltage gain characteristics of the PLR circuit are very
desirable for electronic ballast applications. The SPLR circuit has the characteristics
of both the SLR circuit and the PLR circuit. As a result, it has the advantages of the
PLR circuit and the disadvantages of the SLR circuit. With regards to the SPLR, the
series capacitor Cy and the parallel resonant capacitor C, need to be properly tuned

so that a sufficiently high voltage can be ensured during the lamp ignition process.
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Figure 2.7 Voltage gain plots: (a) series LC resonant; (b) parallel LC resonant; (c)
series parallel LC resonant [6]

In voltage source half-bridge resonant inverters, above resonance operation
is preferred. By operating the resonant inverter at slightly above resonance, zero
voltage switching (ZVS) is achieved at the switch turn-on transition. The key
waveforms for above resonance operation are illustrated in Figure 2.8, where v,
represents the input voltage of the resonant circuit and id represents the MOSFET
drain-to-source current. When the resonant current (i,.;) is lagging behind the
fundamental component of the MOSFET voltage (v,1), the negative i, flows
through the anti-parallel diode of the MOSFET to allow the MOSFET to turn on
with almost zero voltage drop. The turn-off switching loss can be minimized by
adding a snubber capacitor across the switch (encircled in Figure 2.8) to slow down

the turn-off rate of the switch voltage.

ZVS at turn on of MOSFET

Wy id.sz

+
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M.
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- circuit [/L_ ]
i _ VW g -S|
‘ | —] Dy on M, on

Figure 2.8 ZVS operating waveforms for voltage fed half-bridge resonant

inverters[6]
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2.6.2 Push-Pull Inverter Configuration [6]
Rather than having the MOSFETs arranged in a half-bridge configuration,

they can alternatively be arranged in a push-pull configuration to form a different
VSI topology for ballast applications. The main advantage of this topology is the
isolation transformer located in front of the resonant tank circuit; it provides
electrical isolation to the entire system with both switches referenced to ground. By
doing so, isolation devices are not required to provide isolation in the driver circuit.
However, it should be noted that the added transformer in the resonant circuit
increases the weight and size of the power circuit. In addition, each switch will
suffer a voltage stress of twice the input voltage when the other switch is off.
Therefore, the push-pull configuration will usually require a MOSFET with a
voltage rating much higher than that of the half-bridge inverter to achieve the same

output power.

2.6.3 Class E LCC Resonant Inverter [6]

Class E LCC resonance inverter is another popular type of inverter circuit.
The MOSFET gate driver circuit is much simpler. Figure 2.9 illustrates the operating
waveforms of the class E inverter. By allowing the anti-parallel diode (D1) turn on
prior to the turn-on of the MOSFET (fo~¢1), ZVS is achieved at the turn-on of the
MOSFET. The presence of C, helps to reduce the turn-off switching loss (i.e. at £2).
The resonant circuit composes of a series inductor (L;), a series DC-blocking
capacitor (Cs) and a parallel capacitor (C,). The main drawback with the class E
resonant inverter is the high voltage and current stress across the MOSFET. When
the MOSFET is on, the current flowing through the MOSFET is comprised of both
the input current (i;;,) and the resonant current (i,.s). Thus, the conduction loss of the
MOSFET will be higher than the total conduction loss of the two MOSFET in the
half-bridge inverter configuration. In addition, when the class E inverter MOSFET is
off, its peak voltage is equal to three to five times the input DC voltage. The
increased current and voltage stress on the MOSFET, makes the class E resonant
inverter less appealing for ballast applications where high line voltage (220-240

Vims) 18 required.
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Figure 2.9(i) Class E resonance inverter [6]

Figure 2.9(i1) Class E resonant inverters key waveforms: (a) theoretical waveforms;
(b) simulation waveforms.[6]

2.6.4 Current Source Inverters for Electronic Ballast.[18]

Current source inverter (CSI) is implemented by placing an inductor in series
with the input DC voltage source so that a constant current input source can be
formed for the inverter circuit. A common way to implement a CSI is to implement
the switches in a push-pull configuration [17][18][19] as shown in Figure 2.10 (a).
In some cases, instead of using the push-pull configuration at the inverter stage, the
two primary windings are implemented by using two separate input inductors, as
shown in Figure 2.10 (b) [20][21][22], to save one winding compared to the push-
pull configuration. In both circuits, one diode is connected to each of the MOSFETs
to disable the anti-parallel diode of the MOSFET. This allows a current square
waveform generated at the input of the resonant circuit. To minimize the reverse-
recovery loss in the series diodes, the input voltage of the resonant circuit should

lead the fundamental component of the input current of the resonant circuit [23][24].
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Figure 2.10 Current fed resonant inverter in electronic ballast[18][21]

One advantage of using CSI at the inverter stage is that electrical isolation
can be provided naturally for the MOSFET drivers and the power circuit without
additional isolation devices. CSIs inherently have PFC when it is connected directly
to the output of a rectifier. Its continuous input current is reflected back to the input
of the rectifier and the line current is continuous and will naturally follow the
sinusoidal shape of the line voltage. However, the direct connection between the CSI
and the rectifier cannot be used for electronic ballast applications as the rectified line
voltage will generate a sinusoidal envelope on the lamp current waveform, causing
the lamp CF at the output to be very high. So, in order to use CSI for electronic

ballast applications, some additional means of passive PFC is required.

2.7 Power Factor Correction (PFC) Techniques in Electronic

Ballast [6]

Fluorescent lamps, like other electronic loads, draw current from the utility
to function. Since the current drawn by the lamp is the same current that will be seen
by the utility, it should have minimal amount of harmonics (high input PF) so that
the least amount of energy will be wasted as reactive power. In electric lighting
applications, the ballasts are required to comply with a certain set of regulations
entitled IEC-1000-3-2 Class C (International Electro-technical Commission) [25]
(see Table 2.1). According to Table 2.1, it can be observed that the maximum
allowable THD is proportional to the PF of the ballast circuit. From the standards, it
can be seen that it is preferable for electronic ballasts to draw high PF; higher the

PF, the less stringent the restriction on THD becomes.
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The simplest approach to implement PFC in electronic ballast designs is to
connect the output of the rectifier directly cross the input of the inverter stage as
shown in Figure 2.11. Although high PF is achieved, the lamp CF is high at the
output. With a pure sinusoidal envelope imposed on the high frequency lamp current
at the output, the lamp CF can easily go over the limit according to the ANSI
standards [26]. However, if Cb is increased to reduce the output lamp CF, the
presence of a large Cb significantly reduces the conduction time of the line current,

which results in poor PF.

Table 2.1 Harmonic limits for [IEC1000-3-2 Class C equipment [25]

Harmonic Order (n) Max harmonic as a % of fundamental of line current (%o)
2 2
3 30*PF
5 10

d
-

[
-
A
=
A
)
o
W] Lh

PF=095

line voltage

Is
T — |
+ .M.-]
AC line MM i
J_ out
- =
rectifier resonant inverter Lamp
(a)
PF<0.6
N«e voltage
R
is
T —— |
+ M]
AC line Cb__ L l"am‘
- T ANAA
]
rectifier resonant inverter Lamp
(b)

Figure 2.11 (a): Electronic ballast without DC-link capacitor; (b) with DC-link

capacitor. [6]
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Therefore, electronic ballasts should have a PFC stage that allows the circuit
to achieve both a high PF at the input and a good CF at the output. There are two
different types of PFC techniques: active PFC and passive PFC. Different PFC

circuits have been proposed for electronic ballast applications.

The major difference between active PFC and passive PFC is the way that
they are implemented. Active PFC uses a DC-DC converter with modulation
techniques that control the switch to shape the input line current. Passive PFC, on
the other hand, only uses passive circuit components such as inductors, capacitors
and diodes to achieve PFC. Numerous studies and comparisons have been conducted
on the two different types of PFC techniques [27][28]. This section will highlight
and describe the different kinds of PFC techniques that are used in electronic
ballasts. This section will focus on the comparison between the performance of

active PFC and passive PFC in electronic ballasts.

2.7.1 Passive PFC in Electronic Ballasts [6]

Passive PFC, as its name implies, only passive circuit elements are used to
achieve PFC. There is no control circuits required since switches are not used for
PFC. The main advantage of using passive PFC over active PFC is that it has less
circuit complexity, and is more cost effective. The main drawback of this approach
however, is that large filters are required at the input to achieve comparable
performance with that of active PFC. The three major types of passive PFC
techniques used in electronic ballast applications are: (1) L-C filter approach, (2)

valley-fill circuit approach and (3) Charge pump capacitors approach.

(1) L-C Filter Approach[29]

Several types of L-C filter circuits for passive PFC have been discussed in
literature [29][30]. By placing a properly designed L-C filter between the rectifier
and the inverter stage, as shown in Figure 2.12, the harmonic components of the
input line current can be filtered out. Since the L-C filter is required to filter out the
harmonics located at the multiples of the line frequency, an extremely large inductor
and capacitor is necessary. It should also be noted that when a large capacitor is used

in the L-C filter, it can introduce a phase difference between vs and is. Hence, the L-
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C circuit is not used for PFC purposes; rather, it is only used as an electromagnetic
interference (EMI) filter in electronic ballasts where smaller inductors and

capacitors are used.

A & }C’

Passive L-C filter Lamp

T
—L e G
1

Figure 2.12 Passive L-C filter PFC electronic ballast [29]

(2) PFC with valley-fill Circuit[32]

The valley-fill PFC approach is used in electronic ballast applications
because the valley-fill circuit can achieve an input PF of 0.9 and is more cost-
effective than all the active PFC options. The valley-fill circuit consists of two
capacitors and three diodes as shown in Figure 2.13(a) [31][32][33]. The key
waveforms of the valley-fill circuit are shown in Figure 2.13(b). From Figure
2.13(b), it can be observed that at # = ¢1, diode D3 turns on, and the line voltage
charges up both capacitors C1 and C2. This charging action of the both capacitors
causes a peak in is. During the period 3 < ¢ < ¢4, the voltage at the output of the
rectifier (vc) is less than the line voltage and as a result, is equals to zero. One
drawback of this PFC approach is the limited line current conduction time. The
limited conduction time leads to a high THD where the magnitudes of the harmonics
can exceed the IEC 1000-3-2 Class C standard. Another disadvantage of the valley-
fill circuit is the low frequency voltage envelope generated at the input of the
resonant inverter that results in high lamp current CF. In [33], frequency modulation
control was proposed to regulate the lamp current so that the lamp current envelope

will not affected by the low frequency voltage (generated by the valley-fill circuit).
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Figure 2.13 (a): Valley-fill PFC electronic ballast; (b) its key waveforms: (1)
theoretical waveforms; (i1) simulation waveforms [32][34]

To improve the THD problem in the conventional valley-fill circuit, the
authors in [34] proposed a modified VF circuit (see Figure 2.14). An additional
capacitor and three diodes were added to the conventional circuit to extend the line
current conduction angle. With the modified VF circuit, a PF of at least 0.97 was
achieved. This circuit also generates larger voltage variation at the input of the
inverter stage when compared to the conventional valley-fill circuit. This means that
the lamp CF will be higher when the modified valley-fill circuit is used rather than
the conventional valley-fill circuit. However, frequency modulation (as discussed in
[33]) can be used for the modified valley-fill circuit to regulate the lamp current so

that an acceptable lamp CF is maintained.
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Figure 2.14 Modified valley-fill PFC circuit.[34]

(3) PFC with Charge-pump Technique.[35]

Another passive PFC circuit used in electronic ballasts is based on the charge
pump PFC concept [35] [36]. This PFC circuit was developed to eliminate the need
of a large inductor that would normally be used in the boost PFC circuit. The circuit
diagram of a charge-pump PFC electronic ballast is given in Figure 2.15. By using
the charge-pump PFC circuit, the line current is regulated to follow the input line
voltage by diode D;, and capacitor C;,. The idea behind this PFC strategy is to have
Ci, regulate the input current by forcing the voltage DC-link voltage v, to always be
higher than the input voltage vs. In this way, the positive input current will be equal
to the charging current of Cj,. If the voltage variation across Cj, follows the input
sine rectified voltage, the input current will follow the shape of the input voltage and
thus high PF will be achieved. This PFC technique is very attractive for high PF
ballast circuit designs because the conventional PFC inductor used in the DCM
boost converter is too bulky and needs to handle high current. Careful design of the

boost PFC inductor is always required.
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Figure 2.15 Charge-pump PFC electronic ballast.[35]

Although charge-pump PFC concept is able to reduce the overall cost by
reducing the number of inductors, it has its disadvantages as well. Since a high value
of v, is necessary to provide the required ignition voltage across the lamp, the first
disadvantage is the high DC-link voltage across Cj, during the lamp ignition process.
Secondly, the charge-pump has a high lamp CF at the output. Since the capacitor Cj,
becomes part of the resonant circuit at the inverter stage, the voltage across C;,, has
the shape of a rectified sinusoidal signal and is reflected on the envelope of the
output lamp current. Consequently, a continuously varying voltage signal with twice
the line frequency will be imposed on the lamp current envelope and results in high
lamp CF. One way to improve the high lamp CF problem is to modify the charge-
pump circuit by adding clamping diodes to the original circuit. These diodes limit
the peak of the sinusoidal envelope imposed on the high frequency output signal. It
should also be noted that the addition of the clamping diodes does not affect the high
PF achieved at the input (as with the original circuit). Therefore, low lamp CF can

be achieved at the expense of additional diodes in the ballast power circuit.

2.7.2 Limitations of Passive PFC Circuits

The simplicity, reliability, insensitivity to noise and surges and the non-
generation of any high-frequency EMI offered by passive power factor circuits are
of significant usefulness. However, the bulky size of these filters, their poor
dynamic response, complexity and high cost, the lack of voltage regulation and their

sensitivity to line-frequency, limits their use to below 200 W applications.
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Moreover, even though line current harmonics are reduced, the fundamental
component may show an excessive phase shift resulting in reduction in power

factor.

2.7.3 Active Power Factor Correction Methods

Active PFC circuits that have better characteristics and do not have many of

the above drawbacks are reviewed in the following sections.

2.7.3.1 Low Frequency Active PFC.[37]

An active low frequency PFC circuit for a 250W constant power load is
shown in Figure 2.16(a). Input Power factors as high as 0.95 can be achieved with
an active low frequency PFC circuit design. In this scheme, the switch (SW) is bi-
directional and it is operated for a constant period after the line voltage zero
crossing. After this constant on-period after the line voltage zero crossing or when
the output voltage tries to increase beyond the set limits, this switch (SW) is turned
off. This forces an increase in the conduction angle [38] of the input bridge
rectifiers, giving rise to an acceptable current waveform. Simulated input current
and voltage waveforms for an active low frequency PFC circuit with a 250 W
constant power load and two different inductance values of 150 mH and 75 mH, is
shown in Figure 2.16(b). The odd line current harmonics normalized to the
fundamental is shown in Figure 2.16(c) and Figure 2.16(d). This scheme has the
advantage that it generates less EMI, requires a smaller inductor when compared to
the passive PFC and the simple low frequency circuit is more reliable and efficient
when compared to the active high frequency PFC scheme described later. However,
when compared to the high frequency active PFC circuit, the reactive elements are

larger and the regulation of the output voltage is slower.
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Figure 2.16(a). Typical schematic of a low frequency active PFC circuit.[37]
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Figure 2.16(b). Simulated input current and voltage waveforms for a 250 W constant
power load with low frequency active PFC circuit and inductance values of 75 mH

and 150 mH.[37]

Figure 2.16(c). Odd line current harmonics normalized to the fundamental with a
250 W constant power load for a low frequency active PFC circuit with an

inductance value of 75 mH.[37]
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Figure. 2.16(d). Odd line current harmonics normalized to the fundamental with a
250 W constant power load for a low frequency active PFC circuit with an

inductance value of 150 mH.[37]

2.7.3.2 High Frequency Active PFC

The high frequency active PFC circuit can be realized by placing a buck or a
boost or a buck-boost or a cuk (inverse buck-boost) converter in between the bridge
rectifier and the filter capacitor of a conventional rectifier filter circuit and operating
it by a suitable control method that would shape the input current. For all converter
topologies, the switching frequency is much higher than the line-frequency, the
output voltage ripple is twice the line-frequency and the output DC is usually
regulated. The PFC output voltage can be higher or lower, depending on the type of
converter being used. With a buck converter the output voltage can be lower, for a
boost converter the output voltage can be higher, while for a buck-boost converter
the output voltage can be higher or lower than the maximum amplitude of the input
voltage and for a cuk converter is same as buck-boost but output is opposite to the
input voltage. The inductor current in these converters can be either continuous or
discontinuous. In the continuous conduction mode (CCM) the inductor current never
reaches zero during one switching cycle while in the discontinuous conduction mode
(DCM), the inductor current is zero during intervals of the switching cycle.
However, though the inductor current can be continuous in all the three types of

converters, the high frequency switching current components of the AC input
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current can be continuous only in the case of the boost converter. This is because for
the buck and the buck-boost converter, the converter switch interrupts the input
current in every switching cycle. This is apparent from the operating characteristics
of each converter described below. The given waveforms are representative and
shown only for explanation of the topology specific characteristics. In reality, the
switching frequency is much higher than the line-frequency and the input AC
current waveform is dependent on the type of control being used. The inductors are

assumed to be in the CCM of operation.

2.7.3.2.1 Buck Converter Based Active PFC [39]

A buck converter based PFC circuit that steps down the input voltage is
shown in Figure 2.17(a) and Figure 2.17(b) shows its associated waveforms.
However since the converter can operate only when the instantaneous input voltage
Vin(t) is higher than the output voltage V,, there is no current flow from the AC
input during the period t1 and t2. This gives the line current envelope a distortion
near the input voltage zero crossing. Moreover, even if the inductor current is
continuous, the input switching current of the converter is discontinuous as the high
frequency switch S interrupts the input current during every switching cycle. Thus,
the input current has a significant high-frequency component that increases EMI and

filtering requirements.

Figure 2.17(a). Buck converter based high frequency active PFC circuit.[39]
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Figure 2.17(b) Current and voltage waveforms of a Buck converter based PFC

circuit.[39]

2.7.3.2.2 Boost Converter Based Active PFC.[39]

The boost converter, the most common topology used for power factor
correction, can operate in two modes — continuous conduction code (CCM) and
discontinuous conduction mode (DCM). The transition mode control, also referred
to as critical conduction mode (CRM) or boundary conduction mode, maintains the
converter at the boundary between CCM and DCM by adjusting the switching
frequency. A CCM boost converter based PFC circuit and its associated waveforms

are shown in Figure (a) and Figure 2.18(b).

Figure 2.18(a). Boost converter based high frequency active PFC circuit.[39]
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This topology steps up the input voltage. Since the converter can operate
throughout the line-cycle, the input current does not have crossover distortions. This
gives the line current envelope no distortion near the input voltage zero crossing.
Moreover, the input switching current of the converter is continuous as the boost
inductor is placed in series with the input, and the high frequency switch S does not
interrupt the input current. Thus, the input current has lesser high-frequency
components resulting in lower EMI and reduced filtering requirements. The output
capacitor Co limits the switch S*s turn-off voltage to almost the output voltage

through diode D and thus protects the switch.

Figure 2.18(b). Current and voltage waveforms of a CCM boost converter based

PFC circuit.[39]

In the above converter, the control scheme can force the current in the
inductor to be either continuous or discontinuous. The DCM converter operates at
fixed frequency and has switching current discontinuities in comparison to the CCM

or CRM techniques. Due to the large peak currents and EMI associated with the
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DCM converter, it is rarely or never used. These large peak currents are due to the
dead time needed at certain instantaneous input voltages to remain discontinuous
over all input line variations. On the other hand the CRM converter typically uses a
variation of hysteretic control with the lower boundary equal to zero current. It is a
variable frequency control technique that has an inherently stable input current
control while eliminating reverse recovery rectifier losses. For a given set of input
and output parameters, the on-time remains the same, but the off- time is varied. The
result of this is that the switching frequency of the power converter is highest when

the instantaneous input voltage is the lowest, and vice versa.

The power stage equations and the transfer functions of the CRM converter
are the same as the CCM converter. Transition mode forces the inductor current to
operate just at the border of CCM and DCM. The current profile is also different and
affects the component power loss and filtering requirements. The peak current in the
CRM boost converter is twice the amplitude of the CCM boost converter leading to
higher conduction losses. The peak-to-peak ripple is twice the average current,
which affects MOSFET switching losses and AC losses in the boost inductor. The
main trade-off in using the CRM boost converter is lower losses due to no reverse
recovery in the boost diode at the expense of higher inductor ripple and peak

currents.

For medium to higher power applications, where the input filter requirements
dominate the size of the magnetic, the CCM boost converter is a better choice due to
lower peak currents (which reduces conduction losses) and lower ripple current

(which reduces input filter requirements and inductor AC losses).

For these reasons, the CCM converter is popular and used widely for PFC
circuit applications where the power rating is greater than 100 W. The inductor
current for a 100 W converter operating in the CCM and CRM mode, are compared
in Figure 2.19. The peak inductor current is shown as I, while the average

inductor current is shown as Iverage.
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Figure 2.19. Comparison of inductor current for CCM and CRM operating
modes.[39]

2.7.3.2.3 Buck-Boost Converter Based Active PFC.[39]

The buck-boost converter based PFC circuit and its associated waveforms
are shown in Figure 2.20(a) and Figure 2.20(b). This can step up or step down the
input voltage. The output voltage is inverted, which translates into higher voltage
stress for the switch. Since the converter can operate throughout the line-cycle, the
input current does not have crossover distortions. This gives the line current
envelope no distortion near the input voltage zero crossing. However, even if the
inductor current is continuous, like the buck converter, the input switching current of
the converter is discontinuous as the high frequency switch S interrupts the input
current. Thus, the input current has significant high-frequency components that

increase EMI and filtering requirements.
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Figure 2.20(a). Buck-boost converter based high frequency active PFC circuit.[39]

Figure 2.20(b). Current and voltage waveforms of buck-boost converter based PFC

circuit.[39]

2.7.3.2.4 Cuk Converter Based Active PFC [39]

Lastly, the cuk converter based PFC circuit and its main advantage is it
operates in continuous conduction mode (CCM) and so the input current follow the
input voltage wave. Two inductors and one capacitor are used for energy transfer
and continuous conduction is occurring though those capacitor and inductor. The
converter based PFC circuit and associated waveforms are shown in Figure 2.21(a)
and Figure 2.21(b). This can step up or step down the input voltage. Since the
converter can operate throughout the line-cycle, the input current does not have

crossover distortions. This gives the line current envelope no distortion near the
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input voltage zero crossing. Moreover, the input switching current of the converter is
continuous as the inductor is placed in series with the input, and the high frequency
switch S does not interrupt the input current. Thus, the input current has lesser high-
frequency components resulting in lower EMI and reduced filtering requirements.
The capacitor C limits the switch S*s turn-off voltage to almost the output voltage
through diode D and thus protects the switch. The output voltage is inverted like

buck-boost converter.

Figure 2.21(a). Cuk converter based high frequency active PFC circuit.[39]

Figure 2.21(b). Current and voltage waveforms of Cuk converter based PFC
circuit.[39]
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2.8 Zero-Voltage-Switching Resonance Converters [40]

The switches of ZVS resonant converters turn on and off at zero voltage.

3 <
0.__—0——/ : 1:' L

C

I slﬁf
I : l
(a) ZVS Circuit (b) Half-wave
C
]!
Ll L
o o Db/ Y YV e

(c) Ful-wave

Figure 2.22 Switch Configurations for ZVS Resonant Converters.[40]

The capacitor C is connected in parallel with the switch S1 to achieve ZVS.
The internal switch capacitance Cj is added with the capacitor C and it affects the
resonant frequency only, thereby contributing no power dissipation in the switch. If
the switch is implemented with transistor Q1 and an anti-parallel diode D1 as
shown, the voltage across C is clamped by D1 and the switch is operated in half
wave configuration. If the diode D1 is connected in series with Q1 as shown, the
voltage across C can oscillate freely and the switch is operated in full wave
configuration. A ZVS resonant converter is shown. A ZVS resonant converter is the

dual of ZCS resonant converter.
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Figure 2.24 modes in operation with equivalent circuit [40]
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Figure 2.25 Waveform of ZVS resonance converters [40]
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The circuit operation can be divided in 5 modes whose circuits are shown in

figure 2.24. We shall redefine the time origin, t=0, at the beginning of each mode.

Mode 1 : This mode is valid for 0 <t < t1. Both switch S1 and diode Dm are off.
Capacitor C charges at a constant rate of load current Iy. The capacitor voltage v,
which rises is given by

V.=L.t/C (2.7)

This mode ends at time t = t; when v, (t=1tl) = Vj. That is t;= V.C/ I,.

Mode 2 : This mode is valid for 0 <t < t,. The switch S; is still off, but diode D,

turns on. The capacitor voltate v, is given by
V.= Vpusin ot + Vi (2.8)
Where V, = IV(L/C). The peak switch voltage which occurs at t = (1/2) VLC, is
Vil = Vi = I IL/C) + Vs (2.9)
The inductor current iy is given by

iL = Ip cos wot (2.10)
This mode ends at t = t, when v (t =t,) = V,, and i.(t = t;) = -I. Therefore, tzzn\/LC.

Mode 3 : This mode is valid for 0 <t < t3. The capacitor voltage that falls from v, to
zero is given by

V.=V - Vppsin ot (2.11)

The inductor current iy is given by
1. = -Ip cos mot (2.12)
This mode ends at t = t; when v, (t =t3) =0, and ip. (t = t3) = 1r3. Thus,

T3 =V(LC) sin” x (2.13)
Where, x = Vy/Vin = (V¢/Io) V(C/L).
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Mode 4 : This mode is valid for 0 < t < t4. Switch S1 is turned on and diode Dm
remains on. The inductor current which rises linearly from I3 to I is given by

ip=1I3+(VyL)t (2.14)

This mode ends at time t = t4 when iy (t = t4) = 0. Thus t4 = (Ip — Ir3)(L/Vy).

I1 3 has a negative value.

Mode 5 : This mode is valid for 0 <t <ts. Switch S; is on but D, is off. The load
current Iy flows through the switch. This mode ends at time t = ts, when the switch

S is turned off again and the cycle is repeated. Thatis ts =T — (t; + t, + t3 + t4).
The waveforms for i;. and v, are shown. The equation is
Vigk = Ver) = Io V(L/C) + Vi (2.15)

The equation 2.15 shows that the peak switch voltage Viqx) is dependent on
the load current Iy. Therefore a wide variation in the load current results in a wide
variation of the switch voltage. For this reason, ZVS converters are used only for
constant-load applications. The switch must be turned on only at zero voltage.
Otherwise, the energy stored in C can be dissipated in the switch. To avoid this

situation, the anti-parallel diode D1 must conduct before turning on the switch.
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Chapter 3

Design and Analysis of Electronics Ballast

Electronic ballasts consist of solid state devices used to generate a high
frequency ac voltage to drive the compact fluorescent lamp. The line voltage
supplied to the ballast is converted into a dc voltage using a full-wave diode bridge
rectifier (DBR). Then an inverter is used to feed high frequency (20 to 100 kHz)
current to the lamp. In the existing electronic ballast, the relatively small conduction
time of DBR and input filter components distorts the input ac mains current
waveform, which is rich in odd harmonics. As a result, this electronic ballast has
power quality problems like poor power factor (PF), high crest factor (CF) and high
total harmonic distortion (THD1) of ac mains current which do not comply with the
international regulations such as IEC 61000-3-2 [1]. A solution consists of a dc-dc
converter interfacing with diode bridge rectifier (DBR) and the bulk capacitor
improves the power factor nearly unity. By proper control of the de-dc converter, the

input current can be shaped with small filter to almost sinusoidal in shape.

The active power factor corrected (PFC) electronic ballast draws the input
current to follow ac mains* voltage and the input power factor improves. The
harmonic pollution of ac mains can be effectively reduced when a high power factor
(HPF) with low total harmonic distortion (THD) of the input current is achieved.
The other advantages of the HPF is reduction in ac mains rms current and in the
crest factor of ac mains current [1]. HPF can be obtained using two power
processing stages. The first one is a high power factor pre-regulator (PFP) stage,
which converts the ac mains voltage to a dc voltage. The second stage transforms

the dc voltage to a high frequency ac voltage to drive the fluorescent lamp.

In this thesis, an active power factor correction (PFC) is performed by using
a Cuk buck-boost pre-regulator operating in continuous conduction mode (CCM),
where the inductor current follows a sinusoidal ac mains voltage waveform. This
method provides nearly unity power factor with low THD of ac mains current for ac

mains voltage from 220 V.
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3.1 Proposed Electronics Ballast

The schematic of the proposed electronic ballast is shown in Figure 3.1,
which consists of a PFC Cuk converter and a high frequency series resonant inverter
to drive the fluorescent lamp. The PFC converter modulates the line current to
follow the line voltage and achieves nearly unity power factor and the inverter
provides sufficient striking voltage and supplies constant lamp current at high
frequency to feed the lamp. The half bridge inverter produces a square wave voltage
which is fed to the load through an LC network which filters out the higher order
harmonic components in the square wave. Since the harmonics of the square wave
are attenuated by the LC network, an approximate analysis is performed using only

the fundamental component of the square wave.

L1 ¢ L2
Lk ¢ £k
n J{ ]} D3 M
—|E ¥ D6 Lamp Cp
AC L 4
2200 Tcm —lE Yo
—
CS h
]I; D2 + D4 M3
_lE yor

Figure 3.1 Proposed electronics ballast

In the proposed electronic ballast, a Cuk buck-boost converter is chosen as
the PFC stage and a half-bridge series resonant inverter is used to drive the lamp.
Fig. 1 shows the proposed electronic ballast derived through CCM Cuk
converter[41-44] and a half bridge series resonant parallel loaded inverter
(SRPLI).The solid state power switches M1 and M2 are alternately turned on and off
at a frequency of 60 kHz. The switching frequency of the resonant inverter is kept as
four times of the resonance frequency of the inverter to reduce the switching losses
by achieving zero voltage switching (ZVS). A small low pass filter with a series
inductor and parallel capacitor is set prior to the PFC converter to remove high

frequency current harmonics.
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3.2 Analysis of proposed Ballast

The proposed ballast is a two stage improved power factor electronic ballast.
The first stage is a Cuk converter for power factor correction (PFC). Continuous
conduction mode is achieved here. A bridged rectifier is used for 50 Hz Ac to Dc
conversion priors to Cuk PFC converter. A small low pass filter with an inductor
and a capacitor is used in thr input line to remove high frequency current harmonics.
The second stage is a half bridge series resonance parallel loaded inverter. Zero
voltage switching (ZVS) topology is used to decrease switching loss in inverter
circuit. Inverter circuit is designed in such a way that at the time of starting (ignition
period) the self oscillating technique provides a resonance frequency (®sarting) €qual
to the switching frequency (®switching) and switching frequency will be more than self

oscillating frequency in steady state period. ZVS is achieved by using this process.

The following considerations are made to analyze the proposed topology of

electronic ballast.

¢ The circuit of proposed electronic ballast is modeled and analyzed as two
independent converter stages, the PFC stage and a high frequency inverter
stage.

% At the time of starting the fluorescent lamp is considered as open circuit and
after ignition under steady state condition it is considered as a pure resistor.

s The resistance of the filament is neglected as compared to the lamp
resistance. The solid state devices are considered as ideal switches.

% The dc blocking capacitor Cy, is kept much higher than the parallel resonant
capacitance C,, so that its voltage ripple is negligible.

¢ Quality factor of resonant tank must be large enough to drive the lamp with
sinusoidal waveform and to ensure its ignition.

% To reduce switching losses at high frequency, ZVS must be achieved.

¢ DC link voltage must be selected properly to minimize component stress and

to ensure CCM operation.
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3.2.1 Analysis of PFC stage

The first stage of this electronics ballast is power factor conversion (PFC)
unit. Cuk buck-boost conversion is used. Based on the assumptions, circuit
operations of PFC stage during one switching cycle can be divided into four modes,

which are described below.

[Mode 1:] In this mode, gate pulse triggering to the M1 mosfet to ON Mland
current entering though inductor L1 to charge it. L1 is charged and this mode ends

when M1 is switched off.

[Mode 2:] Now, M1 is off. So current passing though diode D5. Inductor L1
discharged and capacitor C1 is charged in this mode. Conduction of current during
both M1 switched ON and OFF though inductor L1 is achieved here. By this way
continuous conduction of current is occur to achieve high power factor and low

THD.

[Mode 3:] In this mode M1 mosfet turn on again and summation of current though
L1 and Clpassing though mosfet 1. Diode D5 is reversed biased and so, the current
entering though Cgy. and L2. Inductor L1 and L2 is charged and capacitor CI
discharged. Charge stored in capacitor Cg4. to increase voltage for supplying to the

inverter circuit.

[Mode 4:] M1 switched off. Summation of current of C1 and L2 passing though
Diode D5. In this mode C1 discharged and L1, L2 charged. Current conducting to

the inverter circuit from DC link capacitor Cgy .



Mode 1:
(a)

Mode 2:

(b)
Mode 3:

(c)

Mode 4:
(d)

Figure 3.2 operating modes of PFC stage.
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Figure 3.3 operating waveforms of PFC stage

3.2.2 Analysis of half bridge series resonance inverter

The second stage of this ballast is a half bridge series resonance parallel
loaded inverter. The inverter is designed in such a way that at starting period, self
oscillating frequency of inverter is equal to switching frequency of mosfet to make
resonance that is used to build more than thousand volts at the input of light and at
steady state condition, self oscillating frequency is more than switching frequency to
remove switching loss. Here, switching of two mosfet is occurring when voltage
across the mosfet is zero. This is called zero voltage switching (ZVS). The detail

operation (mode by mode) of this stage is described below.

[Mode 1:] During this mode, mosfet M2 is activated by using a gate signal but will
not be turn on since the negative resonance current freewheels through anti-parallel
diode D6 to the DC link capacitor C4. because the load resonance circuit is designed
to be inductive and a small voltage passing through it. This mode ends when M2

turn on.
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[Mode 2:] This mode start when M2 turn on. DC link capacitor Cq4. supplies a
positive resonance current to the load resonance circuit. Full voltage of Cq4. supplies
to the load resonance circuit. This mode ends when M2 switched off by removing

gate pulse. But still load resonance circuit has positive resonance current.

[Mode 3:] This mode begins as soon as mosfet M2 is switched off. In the meantime,
M3 mosfet is activated using a gate pulse. But it does not turn on since the load
resonance circuit carrying a positive resonance current flows because the resonance
circuit is designed to be inductance. The resonance current freewheels through diode

D7. This mode ends when M3 turns on.

[Mode 4:] During this mode, M3 turns on. Resonance current flows through mosfet
M3. This mode ends and enters in mode 1 when M3 is switched off by removing

gate pulse from it. This steady state operation continues.

Mode 1:

()



Mode 2:
(b)
Mode 3:
(c)
Mode 4.:
(d)

Figure 3.4 Operating modes of half bridge series resonance inverter
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Figure 3.5 Operating waveform of half bridge series resonance inverter

51



52

3.3 Operating frequency of Ballast
Choice of accurate operating frequency of different portion of electronics
ballast is an important fact. Efficiency of ballast is mainly depending on this. For
this region, before choice of frequency some criteria must be consider,
1. EMI consideration
2. Audible noise

3. Pulse transformer isolation

Higher switching frequency is required to reduce Cuk inductors™ size so that
it will decrease resistive losses and increase overall efficiency of the ballast. But
with the increase in switching frequency, the electromagnetic interference (EMI)
comes into consideration, because, it increases with the frequency. A compromise is

to be made in time of choosing frequency.

PCB layout is also very critical. Care should be taken to ensure that all return
paths of the switching currents are preferably balanced and that they form minimum

loop areas. Track inductance should also be minimized.

Winding direction of turns on the boost inductor also plays a crucial role in
reducing EMI. Winding a section from left to right, or vice versa, or starting the
winding clockwise or counterclockwise around the core — all have an effect on EMI,
and hence, must be considered in the design. The best scheme is to adopt a winding
sequence which will minimize the radiated fields and the inter-winding capacitance.
Thus the large effect of radiated fields from the boost inductor on the conducted

EMI performance of a hard-switched CCM Cuk PFC converter is a concern.

Another important criterion that must be considered is to chose switching
frequency, which should not create audible noise. Human being can hear 20 Hz to
20 KHz audible sound so the ballast frequency must be more than 20 KHz. But
isolation transformer that is used to isolate pulse voltage given to mosfet cannot
progress very high switching frequency voltage. For this a compromise is made in

selecting the operating frequency (of the ballast voltage).
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3.4 Components Selection

The design procedure of the components of PEC Cuk converter and the

resonant inverter are as follows:

3.4.1 Selection of Components of Cuk Converter
A Cuk converter performs an inverting buck-boost function. For a Cuk
converter operating in continuous conduction mode (CCM), the duty cycle is

defined as,

V
D= 2 3.1
Vo+1/in ( )

To determine the value of inductances L1 and L2 the peak-to-peak ripple
current is taken 10-20% of the average output current. The value of these

inductances may be expressed as,

V. D
L1:L2: o (32)
Al fs

The coupling capacitor (C1) is designed on the basis of its ripple voltage. The

maximum voltage handled by the coupling capacitor (C1) is equal to the input

voltage. It can be estimated as,

c, =12 (3.3)
Al/clf?

The output capacitor (Cy) must have enough capacitance to maintain the dc
link voltage and must have to provide continuous load current at high switching
frequency. It can be calculated as,

1,D

C, 2 7 (3.4)

where, D is duty cycle, V, is dc link voltage, Vin is rms value of the input
voltage, I, is output rated current, f; is switching frequency, AV, is the ripple

voltage of the coupling capacitor, AV, is the ripple voltage of the output capacitor.



54

3.4.2 Selection of Components of Series Resonance Inverter

The equivalent circuit of the series resonant inverter (SRI) under the steady-
state operation of the fluorescent lamp is shown in Fig.3.6. In the equivalent circuit
L, Cp and C, are the resonant parameters and Ry, is the resistance of the
fluorescent lamp. The capacitor Cy is used to block the dc component present in the
square wave output of the inverter otherwise they can distort the lamp current. At
the time of starting, the self oscillating technique provides a resonance frequency

(®starting) €qual to the switching frequency (®switching)-

Figure 3.6 Series resonance parallel loaded inverter (SRPLI) equivalent circuit

The relationship between the starting resonance frequency and the resonant

inverter parameters is given as,

w

starting = a)‘s‘witching = (35)

The steady-state resonance frequency is given as,

1
a)runing_ ﬁ

If the switching frequency is kept more than the steady state resonance frequency

(3.6)

then the zero voltage switching (ZVS) is ensured. Considering that,

a)switching = 4a)running (3 7)
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The relationship between the rated lamp voltage and the fundamental

component of the voltage source is given in the frequency domain as,

Vilio)| | Z,(eo) |
V,(e)| |Z,(jo)+2,(jo)

By solving equations (3.5), (3.6), (3.7) and (3.8) the series blocking capacitor is

(3.8)

given as,

%
C,= 15( ’”’"”) ! (3.9)
Vab Rlamp‘a)

switching

By solving equations (3.5), (3.6) and (3.7), the parallel resonant capacitor is given

as,

G,

=t 3.10
P15 (3.10)

By solving equations (3.5) and (3.10) the resonant inductor is given as,

16
L = 7—72 (3.11)
Cb : a)switching
where, Cy, 1s blocking capacitor, C, is parallel resonant capacitor and L, is the

resonant inductor as shown in Figure 3.6.
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Chapter 4

Practical Implementation

Fluorescent lamps with electronics ballast may be alternative to conventional
incandescent and energy efficient lights currently available in the market because of
their higher luminous efficiency due to increase in their operating frequency.
Luminous power of fluorescent lamp operated with electronics ballast is more than
those operated with general magnetic ballast. Electronic ballasts consist of solid
state devices used to generate a high frequency ac voltage to drive the fluorescent
lamp. The line voltage supplied to the ballast is converted into a dc voltage using a
full-wave diode bridge rectifier (DBR) and a filter capacitor. Then an inverter is

used to feed high frequency (20 to 100 kHz) current to the lamp.

Many kinds of electronics ballast exists, but most of them have a poor power
factor and high THD which has detrimental effect to the line, distribution
transformer and the generating system. The reason is proper PFC and wave shaping
methods are not used at the time of high frequency conversion process. In previous
chapter we have discussed about design of different portion of proposed electronics
ballast and also its component value. In this chapter, all the design consideration
applied to implement the proposed ballast and typical results obtained from the

fabricated ballast are presented.
4.1 Proposed Ballast in Practice

The proposed electronics ballast is described with reference to the schematic
given in Fig. 4.1. This is a two-stage ballast, whose first stage is a single phase
active power factor converter and second stage is a high frequency resonance
inverter. A small low pass filter with a series inductor and parallel capacitor is set
prior to the PFC converter to remove high frequency current harmonics and EMI
filtered. Input AC is rectified by a bridged rectifier (BR) and generate a full wave

rectified sinusoidal waveform across it.
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The rectified voltage across BR is hard switched downstream by a CUK
converter, which regulates the output voltage across Cg4. to 400 V for input line

voltage of 220 V AC and it will feed to the input of inverter circuit.

The inverter circuit is designed in such a way that series resonance occurs at
the time of starting and switching frequency is more than inverter resonance
frequency at running condition. Because, high starting voltage (more than 1000
volts) is needed to ionize the fluorescent tube. To decrease switching losses, Zero
voltage switching is achieved in all mosfets. The dc blocking capacitor C; is kept
much higher than the parallel resonant capacitance C,, so that its voltage ripple is
negligible. Quality factor of resonant tank must be large enough to drive the lamp

with sinusoidal waveform and to ensure its ignition.

To generate high frequency pulse in Mosfet M1 of PFC converter a
switching regulator SG3525A is used and another switching regulator of same type
is used for M2 and M3 mosfet of inverter circuit. Extra circuit configuration is made
at the input of gate pulse for voltage isolation between actual circuit and switching
regulator. This is made by using a pulse transformer of model no. AEE19-3460 and
a bipolar junction transistor (BJT). Starting current of PFC converter is very large
compared to actual rated current of the ballast. This IC also feature built—in soft—
start circuitry, requiring only an external timing capacitor. By using this feature,
inrush current can be decreased to marginal values. Pick voltage across the energy
transfer capacitor is more than 800 volts. But capacitor with this operating voltage is
not available in market. For this reason, three capacitor named C1, C2 and C3 with
400 volts is placed in series instate of one energy transfer capacitor. Three same
valued resistances are paralleled with capacitor that is shown in Fig. 4.1 to keep
equal voltage across all three capacitors. All diodes used in circuit are high
frequency diodes because of high operating frequency of the circuit. With a general
diode (low frequency), it can be always on or off. UF540 diode is used for this

circuit.
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4.2 Choice of Component Values
The Cuk converter performs an inverting buck-boost function. For a Cuk
converter operating in continuous conduction mode (CCM), the duty cycle is

defined as,

D=——¢
V.V,

_ 400v
400v+312v

=0.561

We have chosen 0.5.
To determine the value of inductances L; and L, the peak-to-peak ripple
current is taken 10-20% of the average output current. The value of these

inductances may be expressed as,

V.,D
L]ZLZZ —

312V X 0.5
1Amp X 22KHz=

=7.09 mH

We have used 7mH in practical circuit.

Care was taken during the inductors core selection to ensure that the
inductor did not saturate at /,; (max) and the required inductance was achieved even
at the maximum inductor current. Different inductor types were used for various
experiments. The prototype was tested with various inductance values that would
help change the inductor's ripple current. Since inductance changes with load
current, it is important to consider that the Cuk inductor's inductance will not drop
below the calculated 5.4 pH at the lowest line and maximum power, when the
inductor current is maximum. Some type of inductor produce audible noise in high

frequency.
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The coupling capacitor (C)) is designed on the basis of its ripple voltage. The
maximum voltage handled by the coupling capacitor (C;) is equal to the input

voltage. It can be estimated as,

InD
A VC‘.L}:S

C1:

13 amp X053
300 VX 22KH:=

=0.098 uF

We have use 0.11 uF. High voltage (more than 800v) generate across this
capacitor but this high valued capactor is not availale in market. So, three capacitor

in series with equal value of 0.33uF is used instead of one.

The output capacitor (Cy) must have enough capacitance to maintain the dc
link voltage and must have to provide continuous load current at high switching

frequency. It can be calculated as,

IpD
AVeo fs

Co=

. 13amp X 0.5
E e ——
1V X 22KH:z

=29 uF

To maintain a stable dc link voltage C, must be large enough. We have used

100 uF here.

where, D is duty cycle, V, is dc link voltage, Vi, is rms value of the input
voltage, I, is output rated current, f; is switching frequency, AV, is the ripple
voltage of the coupling capacitor, AV, is the ripple voltage of the output capacitor.
The value of dc blocking capacitor of series resonance inverter can be determined by

following formula with the product of lamp voltage and switching frequency.
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V,
C. 15£ j !
Vab Rlamp : a)switch ing

(150 1
400 )\ 360X27X22K

=113.04nF
For practical purpose 120nF is used.

Parallel resonance capacitor Cp is..
_G
P15
_120
15
=8nF

C

10nF is used in circuit.

Resonance inductor Lg is determined by using dc blocking capacitor Cs and

switching frequency. So L is-

L - 16 :
Cb ’(a)switching)

~ 16
120nF.(27.22K )’

=6.97mH
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The MOSFETs are selected by their ability to carry the peak current, support
the flyback Cuk voltage and their ability to generate low conduction losses for
achieving higher efficiency. In this design K2677 (10 A/900 V/0.07 Q) MOSFET
was used for Cuk converter and two IRF840 (3 A/ 500 V) MOSFET*s were used for

inverter circuit. The Cuk rectifier diode must be selected a high frequency diode so
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that it carry high frequency current and also have a current ratings that is more than

or equal to peak current of Cuk inductor. UF5406 (3A/600V everse) is used.

4.3 High Frequency Pulse Generation Circuit

A block diagram of the SG3525A is shown in Fig. 4.2. The SG3525A IC
provides all the functions necessary for power factor corrected pre-regulators. The
controller achieves near unity power factor by shaping the AC input line current
waveform to correspond to that of the AC input line voltage. Average current mode

control maintains stable, low distortion sinusoidal line current.

Figure 4.2 Internal block diagram of SG 3525A

Here CT and RT define the internal oscillator frequency so that output pulse
frequency. A wide range of dead time can be programmed by a single resistor
connected between the CT and Discharge pins. These devices also feature built—in
soft—start circuitry, requiring only an external timing capacitor. A shutdown pin
controls both the soft—start circuitry and the output stages, providing instantaneous
turn off through the PWM latch with pulsed shutdown, as well as soft—start recycle
with longer shutdown commands. By using this feature, inrush current can be

decrease to a marginal value.
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Figure 4.3 High frequency pulse generating circuit.

Fig. 4.3 shows the DC pulse generating circuit. A DC supply of 12V is

needed here. Resistance R9 and capacitor C4 define the oscillation frequency of IC

SG3525A and R10 is used to maintain dead time of gate pulse. Pulse duration

increase gradually from starting and this time maintain by C5 capacitor which is

used for soft-starting condition to reduce inrush current at starting of ballast.

4.4 PCB design and EMI consideration:

High frequency PCB design and EMI are interrelated. Unless care is taken

during design, controlling EMI only by adding more and more filters at a later stage

is often not very fruitful or economical. Given below are some of the basic design

rules that must be followed.

PCB traces are not perfect equi-potential conductors and can have significant
resistance, inductance, mutual inductance with other PCB traces and have
mutual capacitive coupling.

Internal circuit ground node is never at zero potential as PCB traces are not
perfect equi-potential conductors. Thus, it is often quite difficult to ensure
that each circuit block operates with the same ground potential reference.
These cause circulating ground loop currents that cause EMI. Understanding
circuit ground return currents and limiting ground loop currents in the PCB is
often the key to reducing EMI at the source.

Switching currents in high frequency circuits contains large high frequency
harmonics. PCB trace inductance is critical to causing ringing, voltage

spikes, switching loss and associated EMI. The longer these currents travel



64

and the larger the current loop area gets, more of B and E fields get
generated causing increased radiated EMI. So it is very important to identify
the high di/dt switching current loops and limit the loop current area in the
PCB by design to reduce EMI.

Coupling of signals via magnetic fields is another concern. Often magnetic
components, particularly components like fly-back transformers and
inductors that have DC bias and air gap, can radiate strong magnetic fields.
These fields induce circulating currents in conductors in the near vicinity and
these circulating currents can cause EMI. Consideration of the possible

presence of these fields during design is very helpful in reducing EMI.
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Figure 4.5: Top layer of Ballast PCB (component layer).
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To verify the functionality of the proposed design, the proposed ballast

circuit was first simulated in Orcad 9.2. Table 4.1 summarizes the circuit parameters

and the components part numbers and values that have been used in both simulation

and the experimental prototype for the proposed circuit with integrated Cuk PFC.

Table: 4.1 Circuit parameter for proposed electronics ballast.

SI No | Name Circuit Disinator | Part #/ Component value
1 Mosfet M2, M3 IRF840 (500 V, 3 A)
M1l 2S8K2677 (900 V, 10 A)
2 Capacitor Cm 1.5uF, 450Vac
Cl 0.11uF, 1200V
Cdc 100uF, 450 V
Cs 120nF,400 V
Cp 10nF, 1000V
3 Inductor Lm, LI, L2, Ls 2.5 mH, 7 mH, 7 mH, 7
mH
4 Diode D1, D2, D3, D4, | UF5406 (3 A, 600 V,everse)

D5, D6

Figure 4.6 shows the simulated input voltage and current waveform of

proposed high power factor electronics ballast in steady state condition. From this

figure we see that input current is in face with input voltage and the power factor is

near unity.
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(a)

(b)

Figure 4.6 input (a) voltage and (b) Current waveform of proposed ballast.
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Figure 4.7 Output (a) Voltage and (b) Current waveform of proposed ballast.

Dc link voltage and inverter input current is shown in figure 4.8. Because of
high capacitance of dc link capacitor it can maintain nearly 400 V pure DC. Zero

voltage switching (ZVS) action is conformed from inverter input current waveform.
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Figure 4.8 (a) Dc link voltage across capacitor C4. and (b) inverter input current.

4.6 Experimental Result:

An experimental prototype was built to support the simulation results. Some
auxiliary circuit component need to be added to make it in practice. Their list is

given below.

Table 4.2: List of component value:

SI No. | Name Circuit items Part #/ Component
value
1 Mosfet 01, 02, 03 IRF840
2 Capacitor Cc4, C7 10pF, 50V
C5, C8 SuF, 50V
Co, C9 10uF, 50V
5 IC SG 35254 2no’s
6 Voltage Isolator Tx1, Tx2, Tx3 AEE19-3460
7 Resistance R7, RS 10KQ
RY, RI2 3.3KQ
RI1, RIS 100Q2
R4, R5, R6 1KQ
RI0, RI3 5009 (variable)




68

In practice, high voltage (more than 800 V) develops across coupling
capacitor C1 (figure 3.1 and table 4.1). For this reason, three capacitor C1, C2 and
C3 (figure 4.1) each of them is 0.33uF is arranged in series instead of one capacitor
and to ensure equal voltage difference, three high equal valued resistance of 27 KQ

is paralleled with each capacitor.

Typical input current and voltage waveforms are shown in Fig. 4.9., where
channel 1 shows the input current and channel 2 shows the input voltage and this is
collected from digital storage oscilloscope. From this figure, we see that input
current input voltage is nearly in phase. To calculate the total harmonics distortion
(THD) of input current, a chart containing Fourier component according to

harmonics order is presented in table 4.3.

(is: 0.2A/div; vs: 100V/div; time: Sms/div)

Figure 4.9 :Typical practical input current and voltage waveforms
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Table 4.3: Fourier component of input current of proposed electronic Ballast

Harmonic Frequency Fourier
Frequency Order Component (mA)
I, (50Hz) I 529
I;(150Hz) 3 4.5
I5 (250Hz) 5™ 14.86
17 (350Hz) 7" 11.2
Iy (450Hz) 9" 9.6
1, (550Hz) 11" 12
113 (650Hz) 13" 23
1;5(750Hz) 15" 14.8
1,7 (850Hz) 17" 13
119 (950Hz) 19" 9.6
THD= T 0% @.1)

T
k.

From table 4.3 we see that odd harmonics is present only. By using those

values and substituting to the equation 4.1, the THD is found as, 7.58 %.

Assuming an ideal sinusoidal input voltage source, the power factor can be
expressed as the product of the distortion power factor and the displacement power
factor, as given in (4.2). where, distortion power factor K4 is a product of THD and
displacement power factor Ky is the value of cosine angle. They are given in
equation 4.3 and 4.4 respectively. By using those equation and THD result we get

power factor (PF) more than 0.99 for this electronics ballast.

PF =K, Ko 4.2)
K, = L (4.3)
\/ L (THD(%))
100

Ky = cos 4.4)
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Figure 4.10 shows the output (fluorescent lamp) voltage and current
waveform measured from digital storage oscilloscope where, channel 1 shows
current and channel 2 shows voltage waveform. Figures 4.11, 4.12 and 4.13 show
the measured waveform of the different portion of proposed electronics ballast.
Voltage and current waveform between input low pass filter and rectifier is shown in
Figure 4.11 and after filtering section the waveform is shown in Figure 4.12. in
Figure 4.13 shows the voltage and current waveform of inverter input. From this

Figure we see that the voltage across dc link capacitor is fixed 400V.

(Tout: 250mA/div; Vout: 50V/div; time: 20us/div)
Figure 4.10: Typical practical output current and voltage waveform.

In Fig. 4.9 shows the input voltage and current waveform and Fig. 4.10
shows the output voltage and current waveform. From those Figures we calculate
the efficiency of proposed ballast. Here input current and voltage peak are 0.42A
and 300V and output current and voltage peak are 0.62A and 155V. So the
efficiency of ballast is 76%.



(is: 0.2A/div; vs: 100V/div; time: Sms/div)

Figure 4.11 : Current and voltage waveform prior to filtering unit.
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(1s: 0.2A/div; vg: 100V/div; time: Sms/div)

Figure 4.12 : Current and voltage waveform after filtering unit.
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(is: 0.2A/div; vs: 100V/div; time: 20us/div)
Figure 4.13 : Inverter input current and voltage waveform

The fluorescent lamp is driven by a high frequency series resonance parallel
loaded inverter, which operates above the resonant frequency to obtain zero voltage
switching (ZVS). Fig. 4.14 shows the switch voltage (V) and switch current (Iyp),
from here we see that current change its direction when voltage is zero which

confirm the zero voltage switching (ZVS).

(is: 0.2A/div; vg: 100V/div; time: 20us/div)

Figure 4.14 : Current and voltage waveform across mosfet M2
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4.7 Design to Work

After the successful debugging of the bread-boarded circuitry it was time to
transfer this work to a PCB board. Using the full schematic of Fig. 4.1 and Orcad
Layout PCB program we were able to construct the circuitry on a PCB board and
have it made so that the team could piece together the entire circuit on a neat board.
The full plans for the PCB board are located given in Figure 4.4. Putting the circuit
onto a board of this kind will get rid of all the extra wires and the possibility of any
extra noise that can be attributed to the length or crossing of wires typical on a

breadboard, thus allowing a neater, more presentable and less noisy circuit.
The list of equipment and their corresponding value is presented in table 4.1

and 4.2. After putting and accurately soldering all the equipment we get our desired

electronic ballast that is presented in Figure 4.15 below.

Figure 4.15: Project on PCB Board
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Chapter 5

Summary and Conclusions

Growing concern on world*s energy resource reserve has intensified research
in efficient energy use. Power electronics is playing a vital role in this regard by
introducing improved energy-saving technologies. In lighting industries, it has been
proposed in many countries to gradually replace conventional incandescent lamps
with Fluorescent Lamps to save energy. However, input power factor (PF) of an
incandescent lamp is higher than a typical fluorescent lamp. If a lamp has poor PF, it
consumes more reactive power in the power conversion process. The use of
conventional fluorescent lamps with poor PF do not offer significant energy saving.
To take advantage of higher energy efficiency conversion, a low THD and high
power factor electronics ballast is designed in this research paper. Here continues
conduction mode Cuk converter is used between ac-dc rectifier and inverter-load
with small input filer to get high power factor, A half bridge series resonance
inverter is designed in such a way that the mosfets (switching devices of the
inverter) can be switched in zero voltage condition. As a result less energy is
consumed and high efficiency is achieved with small input filter and low input

current THD.

5.1 Summary of the Thesis

This thesis describes about a high power factor and low THD electronics
ballast for a 40W commercially available fluorescent tube light. This is two-stage
ballast in which the first stage is a PFC stage and second stage is a half bridge series
resonance inverter. Different PFC conversion topology is explained in literature
review and Cuk dc-dc conversion topology is selected for PFC conversion process.
Continuous conduction mode of the de-dc converter is used in this research. A small
low pass filter is used prior to the PFC stage to reduce high frequency current
harmonics. Different resonant inverter topologies are described in chapter 2 of
literature review. Half bridge series resonance inverter is used for high frequency

inverter circuit, where, resonance occur at start to generate high voltage to ionize gas
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of the fluorescent tube and 110 V (rms) at steady state condition is maintained after
the tube light is ignited.

Analysis of different portion of proposed electronics ballast is explained in
chapter 3. Mode by mode operation of PFC stage and resonance inverter stage is
described separately. All component values and their operating voltages are selected
in this chapter and simulated by using Orcad simulation software. Proper selection
of operating frequency of series resonance inverter and Cuk converter is another
problem. The component (i.e. inductor, capacitor) size decrease with frequency
increase so that ballast overall size reduce with the increase of frequency. But gate
pulse passing through isolation transformer spread out in very high frequency and
EMI increases with frequency. Auditable noise occurs between 20 Hz to 20 KHz.
Considering all these factors, a frequency of 22 KHz is chosen in the proposed

design.

Practical circuit of the proposed electronic ballast is described in chapter 4.
According to voltage level, whole circuit is divided into two parts: high voltage part
and low voltage part. High voltage part is our main circuit, where input is 220V AC
in 50 Hz and output is 110V AC in 22 KHz and low voltage part is DC high
frequency pulse generating circuit, where input is 12V DC and output is high
frequency DC pulse. The full printed circuit board (PCB) is given in Fig. 4.6. A high
inrush current is produced at the time of starting in ballast input. This problem is
solved by producing gate pulse in which duty cycle increases slowly from zero to
rated pulse (providing soft start). From experimental result we see that this ballast
power factor is above 0.95, THD is less than 10% and efficiency is above 75% and

zero voltage switching action is achieved in both mosfets of the inverter.

5.2 Future works
The review of the contributions of this thesis indicates the opportunities of
extending this work in future to meet other goals.
e To collect appropriate component is very difficult in Bangladesh for
matching with simulated component value and operating voltage. In figure
3.1, the operating voltage rating of capacitor C1 need to be more than 800V,

capacitor with appropriate value and operating voltage is not available in
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market and for this we had use three capacitors in series of similar values and
three resistances are used in parallel with each capacitor to ensure same
voltage difference in all three capacitors as shown in figure 4.1. This extra
circuitry can be removed by replacing a single capacitor with proper voltage
and decrease ballast size.

All inductor used in this ballast has been manually built. Because, an
inductor with suitable value and operating voltage and current rating is not
available in local market. As a result, more than estimated resistance is
present in the circuits which generate excess heat and create extra loses to
decrease overall efficiency and ballast performance. By removing those and
replace with factory product the ballast performance can be improved.
Although the inverter circuit has been designed to create resonance at
starting to ensure sufficient ignition voltage to ionize fluorescent lamp,
practically it was not possible, because of insufficiency of accurate
resonance component such as inductor and capacitor. For this some extra
circuit has to be used.

Voltage isolation for mosfet gate pulse is made by using isolation
transformer that cannot supply more than 22 KHz pulse accurately and for
this reason, the operating frequency could not be increased further (which
would have reduced the ballast size further). By the use of proper isolation,
operating frequency can be increased which will reduce the inductor and
capacitor sizes. It will not only reduce the size, but will also decrease
resistive loses and increase ballast overall performance.

Another important opportunity for future work for researcher is that the
whole circuit of this electronic ballast can be replaced by a single IC making

it easily and cheaply available to the consumer.
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