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Abstract

This thesis presents a multi-rating electronic ballast system with lamp rating detection
capability. The proposed electronic ballast can help simplify the task of choosing
appropriate ballasts for lamps with different ratings. This allows inexperienced users to
select and buy ballasts with minimal damage. In addition, it will reduce unnecessary
stocks of electronic ballasts with different ratings to only one model of ballast. The
proposed electronic ballast shares the same basic hardware as typical electronic ballasts,
namely a PFC boost converter, a power controlled resonant inverter and protection
circuitry. The only difference is the developed algorithms that consist of the multi-step
power regulation, possibility weight calculation and decision making procedure. This
software fits the capability of a general 8-bits microcontroller. This thesis provides a
hardware designing procedure in order to operates the full range of T8 fluorescents
power rating. From the experimentally obtained operating frequency of the lamps, a
possibility weight is constructed to help facilitate the lamp classification. The proposed
detection algorithm employs a multi-step lamp power regulation algorithm where
decision making is based on the possibility weight that is calculated from the sensed
frequency. Simulation and experimental results show that the proposed detection
method can successfully detect the targeted lamp power rating and deliver the desired
power to the lamp.
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CHAPTER 1 INTRODUCTION

A fluorescent lamp is a gas-discharge lamp that uses electricity to excite mercury vapor.
The excited mercury atoms cause a phosphor to fluoresce, producing visible light.
Compared with conventional incandescent lamps, a fluorescent lamp converts electrical
power into light more efficiently. Thus, they are commonly used in lighting
applications. However, the fluorescent lamps always require a ballast to stabilize the
lamp at the required operating point by limiting the discharge current [1], [2]. Simple
magnetic ballasts, like ones used in typical fluorescent sets, operated at the line
frequency, have many drawbacks, such as low efficiency, low input power factor and
bulky size. Recently, electronic ballasts that employ transistors to boost line-frequency
to high-frequency become increasingly popular because of the improved lamp efficacy
and system efficiency [3].

1.1 Background

Fluorescent lamps are negative differential resistance devices, so as more current flows
through them, the electrical resistance of the fluorescent lamp drops, allowing even
more current to flow. When connected directly to a constant-voltage power supply, the
fluorescent lamp would rapidly be damaged from the uncontrolled current flow. To
prevent this, fluorescent lamps must be used with an auxiliary device, a ballast, for the
purpose of current regulation.

1.1.1 Magnetic Ballast and Starter

Ballasts are used to stabilize the current through an electrical load. They are often found
when an electrical circuit or device presents a negative differential resistance to the
supply. If such a device is connected to a constant-voltage power supply, it would draw
an increasing amount of current until it is destroyed or has caused the power supply to
fail. The ballast provides a positive resistance or reactance that limits the current to a
proper level. This means that the ballast is provided for the proper operation of the
negative-resistance device by appearing to be a legitimate, stable resistance in the
circuit.

Because of the power dissipation, resistors are not used as ballasts for lamps of more
than about two watts. Instead, a reactance is used. However, losses in the ballast due to
its resistance and magnetic core are not negligible, about 5 to 25% of the lamp input
wattage.

An inductor is very common in line-frequency ballasts to provide the proper starting
and operating electrical condition to power a fluorescent lamp, neon lamp, or high
intensity discharge (HID) lamp. Because of the use of the inductor, such ballasts are
usually called magnetic ballasts as shown in figure 1.1.



Figure 1.1 Magnetic ballast

The magnetic ballast alone is not sufficient to operate the mentioned types of lamps. To
start it, the mercury atoms in the fluorescent tube must be ionized before the arc can
"strike" within the tube. A high voltage, in an order of a thousand of volts, is needed.
The automatic glow starter, shown in Figure 1.2, consists of a small gas-discharge tube,
containing neon or argon and fitted with a bimetallic electrode. When power is first
applied to the lamp circuit, a glow discharge occurs over the electrodes of the starter.
This glow discharge will heat the gas in the starter and causes the bimetallic electrode to
bend to the other electrode. When the electrodes touch, the two filaments of the
fluorescent lamp and the ballast will effectively be switched in series to the supply
voltage. This causes the filaments to glow and emit electrons into the gas column. The
touching electrodes in the starter then stops the glow discharge, causing the gas to cool
down again. The bimetallic electrode also cools down and starts to move back. When
the electrodes separate, the discharged current from the ballast provides the high voltage
to start the lamp. Figures 1.3 and 1.4 show the wiring diagram and operating sequence
of such a fluorescent lamp with magnetic ballast and starter.

Figure 1.2 Starter

Starter @
./
Filament Filament
o—> Lamp C_
Ballast
o—e
Light switch

Figure 1.3 Wiring diagram of the fluorescent, ballast and starter
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Figure 1.4 The preheating and ignition are operated by the starter

An inductor is very common in line-frequency ballasts to provide the proper starting
and operating electrical condition to power a fluorescent lamp, neon lamp, or high
intensity discharge (HID) lamp. An advantage of the magnetic ballast is that it is the
easiest circuit to operate the fluorescent lamp.

A major disadvantage of the inductor is that the current phase angle is shifted from the
voltage phase angle, resulting in a poor power factor. Due to the low frequency driving,
the light from the lamp operated by this type of ballast suffers light flickering. For large
lamps, line voltage may not be sufficient to start the lamp, so an autotransformer
winding must be included in the ballast to step up the voltage. The autotransformer is
designed with enough leakage inductance so that the current is appropriately limited.
Because of the required large inductors and capacitors, reactive ballasts operated at line
frequency tend to be large and heavy. They commonly also produce acoustic noise (line-
frequency hum) [36]

1.1.2 Electronic Ballast

Resonamt Half-Bridge Lamp
EMI Filter Rectifiar Boost PFC
p—
AC Mains _ [: & - = L o
s = l’l T
Controller

Figure 1.5 The block diagram of an electronic ballast

An electronic ballast uses a solid state electronic circuit to provide proper starting and
operating condition to power fluorescent lamps. The ballast’s operating frequency can
be varied from the standard 50 Hz frequency to 20 kHz or higher, substantially
eliminating the stroboscopic effect of flicker associated with fluorescent lighting. In



addition, under operating frequency higher than 10 kHz, the internal discharge causes
the gas to remain ionized in the arc stream. This means more continuum of light
emission resulting in roughly 10-20% higher efficacy than an operation at the line
frequency of 50 Hz. The lamp efficacy increases at 10 kHz and continues to improve
until approximately the frequency of 20 kHz [4] -[6]. As shown in figure 1.5, electronic
ballasts (EB) usually consist of a front-stage power factor corrector (PFC) for input
current shaping and a second stage of resonant inverter for ballasting the lamp. The two
stages are interconnected by a DC link of fixed voltage. A dimming function may be
achieved by adjusting the switching frequency of the half bridge switches in the
inverter, so that the reactances of resonant inductor and capacitor are varied. Thus, the
lamp power is controlled. Because the availability of the frequency variation, the starter
is not needed since the high voltage can be produced by reducing the frequency to the
resonant position. The states of operation are illustrated in figure 1.6 consisting of
preheat, ignition and run. Each operation is achieved by changing the half bridge
driving frequency. Initially, the resonant tank exhibits a high-Q resonant load curve, the
ballast starts with 100 kHz operating frequency and goes down to 63 kHz preheating
frequency to heat up the filaments, indicating with small arrows on the top curve. At this
frequency, the lamp voltage is not high enough to make the lamp ignited. The frequency
is continually decreased to the ignition point at the frequency of 58.2kHz. At this point,
the lamp voltage is high enough so that the lamp is ignited. After ignition, the frequency
response curve changes into the low-Q, indicating by the bottom curve, since the current
can flow through the lamp. Then the operating frequency is decreased to 40 kHz to
drive the lamp at its power rating.

Single lamp/voltage-mode heating, 185 to 265VAC/400VDC, T8 36W
IRS2168D, L=2.10 mH, C=4.70nF

Ignition

Viamp /Vin

Preheat

S 15 25 35 45 55 65 75 85
Frequency (Khz)

Figure 1.6 The operating point graph of the electronic ballast (voltage and frequency)
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Figure 1.7 The lamp voltage at each state vs. time (the preheat time is compressed by
600:1 for clarity)
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Figure 1.8 The lamp current at each state vs. time (the preheat time is compressed by
600:1 for clarity)

Figures 1.7 and 1.8 show the lamp voltage and current at each state of operation. At
preheat state, the lamp initially has infinite resistance so that there is no lamp current.
When the voltage is high enough, the lamp is ignited and current begin to flow through
the lamp. This makes the lamp operate in low-Q condition i.e. the running state.

Because of the higher efficiency of the ballast itself and the improvement of lamp
efficacy by operating the lamp at a higher frequency, the electronic ballasts offer higher



lamp efficacy, as shown in figure 1.9. It is seen that light efficacy of the electronic
ballast is rather constant compared with the magnetic ballasts. The PFC boost converter
equipped in the electronic ballast plays an important role in maintaining a constant DC
voltage at the input of the half-bridge inverter, no matter what the AC input voltage is.
Since the lamp frequency is kept constant, the output power to the lamp remains
constant. This results in a steady efficacy under an input voltage variation. The magnetic
ballasts, however, do not contain a voltage regulation capability. The lamp power is
therefore changed with the input voltage. Since the light efficacy of the fluorescent
lamps is inversely proportional with the lamp power [6], the increase in the input
voltage causes lower light efficacy as shown in figure 1.9. The higher electrical
efficiency and light efficacy are the key advantages over the conventional magnetic
ballasts.

The use of a PFC on the AC-DC stage, specifically a boost rectifier operating in
discontinuous conduction mode (DCM) with constant frequency and constant duty
cycle, enables an operation with an input power factor close to unity and a constant
output power over the wide range of input voltage. Moreover, modern electronic
ballasts can be easily implemented with microprocessor circuits, allowing control
strategy fulfillment for energy savings and lamp protection features [7].
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Figure 1.9 The light efficacy VS system voltage of 58 W T8 lamp operating with
magnetic ballast, low-lost magnetic ballast and electronic ballast [6]



1.2 The Literature Review

Commercially available lamps, such as 18 W, 32 W and 36 W T8 lamps, must be used
with electronic ballasts specifically designed for each lamp power rating. A mismatch
between ballast and lamp ratings usually results in damage to both the lamp and the
ballast circuit, caused by over-current or hard switching [8], [9]. With many different
ratings of fluorescent lamps, an equally large stock of specifically rated electronic
ballasts is required. The multi-rating fluorescent ballast is an effective solution to
eliminate this problem. Because the controller of the multi-rating ballast must regulate
and deliver correct amount of power to the lamp with unknown rating, the lamp rating
must be accurately detected where the detection process must be executed sufficiently
fast.
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Figure 1.10 The relation of voltage and power rating of the T8, TSHE, TSHO and
T12 fluorescent lamp [11]

Fluorescent lamp detection techniques earlier mainly focused on end-of-life detection
[29], [30], lamp power [31], fault detection [32], and lamp open detection [33], [34].
The only literature technique that can automatically detect and operate the fluorescent
lamps at the rated power based on lamp voltage was reported in [10]. This technique
was standing on the assumption that if the lamp is not dimmed, this lamp voltage will
remain constant under steady-state conditions. Because the lamp behaves almost like a
resistance at high frequency operation (>20 kHz), it is evident that the actual power
drawn by the lamp is approximately equal to the product of RMS values of lamp
voltage and current. This method presents the lamp rating detection technique by using
lamp voltage. It yields great recognition results when the lamp voltage is significantly



different. The algorithm is simple and easy to implement. Figure 1.10 shows the relation
of the lamp voltage and the power rating of TSHE, TSHO, T8 and T12 fluorescent lamp
series. From this figure, the TSHE lamp series is appropriate for the voltage detection
method since the lamp voltage of the different rating lamps in this series are very
distinguishable.
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Figure 1.11 The V-I characteristic of the T8 fluorescent lamp

However, a proper operating frequency cannot be assigned to an unknown lamp without
damaging the lamp. A detection process must be executed to determine the lamp
wattage. The voltage detection method relies on the lamp voltage after striking
(ignition) which is varied with surrounding conditions such as, the lamp temperature,
age, and manufacturer. Therefore, different lamp ratings might have overlapped voltage
ranges. For example, 32WT8 and 58WT8 lamps operate at the same voltage, ranging
from 117 V to 127 V, which can lead to misidentification of the lamp. In addition, noise
can interfere with the sensing voltage, and adding a filter may increase the cost of the
system. As shown in figure 1.12, noise signals can be coupled to the reference voltage
source and the output voltage from the attenuator by several means. For example,
switching signals from the switching power supply can be coupled through the stray
capacitance between the conductor track to the reference voltage source.
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Figure 1.12 Noise signals coupled to the reference voltage and the attenuator circuit

The filament resistance detection was introduced in [11] to differentiate the lamp with
close discharge voltages. This method is based on the assumption that the lamp ratings
can be put in categories through the lamp filament resistances. For example, the
18-36W T8 lamp resistances are approximately 2 ohms and the 58-70W T8 lamp
resistances are 2.5 ohms. With this method, the 32 W and 58 W lamp can be
distinguished. However, the filament resistance may be varied with temperature.
Moreover, the resistance of each type of lamps is very close. Thus, the accuracy of this
method highly depends on the temperature of the filament. Finally, the noise from the
switching power supply in the ballast can easily interfere with the measured signals and
results in an error in resistant measurement.

1.3 Motivation

Although the voltage detection method can differentiate the lamp rating by interfacing
the controller with high precision measurement device such as high frequency true RMS
digital voltmeter, the implementation by using simple sensing circuit and the commonly
used micro-controllers is a difficult task because of the interference from the power
supply and the complication of RMS calculation (multiplication and division of the
floating point variables). An approach that is highly immune to the noise and easy to
measure is desirable. The frequency detection is introduced in this thesis. The frequency
based information systems (FIS.), such as frequency modulation radio signal (FM.), are
far better at rejecting noise than amplitude based information systems (AIS.) such as
amplitude modulation radio signal (AM.). Noise generally is spread uniformly across
the spectrum. The amplitude of the noise varies randomly at these frequencies. The
change in amplitude can actually modulate the signal and be picked up in the amplitude
based information systems. As a result, amplitude based information systems are very
sensitive to random noise. Special filters need to be installed to keep the interference out
of your car radio. Frequency based information systems are inherently immune to
random noise. In order for the noise to interfere, it would have to modulate the
frequency somehow. But the noise is distributed uniformly in frequency and varies
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mostly in amplitude. As a result, there is virtually no interference picked up in the
frequency based information systems. Therefore, its superior immunity to random noise
is achieved [37].

14 Objective and Approach

By using the same assumption, that the lamp behaves almost like a resistance at high
frequency operation. If the same rating fluorescent lamps are operated at the same
frequency, these lamps will draw the same electrical power as illustrated in figure 1.10.
This is the basic operating method of the simple fixed frequency electronic ballast [1].

This thesis presents a multi-rating electronic ballast for fluorescent lamps based on
operating frequency determination. The thesis includes the configuration and the
controller design of a multi-rating electronic ballast. We propose a lamp rating detection
algorithm, composed of multi-step lamp power regulation and the trapezoidal
possibility weight decision based on a given set of lamp operating frequency data. The
potential benefits of the proposed method include:

- The operating frequency determination technique reduces the opportunity of
the lamp information being interfered by noise. This benefit arises from
choosing of the frequency modulation over the amplitude modulation data
communication method.

- The power regulation technique help constraining the lamp operating state to a
specific point right after it is ignited. The lamps will consume the same power
every time they are started. Then the power regulation command will be
changed among the predetermined operating points. The trend of operating
frequencies (frequency characteristics) for identifying the lamp is then
achieved.

- The trapezoidal possibility weight decision [12] is a simple data recognition
method. Because of the variation between lamp manufacturers, bulb age, and
temperature, the running frequency is not necessarily constant. We
experimentally verified that the operating frequency varies during our lamp
power regulation experiment. The simplified version of the Gaussian
distribution of these operating frequencies, the trapezoidal possibility weight,
is introduced. This method decreases the unnecessary CPU processing time to
calculate the complex exponential equation while the identification rate is
about the same.

A hardware prototype of the electronic ballast is carried out on an 8 bits micro-
controller. The widely used fluorescent lamp series, T8, is considered as an objective of
this thesis.
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1.5 Contribution

The proposed multi-rating electronic ballast reduces the complicated task of choosing
the ballast to match up the lamp. This benefit allows inexperience users, such as
householder, to use it without accidentally damaging the lamps. In addition, the large
organizations that have plenty of lamp with more than one rating can stock only one
model of ballast. This thesis mentions on the T8 lamp series that is widely used in
Thailand. The fluorescent lamps, regardless of the series, have the same behavior.
Therefore, this method can be used with another type of fluorescent lamps by changing
the software parameters. With non-complicate algorithm, the low-cost microcontroller is
adequate. In addition, this microcontroller controls both PFC boost converter and half-
bridge inverter, the dedicate IC for PFC or half-bridge controller is not needed.
Therefore, it reasonably reduces the ballast price.

1.6  Thesis Organization
This thesis consist of 5 chapters. The details of each chapter are provided as follows.

1.6.1 The Introduction to the Proposed Method

This chapter describes the behavior of a fluorescent lamp, how to use them and the
operation of magnetic ballast and starter. Then the basic configuration of an electronic
ballast and its benefits over a magnetic ballast are shown. The literature review
motivation, objective and contribution are.

1.6.2 Electronic Ballast Design

The electronic ballast design procedure is presented. This procedure includes the
components selection and the software model. Moreover, this chapter shows the
calculation method of ballast with dynamic model of a fluorescent lamp.
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1.6.3 Multi-rating Electronic Ballast
This chapter includes the ideas of how to detect the lamp rating. It describes the pattern

classification methods and introduces the trapezoidal weight function for lamp power
rating detection. It also describes the hardware configuration and the software function.

1.6.4 Experimental results
This chapter includes the experimental results of the PFC boost converter, preheat

condition, running frequency, electrical efficiency, light efficacy and lamp detection
result.

1.6.5 Conclusions

This chapter shows the summary of contributions and future work.



CHAPTER 2 ELECTRONIC BALLAST DESIGN

This chapter consists of the configuration of electronic ballast, mode of operation,
components selection, software model, the fluorescent lamp dynamic model and
numerical calculation. The configuration of electronic ballast describes how does each
part of ballast work. Then the 3 modes of ballast operation include preheat, ignition and
run are described. These modes lead to the components selection and software model.
Finally, the numerical calculation with a dynamic lamp model is described.
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_L& Dpfc g
Y Y Y\ »!
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PFC Driver |, Y -
. o Qe a4 Cinv | LAMP| |
Rectifier Low side Driver Riamp) T C
R R, aa r
T pfc inv
Rectifier PFC Boost Converter Half-Bridge Resonant Inverter

Figure 2.1 Schematic of the general electronic ballast

2.1 Configuration of Electronic Ballast

The electronic ballasts usually consist of a front-stage power factor corrector (PFC) for
input current shaping and a second stage of resonant inverter for ballasting the lamp as
shown in figure 2.1. The two stages are interconnected by a DC link of fixed voltage.
he inductor used in the front-stage power factor corrector is integrated with the resonant
inductor in the output-stage of the ballast inverter, so that the usage of the magnetic core
material, and thus the cost, can be reduced. Preheating, igniting and dimming functions
are achieved by adjusting the switching frequency of and in the inverter, so that the
reactances of L; and C; are varied and thus the lamp power is controlled. For preheat
and ignition, the lamp is not conducting and the circuit is a series L—C;. During
running, the lamp is conducting, and the circuit is an L; in series with a parallel Rjamp—
C:. Where Riamp is the equivalent resistance of the lamp.

2.1.1 Rectifier

A rectifier is an electrical device that converts alternating current (AC), which
periodically reverses direction, to direct current (DC) which flows in only one direction.
The process is known as rectification. The rectifier in the typical electronic ballast
always be full-wave rectifier circuit using four diodes as shown in figure 2.2. The DC
output of this rectifier will be the input of the next PFC boost converter.
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2.1.2 PFC Boost Converter

Adding the large capacitor at the output of rectifier circuit is the easiest way to smooth
the DC voltage. The capacitor charging current only flows when the input voltage (less
the voltage drops across the rectifiers) is greater than the voltage on the capacitor. When
it is less, the rectifiers are off and little or no current flows. Therefore, the current is
highly non-sinusoidal, as shown in figure 2.3. The low power factor caused by the high
harmonic content of the currents causes similar problems for the power company to
those caused by sinusoidal reactive power, only worse. The harmonics cause distortion
in the voltage waveform, and can even cause destructive resonances in the power grid.

To correct the power factor, the active power factor correction circuit was introduced.
Active power factor correction can achieve very high power factors 0.98 and above. For
power factor correction (PFC) converters, two main approaches are followed for the
converter and control design. For low power applications, PFC converters are often
operated in the discontinuous conduction mode (DCM) as they behave approximately as
voltage followers. Hence, no input current controller is required. However, higher
power applications ask for operation in the continuous conduction mode (CCM), since
in DCM the device stresses and the conducted emissions become too high. An input
current controller is now required, since the input current does not inherently track the
input voltage. However, there is an operation mode between CCM and DCM that the
switch is immediately turned on when the inductor current goes down to zero. This
mode is called critical conduction mode (CriCM). The CriCM boost converter that
compromises the advantage and disadvantage of CCM and DCM, is as easy as DCM to
be applied with less conducted emission. This mode is widely used with low power
application such as an electronic ballast. The inductor current of CriCM and CCM
converter are illustrated in figure 2.4 and 2.5.
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Figure 2.4 Inductor current waveform and MOSFET driving Signal of critical mode
CriCM converter



16

Current
Reference

Figure 2.5 Inductor current waveform of average current mode CCM converter

However, the circuit of those converter types shares the same configuration except some
of the sensing circuit. In one of the simplest architectures, an inductor, a MOSFET
switch, and a diode are added between the rectifier bridge and the bulk capacitor, in a
boost switch-mode power supply configuration. This is what we call PFC boost
converter. The intermediate DC bus voltage is chosen to be higher than the peak voltage
of the rectifier bridge, so the switch-mode controller will be working in boost mode.
From figure 2.6, the controller driving the switch (Qpf.) will adjust the duty cycle of the
switch control signal so that the desired current and voltage targets are maintained. The
switching frequency is chosen to be much higher than the AC mains frequency (20-100
kHz). The small current ripple at the switching frequency and its harmonics can be
filtered using a passive filter on the AC mains input, similar to passive PFC, but much
easier because of the lower amplitude and higher frequency of the ripple current.

Lpfe Dpfe  Vdc
e e e NN A
PFC Diver [ Gy,
Rectifier |
Rpfc
Rectifier PFC Boost Converter

Figure 2.6 The schematic diagram of the PFC boost converter

During phase one the switch is closed, shorting one end of the inductor (Lytc) to ground.
Current is drawn through the inductor by the rectifier bridge, energizing the inductor’s
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magnetic field. During phase two, the switch is opened. Since the current on the
inductor cannot change instantaneously, the voltage on the inductor increases almost
instantaneously until it is above the DC bus voltage by enough to turn on the diode
(Dpte). The current going through the inductor charges the bulk capacitor (Cqc) as the
magnetic field collapses slightly and simultaneously raises the DC bus voltage slightly.
All the while, the inverter is drawing current from the DC bus to power the lamp, using
the charge stored on the bulk capacitor and thus reducing the DC bus voltage.

The amount of current drawn out of the AC mains is controlled in a manner such that
the short-term average current is in phase with the mains voltage sine wave. Thus, the
current through the inductor is controlled so that it approximates a full-wave rectified
sine wave, plus and minus the switching frequency components as illustrated in figure
2.5. The average amplitude of the full-wave rectified current is controlled over the long
term so that the DC bus voltage is regulated to the target voltage. This means the
average current flowing into the capacitor from the rectifier and inductor (when the
transistor switch is off) must match the average current going out to the inverter and
lamp.

2.1.3 Half-Bridge Inverter and Resonant Circuit

In this part of circuit, the half-bridge inverter generates the square wave with peak
voltage equal to the DC bus voltage (Vac) provided by the boost converter. With the
blocking capacitance (Cqc), the DC component of this square is eliminated. Therefore,
the input voltage of the resonant circuit is a square wave with voltage toggle between
+V,./2 volt. This inverter is connected with a resonant circuit and lamp. The simplify

circuit of this inverter is shown in figure 2.7.
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Half-Bridge Resonant Inverter

Figure 2.7 The half-bridge inverter and resonant circuit

With the resonant circuit, the magnitude of the transfer function (lamp voltage divided
by input voltage) for the two circuit configurations, illustrates the operating
characteristics for this design approach (see figure 2.8). The currents and voltages
corresponding to the resulting operating frequencies determine the maximum current
and voltage ratings for the inductor, capacitor, and the switches, which, in turn, directly
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determine the size and cost of the ballast. The frequency response of lamp voltage is
divided into 2 modes that are before ignition (high-Q) and after ignition (low-Q). The
high-Q frequency response occurs when the lamp is not yet ignited because of the
infinite resistance of lamp. In this condition, the response of lamp voltage is the
response of L. - C; circuit. The relation between inverter output voltage and lamp
voltage is shown in figure 2.9. Because of lamp infinite resistance, there is no current in
figure 2.9. The voltage slowly increase because the inverter frequency is decreased.
After ignition, the lamp acts as a resistance so that the frequency response changes into
low-Q RCL circuit. The current that flow through the lamp after ignition causes the
decreasing in lamp voltage. The relation between inverter output voltage, lamp voltage
and lamp current after ignition are shown in figure 2.10.
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Figure 2.9 Inverter output voltage and lamp voltage in time domain when the lamp is
not ignited
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Figure 2.10 Inverter output voltage, lamp voltage and lamp current in time domain
before and after ignition

To determine the operating condition of ballast and lamp, the model that consists of a
set of equations for each operating frequency and the corresponding lamp voltage and
circuit current are considered. These operating frequencies are a function of inductance,
capacitance, input voltage, filaments preheating current, ignition voltage, lamp running
voltage, and power. The analysis of each state of operation and resonant circuit
component selection is described below.



20

2.2 Mode of Operation

The operation modes of the general electronic ballast consist of preheat, ignition and
run. The low price electronic ballast may ignore the preheat state and go directly to the
ignition state when it is starting.

2.2.1 Preheat

During preheat, the resistance of the lamp is assumed to be infinite and the filament
resistance negligible, resulting in an L—C; series circuit. Using the impedance across the
capacitor, the preheat frequency is:

I h
fon =72 (2.1)

2nCV

r’ ph
And the transfer function is:

Yn 1 — (2.2)
4,/ |1-4LCm’f]

Solving (1) and (2) simultaneously yields:

2 2
4 |4 I’L,
V,=——%+ \/(—dcj + (2.3)

T T C

r

Where V. is input square-wave voltage amplitude (V),
V., 18 lamp preheat voltage amplitude (V),
1, s filament preheat current amplitude (A),

L 1is output stage inductor (H),
C is output stage capacitor (F).

Note that the linear analysis uses the fundamental frequency of the square-wave
produced by the half-bridge switches. Square-wave harmonics are assumed negligible.

2.2.2 Ignition

During ignition, the frequency for a given ignition voltage can be found using (2.2).
Since the lamp is still an open circuit, the ignition frequency is:

1 4V,
f;gn — 1+ H’l/ﬂ
21, JL.C, v

ign

(2.4)

Where V,,, is the lamp ignition voltage amplitude (V).
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The associated ignition current amplitude flowing in the circuit that determines the
maximum current ratings for the inductor and half-bridge switches, becomes:

I, =2xf,CV, (2.5)

gn r’ign

2.2.3 Run

Once the lamp has ignited, the resistance of the lamp is no longer negligible, and the
system becomes a low-Q RCL series-parallel circuit with a transfer function as:

4V
= dj/ i (2.6)
\/(1 -LCw’) +Lo* /R,
The running frequency (hertz) becomes:
2 2
11 1 1 1 1-(4V, /V,,,,7)
Jon =52 5o 2t ~ oo | 4 22 2.7)
27.[ LrCr 2Rlampcr LrCr 2RlampCr LrCr

Where Rimp 1s assumed to be the linearized lamp resistance determined from the
running lamp power and voltage at a single operating point.

‘/Ijmp
Rlamp = (28)
2Plamp
Where £, 1is the lamp running power (W), and V,,, ~ is the lamp running voltage
amplitude (V).

2.3 Components Selection

The main components that have to be selected are the PFC inductor, the resonant
inductor and the resonant capacitor.

2.3.1 Inductor Selection for PFC Boost Converter

General electronic ballast drives the lamp with fixed frequency method. From figure 2.2,
the ballast starts by driving the lamp with fixed 85 kHz for 0.5 to 1 second to preheat
the lamp filaments. After that, it decreases the frequency down to the running frequency.
By this method, the DC voltage should be constant in which to maintain the lamp
running power. Increase or decrease this voltage leads to the variation of the lamp
running power. The easiest way to sustain the lamp power is to regulate the DC voltage.
Thus, the PFC boost converter handles this important role with an additional benefit of
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the unity power factor. As discussed in [18], this converter operates in the critical
conduction mode; the PFC inductor (L . ) is determined by:

pfc
_ 8 X 10_6 n‘/uc(rms) (Vdc - \/E‘/ac(rms))

L. =
” 2V2P our

(2.9)

Where 1 1is the target efficiency of the converter; V.

ac(rms)

is the minimum input RMS

voltage and P, is output power. Using the minimum universal line voltage (85 V),

Py is 34 W and assuming an efficiency of 0.95. The L, , calculating by (2.9), is 1.8

e 0
mH.

2.3.2 Resonant Inductor and Capacitor selection

Since both L; and C; involve in three modes of operating, it is difficult to calculate the
exact values of those L: and C.. The calculation process can be simplified by neglecting
C: when running mode is considered. By assume that lamp resistance is far higher than
capacitor reactance, the calculation process for this mode of operation focuses on an L.
Therefore, there are two steps of calculation. The first step is to calculate an L; based on
the power in the lamp during running. Assuming the maximum power transfer, the
output stage input power is:

P V2v, V2v, v, V2
=V.I, = =1, = c—f— = - (2.10)
n /4 n 4oL, 42m oL,
Where B, is the lamp power (W), 1 is an expected efficiency, Vin, the input voltage,

is the fundamental component of the square wave produced by the inverter, V, is DC
bus voltage (V), f,,, 1s running frequency and [, is Inductor current (A). Therefore,

the resonant inductor is:

decrl

L =
' 4 -frun \/577’. ’ f)lamp

(2.11)

During preheat, the resistance of the lamp is infinite and the filament resistance is
negligible. This results in an L.-C; series circuit. Using the impedance across the
capacitor, the peak preheat voltage V, is given as:

I
V= 2n;ﬁc 2.12)

Where 1, is the preheat lamp current and f is the preheat frequency. The transfer

function is:
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_ 2V,
" n(j1-4nrLc))

v, (2.13)

To preheat the lamp filament with the desired current while the lamp voltage is kept
below V , , the resonant capacitance can be calculated from (2.13) as:

IL
C, = . 2r 2
V., +V, I 1) =V, | 7)

(2.14)

From (2.11) and (2.14) the different lamp power rating results different L; and C..
According to the lamp power rating, the ballast should be individually designed in
which to achieve the proper operating condition. For example, the 36 W T8 lamp
running at 32 W power with 40 kHz frequency can illuminate at full specific
illumination. The DC voltage is 400 V and assuming an efficiency of 0.95. The L.,
calculating by (2.11), is 2 mH. From (2.14), by using the applicable preheating voltage
at 300 V and current at 600 mA, this C; should be 4.33nF. By using the same condition
and 18WTS ballast, the L; and C; should be 4.3mH and 9.2 nF in sequence.

24 Software Model

The model consists of a set of procedures for each mode of operation. These modes of
operation include preheat, ignition and run. Software model normally has 3 states
according to those modes of operation. These states are preheat state, ignition state and
running state. Beside these states, an advance software model always includes 2 more
states that are initial state and stop state to fulfill the ballast operation. Therefore, the
software model for an electronic ballast usually has 5 states of operation include initial
state, preheat state, ignition state, running state and stop state as illustrate in figure 2.11
(the stop state is not in the time frame of figure 2.11 since it will be activated by an
abnormal condition of ballast).

2.4.1 Initial State

During the initial state, the controller sets the operating frequency at 100 kHz and keeps
it steady for a time to charge up the blocking capacitor (Cp). However, the non-
microcontroller ballasts skip this state and start with the preheat state.
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Figure 2.11 Operating frequency timing diagram
24.2 Preheat State

Normally, the electronic ballasts with preheat start feature operate the inverter with high
operating frequency to warm up the filaments as described in 2.2.1. This frequency is
depending on the required preheat current, resonant inductor (L,) and resonant capacitor
(Cy). Thus, one preheating frequency does not fit all fluorescent type and power rating.

2.4.3 Ignition State

The software decrease the frequency (increases the voltage) to ignite the lamp. The
ignition speed depends on the time between each frequency step. To detect the moment
when the lamp ignites, a simple assumption is used that the voltage across the lamp will
significantly decrease after ignition. After the ignition, the software moves to the next
running state. Note that, many electronic ballasts simply decrease the operating
frequency to the desired running frequency by assume that the lamp is ignited.

2.4.4 Running State

After the ignition of the lamp, a constant frequency is set. This method basis on the
assumption that the DC supply is presumed to be constant and the lamps discharge
characteristic are unique for the same type and rating. According to the 2.2.3, this
running frequency depends on the lamp and resonant circuit configuration. Thus, this
frequency should be preselected as an expected frequency value for the lamp used. In
this state, the variation of operating frequency directly affects the lamp power.

2.4.5 Stop State

If any abnormal conditions occur, the software should automatically switch itself into
this state to prevent the ballast and lamp from unexpected damage. This state turns off
the inverter driving signal and latch until the reset command occurs. This reset
command is the lamp reinserting or the restarting of power supply. In this state, the
power consumption can be reduced by putting the micro-controller into HALT mode.
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2.5 The Fluorescent Lamp Dynamic Model and Numerical
Calculation

The simplified resonant inverter is used in the simulation [24]. The controllable AC
voltage source is connected through the resonant inductor and capacitor as a low-pass
filter, with the fluorescent lamp as a resistive load (R,,,, ) as shown in figure 2.12.

amp

AC (1) Vin

Figure 2.12 Simplified resonant inverter for electronic ballast

During the running stage, the lamp acts as a negative differential resistor [27], [28]. The
characteristic graph, that is shown in figure 2.13, can be approximated by using the
simple straight line. This line can be calculated as:

V,=RJ,+V,_, (2.15)
Vo _ VR

R =2

=—= 2.15
VoV o

Where V, 1is the voltage at present condition, /, is the current at present condition and

R, and V), are defined as:

R :VMax_V’

L 2.16
’ IMax - Imin ( )
VH = Vmin - IminRS (217)

where V. is the lamp voltage at the highest power, V,

min

is the lamp voltage at the
lowest power, I is the lamp current at the highest power, and 1

\% 1 and /

min ° ~ max min

e ., 1s the lamp current

at the lowest power. Specifications for V can be obtained from

max

the lamp manufacturers.
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Figure 2.13 The V-I characteristic of a fluorescent lamp and its simplified

Because the higher-order harmonics account only for a small percentage of the input,
the voltage and current waveforms appearing at the lamp are assumed to be sinusoidal.
Considering only the fundamental component, lamp power (P, ) can be calculated as:

amp

Y
P _ a)CRlamp (2 18)
lamp — . iR .
(ijr) R, _ |
" C, oC,

Starting with an initial operating frequency, the lamp power is calculated. If £, is less

than the power command, the frequency is decreased and the lamp voltage, current, and
resistance are recalculated at the new power level. The calculation is then iteratively
repeated until the B, is sufficiently close to the power command and the running

frequency is obtained. The simulation results are shown in figure 2.14.
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CHAPTER 3 MULTI-RATING ELECTRONIC BALLAST

Fluorescent lamp detection techniques that can automatically detect and operate the
fluorescent lamps at the rated power based on lamp voltage were reported in 2005 [10].
This technique is standing on the assumption that if the lamp is not dimmed, the lamp
voltage will remain constant under steady-state conditions. However, a proper operating
frequency cannot be determined unless the wattage of the lamp is known a priori. Thus,
the constant voltage cannot be achieved. The lamp voltage after striking (ignition)
varies with the lamp temperature, age, and manufacturer. Therefore, different lamp
ratings might have overlapped voltage ranges. For example, 32WT8 and S8WT8 lamps
operate at the same voltage, ranging from 117 V to 127 V, which can lead to
misidentification of the lamp [11]. In addition, noise can interfere with the voltage, and
adding a filter may increase the cost of the system.

Using the assumption that the lamp behaves as a resistance, at high frequency operation.
This thesis presents a multi-rating electronic ballast for fluorescent lamps, based on
operating frequency determination. The thesis includes the configuration and the
controller design of the multi-rating electronic ballast. The proposed lamp rating
detection algorithm, composed of multi-step lamp power regulation and the trapezoidal
possibility weight decision based on a given set of lamp operating frequency data. The
trapezoidal possibility weight provides a range of lamp operating frequency that can be
considered as one power rating. This chapter describes of the relationship between the
operating frequency and lamp power rating. The theory and background of the
trapezoidal weight function are laid out. The design procedure, the multi-step power
regulation and software algorithm are then discussed.

3.1 Lamp Power Rating Determination

The fluorescent lamps are manufactured in series for which they are divided by their
shapes. The fluorescent lamps are typically identified by a code such as F##T##, where
the letter F stands for “fluorescent.” The next digits indicate the power in watts. The
letter T indicates that the shape of the bulb is tubular, and the digits after indicate the
diameter in eighths of an inch. Typical diameters are T12 (12/8") for residential bulbs
with old magnetic ballasts, T8 (8/8") for commercial energy-saving lamps with
electronic ballasts, and TS (5/8") for very small lamps. A series of lamp contains a
number of lamp rating. This number depends on the main manufacturer that dominates
the market. We often can speculate the difference of lamp rating from the length of lamp
tube and its diameter. For example, the 13WTS5 lamp is 21” long while 8WT8 lamp is
12” long. Nonetheless, there are lamps with different ratings that share the same size
such as 36 WT8 and 32WT8.

The fluorescent lamp is the gas-discharge lamp. Thus, it appears to the source as a
resistant load with the value that is specific to the lamp series and rating. It is assumed
that if the resistance is known, the rating can be determined correctly. There are plenty
of methods to measure the resistance. From the Ohm Law’s, if a voltage is applied to a
resistor and the current is measured, the resistance can be obtained. Applying the current
and measuring the voltage is another way to calculate the resistance. Although this
assumption is suitable to measure the resistance of a fixed resistor, the fluorescent
resistance is not fixed. The resistance of the fluorescent lamp is a negative differential
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resistance. This means that the lamp has a fixed resistance when the current is fixed.
Any change of current will lead to the resistance variation. For example, if the current is
decreased, the resistance will be increased. This results in the increment of the voltage
as shown in figure 3.1. However, if the lamp current is fixed, the lamp resistance is also
fixed. This allows the use of the ordinary resistance measuring method.
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Figure 3.1 The V-I characteristic of the fluorescent lamp
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Figure 3.2 The current sensor placement for lamp discharge current measurement
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Since the lamp current can be obtained by subtracting the capacitor current from the
inductor current, the current sensor is placed by combining both current in opposite
directions, as illustrated in figure 3.2, to alleviate the controller computing task. In
addition, the AC current measuring is a difficult task for a low-cost microcontroller.
Therefore, the power regulation method is introduced. Note that the input voltage of the
inverter is DC and the current is also DC. This allows the use of a simple shunt resister
together with a low-pass filter and a microcontroller. However, using only one state of
power regulation is not enough since several lamps share the same resistance value
when driving with the same power. The trend of lamp resistance versus lamp power
should be included to determine the lamp characteristic. The multi-step power
regulation method is introduced in this thesis. This method is suitable for acquiring the
lamp characteristics with less processing time compared with the method of
continuously measure the resistance throughout the characteristic line.

Instead of using voltage or current for lamp detection, this thesis introduces the use of
operating frequency to determine the lamp rating. From equations 2.7 and 2.8, the lamp
resistance depends on the operating frequency and the lamp power. Therefore, by
keeping the supplied power fixed, the lamp resistance can be achieved by measuring the
operating frequency. The benefit of using frequency information over voltage
information is that the frequency itself is less vulnerable to the interference than the
voltage.

3.2 Trapezoidal Weight Function

The pattern classification method is the method that enables the system to automatically
classify the object into the group of the same pattern. Figure 3.3 shows two patterns
including ‘o’ and ‘x’. The easiest way to differentiate the patterns is to draw the
boundary between the two patterns. If the new pattern is located in the left area, it will
be classified as ‘x’. The right area is for the ‘0’ pattern.

Yectors to be Classified

T < T T T T T T T

051 + \ 4

PR)
//

1 1 1 1 1 1 1 1

08 06 04 02 0 02 04 0B
P

Figure 3.3 The pattern classification method by using the boundary line
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Only two samples per pattern are not enough to draw the boundary. There are many
ways to set the boundary line since the two patterns are easily separated. If more
samples are acquired, the boundary line will be of less degree of freedom because the
occupied area of the samples have increased. A depiction of the mentioned pattern is
depicted in figure 3.4.

Figure 3.4 The pattern classification method by using the boundary line with more
acquiring samples

For the system with more than two patterns such as the power rating of fluorescent
lamp, there are 2 ways to assign the boundary line. If the number of members of all
patterns are equal to the members of the universe set, the boundary is more evident. As
shown in figure 3.5, the BL1 lines is the boundary line separating the R, G and B

patterns. The area of each pattern is large so that the accuracy of data has little to no

effect to the classification result. If the universe contains an unknown pattern, the tight
boundary area should be set. This allows the unknown pattern to be rejected. Figure 3.4

shows the boundary areas of BL2R for pattern R, BL2G for pattern G and BL2B for
pattern B. Data outside this area will be determined as the unknown pattern.
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Figure 3.5 The pattern classification method by using the boundary line (BL1) and
boundary area (BL2)
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This hard threshold decision method is based on the uniform distribution function. For
the application that the member of different patterns cannot absolutely be separated,
another distribution function should be used. In figure 3.6, assuming that the boundary
is drawn using the uniform distribution function indicating by the red line. A suspect
black circle data will be classified as not a black circle pattern. By using figure 3.7 with
this suspect black circle data, it should have O possibility of being black circle pattern.
However, by using the flip version of figure 3.7 to classify the white pattern, the suspect
black circle data, it should have 1 possibility of being white circle pattern. Therefore,
the decision result is wrong for this suspect black circle data.

, | The suspect ™
data \

.

.

Figure 3.6 An example of data classification using hard threshold with wrong decision
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Figure 3.7 A hard threshold by using one side uniform distribution function

For the above situation, a soft threshold may be used to soften the classification result. It
does not result in definite decision but a fuzzy decision like a possibility of being a
white pattern is 0.2 whereas the possibility of being a black pattern is 0.5. There are
many distribution functions that can be used for the pattern classification such as
uniform, T, normal, F, rayleigh and trapezoidal distributions. In probability theory, the
normal (or Gaussian) distribution is a continuous probability distribution that is often
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used as a first approximation to describe real-valued random variables that tend to
cluster around a single mean value. The graph of the associated probability density
function is bell-shaped, and is known as the Gaussian function or bell curve. Therefore,
this distribution function is widely used in the pattern classification purpose. A soft
threshold using the normal distribution as shown in figure 3.8 is described by an
exponential function which will consume a considerable amount of controller
computing time if implemented.
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Figure 3.8 A soft threshold by using one side normal distribution function

Another widely used distribution function is the trapezoidal or linear distribution
function because it simplifies the normal distribution to reduce the complication of

algorithm. This function is popular and widely used in the fuzzy logic decision method
[12].
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Figure 3.9 A soft threshold by using one side trapezoidal distribution function

Again with the figure 3.6, by using soft threshold trapezoidal distribution function
illustrated in figure 3.9, the suspected black data results in 0.6 of the possibility of being
white pattern and 0.4 for the possibility of being black pattern. With this result, if more
evidences are introduced, another data vector and decision region may result in a new
possibility value. Combining with the previous results will give better decision. These
results can be used as the second opinion. If more opinions can be introduced, the
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decision output will be narrowed down to the right decision. This algorithm is called
voting scheme.
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Figure 3.10 The region of pattern classification by using trapezoid distribution

In applications where there exist unknow patterns, the tight boundary area and the
distribution function with soft threshold on both sides of the decision making as shown
in figure 3.10 are proposed. The length of ¢ and b in figure 3.10 can be varied to fit the
intended distribution curve. The unknown pattern outside the region would be rejected.
Thus, this trapezoidal function is used in this thesis as the decision making method as

trapezoidal possibility weight function. The voting scheme is used in the manner of
multi-step power command.

3.3 Design Procedure

Like general electronic ballast, the hardware model of multi-rating electronic ballast
consists of the PFC boost converter and the inverter as shown in figure 3.11. Therefore,
a set of equations for each operating frequency and the corresponding lamp voltage and
circuit currents are alike. The challenge is that is all interested lamp ratings are to be
supplied by a single hardware.

Vdc
Lpfe_ Dpfc g
Y Y Y %
] Qinv_h
-
-—L— L
High side Driver r
— H Y
i Cdc Cp
PFC Driver | vy -
Reckt 2" = Gpfe a1 Qinv_l LAMP| |
ectifier Low side Driver Riamp) T C,
T Rpfc § Rinv =
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Figure 3.11 Schematic of the multi-rating electronic ballast
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3.3.1 Resonant Inductor and Capacitor Selection

Since the running frequency has effects on the light efficacy, the lowest running
frequency should not be set to the value below 20 kHz. On the other hand, the
preheating can be much higher. If the switching frequency had been higher than 100
kHz, the switching devices would have had more switching loss. Moreover, the
microcontroller generates the PWM signal by using the main oscillator generating the
frequency range of 8-16 MHz for which the step of PWM period is constant. It makes
the wide step of frequency in the high frequency region and narrow step of frequency in
the low frequency region (the step is 0.6 kHz at 100 kHz region and 0.006 kHz at 10
kHz region). With wide step of frequency changing, it is difficult to stabilize the
operating power of the lamp and may cause the light flickering. To accommodate for the
power regulation in case that the lamp temperature is still very high (i.e. it had just been
turned off or reheated), the preheating frequency should be around 80 kHz because the
lamp resistance is around 4-6 times higher than normal. The operating frequency is
empirically set 60 kHz to avoid unnecessarily large steps in frequency changing. By
substitution of the frequency range of 20 kHz to 60 kHz in (2.11) with n =095 and V,,

=400 V, the inductances of each lamp wattage are shown in table 3.1.

Table 3.1 Resonance inductor calculated results for T8

Power rating (W) | L for f=20kHz(mH) | L for f=60kHz(mH)
18 7.56 2.52
32 4.25 1.42
36 3.78 1.26
58 2.35 0.78
70 1.94 0.68

Notice that, for the lamp wattage of 32 W to 70 W, the overlapped inductance is
between 1.42 mH to 1.94 mH while the lamp wattage of 18 W to 36 W gives the
inductance of 2.52 mH to 3.78 mH. The middle value of the inductance between the
two ranges is chosen at 2.23 mH and used in the design procedure to determine the
operating frequency. This may cause the running frequency of the 18 W lamp to be
higher while the running frequency of 70 W lamps to be lower than expected. The
calculation is based on the assumption that the lamp resistance is much higher than the
capacitor reactance. Even with the inclusion of the capacitor, the running frequency will
still be in the desired region by using (2.14). Thus, the selection of inductance and
capacitance is done by a quick substitution of L in (2.14) where the resonant
capacitance is obtained as 4.83 nF. A capacitance of 4.7 nF is chosen due to availability.
Once the inductance and capacitance are obtained, they are used in computer simulation
to validate the operating frequency as shown in table 3.2. The operating frequency is
located in the range of 22 kHz to 50 kHz where the lowest frequency is slightly higher
than the originally selected frequency of 20 kHz.
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Table 3.2 Numerical calculation of the running frequency of the electronic ballast
using L=2.2 mH and C =4.7 nF

Power rating Running frequency (Calculate)
18 W 49.9 kHz

32 W 53 kHz

36 W 39 kHz

58 W 24.1 kHz

70 W 20.8 kHz

3.3.2 Inductor Selection for PFC Boost Converter

From 2.14, L . is selected by applying the maximum possible output power so that the

ballast is capable of handling the highest power rating of the T8 series. Using the
minimum universal line voltage (85 V), P,,, i1s 70 W and assuming an efficiency of

0.95.The , using (2.14), L . is obtained as

8><10’6x(l95><85(400-—85\ﬂ5)

L. =
e 242 x 70

=913uH 3.1)

The above calculated inductance guarantees that with 70W lamp, the lowest operating
frequency is 25 kHz with a regulated 400 V at the dc bus where the power factor and
%THD are 0.9 and 15%, respectively. The overall efficiency is at 0.85. Had the
inductance been higher, the frequency would have been reduced which may cause the
PFC to operate in the continuous-conduction mode. As a consequence, the power factor
and the THD will be deteriorated. On the other hand, if the inductance is lower, the
operating frequency will be increased. The electromagnetic interference will be
unavoidably present in the ballast circuitry.

3.4 Ballast Controller Design

The operation of the electronic ballast system can be divided into two parts, the PFC
boost converter and the half-bridge inverter. The operation of boost converter can be
described as two stages: operate and stop. The operation of the inverter are divided into
five stages namely, initialization, preheat, lamp detection, run, and stop. The block
diagram of the ballast controller is shown in figure 3.12. The controller operates both
the boost converter and the inverter. For the boost converter, the controller controls the
Vdc by sensing the voltage from Vdc and the timing from current zero crossing and
sends out the driving signal to the boost converter. For the inverter, the lamp power is
regulated by sensing the voltage from Vrinv and sends out the driving signal to the
inverter. The Viamp is the lamp voltage that is used for the protection purpose. The fault
procedure is programmed as interrupt service routine to immediately stop the ballast if
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an abnormal condition occurs. The initial state has been added to the beginning for the
purpose of charging the blocking capacitor and waiting for the steady state of the PFC
boost converter.

Y -
ac Rectifier and . .
Half-Bridge Filter (Resonant
—P Boost _Vdc_> v, -
Converter Inverter Tank)
A |
Driving Vo
i Rinv
Signal
VTC—P |
Driving . B
Signal Controller |« amp
Current Zero >
Crossing

Figure 3.12 Controller block diagram

3.4.1 PFC Boost Converter Operating State

The microcontroller controls the PFC boost converter in critical conduction mode by
using a monostable multivibrator (one-shot) circuit. The multivibrator generates a pulse
with constant width for a single period of 20 ms to PFC Driver shown in figure 3.11.
After the falling edge of this pulse, the current from the PFC inductor (Lpt) start
reducing. When the inductor current reaches zero value, the voltage from the auxiliary
winding of Ly trigs the microcontroller to generate another pulse. This pulse width is
related to the PFC output voltage (Vac). The control loop regulates the Vge at 400 V
along with power factor close to unity. The input voltage from the rectifier is used to
determine the AC period. This method uses less microcontroller processing time so that
it still has enough capability to process other tasks such as output power control and
lamp rating detection.
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Figure 3.13 PFC boost converter block diagram

Figure 3.13 shows the block diagram of the PFC boost converter where kgq is the factor
of the output loop voltage and G¢(Z) is the transfer function of the PI controller. The
block diagram of the boost PFC converter control loop is shown in figure 3.13 where
each block can be derived as:

. I 1 1
¢ V. rancy X ratio 5x157

=127x107" (3.2)
V

dc(max) r

Where V4, 1s the analog-to-digital reference voltage. “ratio” is the voltage

attenuation ratio of the sensed signal before feeding to the controller (i.e. the gain of the
signal conditioner). In figure 3.14, Gy(s) is the transfer function of the power converter
stage in figure 3.13.

V
dc Kd

Gp(s)

E =

Gc(s) L

Vref

Figure 3.14 PFC boost converter and controller transfer function block diagram

The transfer function of PI controller (G¢(Z)) is:
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k
k, +~L (33)
N

where kp and k; are the gains for proportional and integral portions of the PI controller.

The transfer function of the boost converter (Gp(s)) is given by:

v G

G,(s)= 5 :1% (3.4)
+ »,
Where:

2V, M~—1
_ 2Va 35
O D 2M -1 (3-5)
M= Y (3.6)

V.. 1s output DC voltage. V,. is input AC voltage. D is duty cycle that is given by:

2L
D= |2 3.7)
ReTS

where R, is the effective resistance of the boost converter seen by the controller.

VZ
R = 2 (3.8)
1 o(max) (Vo - ‘/EVAC )
2M -1
Wp=——"— (3.9)
(M -1)C,.R,
By using (3.4) to (3.9), the boost converter transfer function is:
1980
(3.10)

0054685 + 1

The bode diagram of the loop control of the boost PFC converter Kq *Gc (s)*Gp (s) 1s
shown in figure 3.15.
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Bode Diagram
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Figure 3.15 Bode diagram of control loop of PFC boost converter

Figure 3.15 shows the bode diagram of control loop of PFC boost converter. Since the
idea of this controller is to avoid the use of the complicate command like multiplier,
converter must operate at constant duty cycle over an AC input line frequency cycle.
This is achieved by designing the microcontroller to change the PWM command when
the AC voltage crosses zero. The controller voltage loop crossover frequency is also
placed at 100 Hz. Therefore, the kp and k; are set to 2 and 92, respectively.
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Bode Diagram

Magnitude (dB

D R T R

Frequency (rad/sec)

Figure 3.16 Bode diagram of control loop of PFC boost converter

With PI controller, figure 3.16 shows that the crossover frequency of the voltage loop is
100 Hz and the phase margin is of 76 degrees that is higher than 45 degrees.

Knowing the analog version of the controller transfer function Ge (s), we can apply the
method of discretization “ZOH”[35] to obtain the digital controller Gc (z) :

2:-1999 _z—-1 _1-7"

2 =2 (3.11)

G.(9)=
c@) z—1 z—1 1-z7"
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Figure 3.17 PFC boost converter and controller block diagram in z-domain

In Figure 3.17, the process of sampling and hold is represented by an ideal switch
operating with the period of Ts. The PWM module is represented by ZOH. The
controller of the voltage loop is represented by Gc(z). The power circuit of the boost
PFC converter is Gp(s). The conditioning circuit of the output voltage and the gain of
the A/D converter is represented by Kd. The conversion time of the A/D converter
converter is represented by HC. The small signal of the power circuit Gp(s) is passed
directly in discrete-time Gp(z) by using the transfer function given by:

0.3621
G, (7)= ——" 3.12
»(2) z—0.9998 (3.12)

where Hc is 1 (assuming zero conversion time) and the delay given by the A/D
conversion is zero. The block diagram of the PFC boost converter and controller in z-
domain is shows in figure 3.17.

Bode diagram of this digital control system is shown in figure 3.18. The gain margin is
67 dB, phase margin is 75 degrees and crossover frequency is also 100 Hz. This
converter is deemed stable since phase margin is greater than 45 degrees. The step
response of this converter is experimentally studied in chapter 4. By using low-cost
MCU with this simple control method, the error multiplying process is not included. As
a result, there is a current distortion around the zero crossing that results in the THD
value higher than 10%. If the THD is below 10% is needed, the dedicated PFC
controller would be necessary in exchange of cost and size for the desired power
quality. The PF and THD results are also shown in chapter 4.
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Bode Diagram
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Figure 3.18 Bode diagram of digital control loop of PFC boost converter

3.4.2 PFC Boost Converter Stop State

If abnormal conditions occur, the software will automatically switch into the safety state
that is designed to turn off the PFC driver. Abnormal conditions may cause by over
current in the MOSFET or over- and under- voltages on the AC input. This state also
stops the inverter operation to avoid unintended effects. The the maximum charging
inductor current is sensed through a small resistor RA8 = 0.33Q2 . The threshold voltage

at the digital input is set to 1.5 V and the over current threshold is set at 4.54 A.
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Figure 3.19 Flowchart of the multi-rating electronic ballast operation

3.4.3 Inverter Initialization State

The flowchart of inverter operations is illustrated in figure 3.19. This ballast contains the
sequence of procedures including preheat, ignition, lamp detection and run as described
in section 2.4. If an abnormal condition occurs, the interrupt service routine will turn the
half bridge driver off to protect the system. During the initial phase, the controller sets
the PWM frequency at 100 kHz and keeps it steady for 100 ms.

3.4.4 Inverter Preheat State

This state heats up the lamp filaments to the proper temperature before ignition.
Electronic ballasts with preheat starting feature initially operate the inverter under high
frequency to heat the filaments up. This frequency is depending on the required preheat
current, resonant inductor and resonant capacitor. Thus, one preheating frequency does
not fit all fluorescent types and power ratings. The preheat state warms the filaments up
with a constant power to ensure the proper temperature for all T8 lamps. The controller
raises the frequency by one step every time the measured current is greater than the
desired value, and lowers the frequency if the current is lower than the desired value.
This state takes approximately 0.5 to 1 second depending on the current command value
[19].

3.4.5 Inverter Ignition State

The controller decreases the frequency (increases the voltage) to ignite the lamp. Since
the voltage across the lamp will significantly decrease after ignition because the current
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begins to flow through the lamp then, the voltage change is used as ignition indication.
After detecting the ignition, the controller moves to the next phase.

3.4.6 Inverter Stop State

If abnormal conditions occur, the software will automatically switch into the safety state
that is -the half bridge driver is turned off. Abnormal conditions may arise resulting
from lamp bulb removal, lamp failure to ignite, over-current or over-voltage, or a
rectifying effect (end of life :EOL).

The bulb removal is detected by using the ‘Lamp_present’ node described in figure A 4.
This node voltage is 0 V when the lamp is connected to the ballast. If there is no lamp
connected, this node voltage will be 5V.

The over voltage is detected by using the ‘V_lamp_PK’ node. The voltage threshold is
300 V that is the maximum preheat voltage. This over voltage detection is disabled
during the ignition state.

The over current is detected by using the ‘CSO’ node that is the peak current of the low
side switch Q3. This peak current is very high if the switching frequency is lower than
the resonant frequency. This phenomenon is called hard switching.

The EOL is detected by using ‘EOL’ node voltage. This node provides an averaged lamp
voltage value of 2.5 V when the lamp is in normal condition. If EOL lamp is connected
and run, this node voltage will be either higher or lower than 2.5V. The threshold
voltage is 1.5 V and 3.5 V, respectively.

The lamp ignition failure is detected by using both ‘V_lamp_PK’ and decided by the
software procedure. During the ignition process, the software detects the lamp voltage
to determine the success of ignition. If the lamp ignition is successful, the current will
start to flow through the lamp. As a result, the lamp voltage decreases. An unsuccessful
ignition leads to the considerably high voltage at the output and will damage the ballast.
If the operating frequency is decreased to the minimum available frequency and the
lamp voltage does not decrease, indicating unsuccessful ignition, the controller will stop
the driver.

3.4.7 Inverter Run State

During this phase, the controller measures the current required to deliver a given power
to the lamp. The measured value is compared with a preset power command value, and
the software corrects the resulting difference. As mentioned above, the lamp power can
be controlled by varying the operating frequency. The lamp power decreases when the
supplied frequency increases, as shown in figure 3.20. The proper frequency must be
generated to ensure that the connected lamp is not overdriven. The current regulation
method is used to control the lamp power at its rating [20]. The DC voltage (V,. ), the

inverter current (/. ) and the inverter output power (P, ) are related as:

inv inv

=V, I (3.13)
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For a constant DC voltage:

Pinv o Iinv (314)
Thus:

Pinv = Plamp + Ploss (315)
where B, is the system loss and constant related to#,,,, . The power relationship is
found as:

Pinv a Plamp a Iinv (316)

The average voltage of the R, in figure 3.11 represents the current through the half-

bridge driver. By adjusting the V,, ~ voltage results in a control of the lamp power
(P, )- Note that the required inverter power is about 2 W less than the lamp rating for

the same lumen output of a traditional magnetic ballast, resulting from the high
frequency of operation.
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Figure 3.20 Operating frequency VS lamp power

The lamp power is regulated by varying the operating frequency. The output power is
detected by using the ‘I_lamp’ node from figure A.4. This control loop can be as slow as
0.1 Hz since it looks smooth like an expensive dimmable lighting system. Figure 3.21
shows the block diagram of the inverter where kq is the factor of the output loop voltage
and G¢(Z) is the transfer function of PI controller.
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Figure 3.21 Half bridge inverter block diagram

k=——=—=5 (3.17)

1 1
0.2

(max)

The transfer function of PI controller (Gc(s)) is:

k
b+ (3.18)

Where kp and ki are gain of PI controller that is O and 2.

The behavior of resonant inverter is nonlinear and complex. In addition, the lamp
resistance is dynamic to its current. We can make a linear transfer function by using the
local linearization technique. Since the ballast is operated at a higher frequency than the
resonant frequency w0, the behavior of the inverter can be modeled by the constant,
-Kinv as:

AP _F(w)-F(®,) _ . (3.19)
Aa) a)l _a)o invy .

The local linear lamp power is given by:

P=-K, 0+P, (3.20)
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Figure 3.22 The block diagram of electronic ballast

Since the lamp resistance varies under real operation and the assumption of fixed lamp
resistance may not be valid. To calculate Kinv, the lamp dynamic model and simplified
version of inverter are used. Figure 3.22 shows the class D resonant inverter which is
one of the most commonly used electronic ballast circuits. The input voltage of the
resonant network is either switched to zero or V4. by two half-bridge transistors. The
effective input waveform is a square-wave with voltages between OV and Vgc. The dc
blocking capacitor, Cp, is large and can be approximated by a short circuit at high
ballast’s operating frequency.

At running state, the lamp acts like a negative differential resistor with its voltage and
current waveforms in phase. The resonant inductor, L., and capacitor, C; form a low-
pass filter with the fluorescent lamp as a resistive load, Riamp. In typical ballast designs,
the circuit operates around the natural resonant frequency with the resonant network Qr,
greater than 1/2. Under these conditions, square-wave harmonics are attenuated at 40
dB/decade. This accounts for less than 4 % of the total lamp power [35]. Since the
higher-order harmonics only account for a small percentage of the input signal, the
voltage and current waveforms appearing at the lamp can be assumed to be sinusoidal.

AC @ Vin T

Figure 3.23 The simplified version of electronic ballast

The simplify version of inverter [24] as shown in figure 3.23 is used in simulation study.
By using fundamental component of square wave output, the lamp power can be
calculated as:
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V _ _leamp‘/in 3 21
lamp — . 2 . ( . )
jo’C.LR, +oL, —jR,

amp lamp amp

V12amp
By =Re| —— (3.22)

lamp

Where: L, =2.2mH ,C, =4.7nF and V,, is fundamental component of square wave.

V., = Ve (3.23)
From [27] the negative differential resistance of fluorescent is simplified as:
V.R
lamp = - (324)
Vo - VH
where V is the voltage at present condition and Rs and Vy are defined as:
v, =V
s — Max min (3 25)
IMax - Imin
VH = Vmin - IminRS (326)

where Vmax is lamp voltage at the highest power; Vmin is the lamp voltage at the lowest
power; Imax 1s the lamp current at the highest power and Imin 1s the lamp current at the
lowest power. The Rs and Vy of the T8 fluorescent lamps series are illustrated in table
3.3.

Table 3.3 Rs and Vy of the T8 fluorescent lamps series

P.Rating Rs Vu
18W -61.60 73.69

32W -56.00 131.07
36W -50.63 116.97
58W -29.09 127.54
T0W -24.53 141.65

From (3.19), the calculated Kiyy for T8 lamp series are shown in table 3.4.
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Table 3.4 Ki, and Py of the T8 fluorescent lamps series

P.Rating Kiny Po
18W 4.468x1004 [ 123.273
32W 3.207x10-%4 | 102.100
36W 1.159%10-%4 | 60.966
S58W 8.737x1005 | 57.801
70W 4311x1005 | 28.361

From figure A 4, the transfer function of LPF of the current sensing circuit is:

1 1 1
LPF = (3.27)

T1+R,Cys 1+ (10K)@70m)s  1+0.0047s

To achieve stable operation, the system bandwidth fgw must be selected to a value lower
than the crossover frequency of the low-pass filter (LPF) circuit.
By setting the desired crossover frequency to a half of the LPF crossover frequency at

17 Hz, the k;, and k; are obtained as 0 and 76.6, respectively.

G.(s)= 766 (3.28)
s

The transfer function of the control loop (sys=Ge(s)* Kinv*LPF) with 18W lamp is
presented as:

_ 1724
©0.00475% + 5+ 3.449

Sys (3.29)

The bode diagram is shown in figure 3.24. The phase margin is 97 degrees and
bandwidth is 17 Hz. This converter seems to be stable since phase margin is above 45
degrees.
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Figure 3.24 Bode diagram of control loop of electronic ballast operating with 18W
lamp

3.5 Lamp Detection Procedure

The fluorescent lamp is manufacturing with precise discharge resistance characteristic.
Therefore, the magnetic ballast with fixed inductance value is adequate to regulate the
lamp current at rating power. A small change in lamp resistance because of the
manufacturing process will lead to variation of the lamp running power. Similar to the
magnetic ballast, the electronic ballast with fixed frequency method needs a consistent
lamp characteristic. According to this phenomenon, the lamp resistance characteristic is
unique and it reflects the lamp rating.

There are many methods to detect the lamp resistance such as detecting the voltage and
current. However, the lamp resistance dynamically relates to the lamp power as shown
in figure 3.23, the nonsystematic resistance detection will lead to inconsistent lamp
detection results. Moreover, this characteristic must be measured when the lamp is in
discharge mode or running state. The wrong running frequency will damage the lamp
resulting from the over current since the proper operating frequency is not known
apriori.

In this thesis, the lamp rating detection procedure is composed of multi-step lamp power
regulation and the trapezoidal possibility weight decision based on the lamp operating
frequency. After ignition, the multi-step lamp power regulation is started with the lowest
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power command. For example, the 16 W power command is used for the T8 series
lamps. In the power control loop, the operating frequency is determined and recorded in
the controller. This frequency is used to classify the 18 W (lowest) from the group. If
the measured frequency is within the valid range, then no further decision is necessary
and the controller continues to the running state. However, because of the variation
between lamp manufacturers, bulb age, and temperature, the running frequency is not
necessarily constant. We experimentally verified that the operating frequency varies
during our lamp power regulation experiment.

105:

Lamp Resistance (Q)

Lamp Power (W)

Figure 3.25 Lamp resistance VS Lamp power

A number of T8 lamps, 16 W, 30 W, 34 W, 56 W and 68 W are chosen as samples to

acquire the running frequencies. These frequencies are used to define the possibility
weight function.
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Figure 3.26 The normalized histogram of 32 W lamp running at 30 W, the normal
distribution function and the trapezoidal possibility weight (W, ) that

simplifies the distribution function

Figure 3.24 shows the normalized histogram of 32 W lamp running at 30 W. Assuming
that the distribution is a normal distribution, the distribution function is [38]:

1 7(17,‘1)2

fo)=—e *

2no?

(3.30)

where x as an approximation of y and sd as an approximation of o .

1y [1¢
X==Yx,5d=[-D (x,—X) (3.31)
nio 1oy

Where n=number of samples, x, = frequency of sample i.

An approximation of the normal distribution is shown in figure 3.25. To simplify this
normal distribution function to the trapezoidal function, the trapezoidal possibility
weight function is approximately drawn to cover the whole histogram and share the
same slope as the most of normal distribution function as shown in figure 3.25. This
trapezoidal possibility weight function is:
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Figure 3.27 Trapezoidal possibility weight (W, ) VS running frequency

From figure 3.16, the shape of trapezoid can be adapted by changing the multiplier
(x0.5and*1.5). The =1.5sd is chosen because this trapezoid should at least cover all

members (i.e. lamp operating frequency). Widen this area will not improve the result
since there is no operating frequency out there. The variation of the top width can be
changed from *1.5sd (that is the rectangular shape) to O (that is the shape of triangle).

If there is no overlapped regions of the operating frequency, the top width will not affect
the decision result. In the case that there is an overlapped frequency range, the crossover
frequency should be set to the middle value. From the experiment, the only overlapped
region occurs with the 32W and 58W lamps operating at 16 W power level. This is not
side overlapped but they share the same frequency range. Thus, the decision will not be
affected by the shape of the trapezoid.

The relation between the probability weight and the running frequency is illustrated in
figure 3.25. For example, if the average operating frequency of a 36 W lamp running at
16 W is 75.88 kHz, and its standard deviation is 36 Hz, then W, 3016w, 18

1 ;48.69kHz, f,50.39kHz
Wpsare) =1 0.588f —46.99;46 99 Hz, f,48.69kHz (3.33)
0.588 f +50.39 ;50.39kHz, f,52.09kH;

where f = measured lamp operating frequency (kHz).



Table 3.5 and 3.6 provide the average value and standard deviation of running

frequencies at 16 to 68 W of power regulation. A dash (-) symbol is a prohibited power

command.

Table 3.5 Average running frequency of ballast at various lamp power ratings

Average of 16 W 30 W 34 W 56 W 68 W
operating frequency (kHz) (kHz) (kHz) (kHz) (kHz)
at power command
T8-18 49.59 - - - -

T8-32 76.26 55.44 - - -
T8-36 75.88 48.25 40.59 - -
T8-58 76.26 57.16 50.09 25.21 -
T8-70 75.79 62.49 56.82 28.73 21.75

Table 3.6 Standard deviation of running frequency of ballast at various lamp power

ratings

S.D. of operating 16 W 30 W 34 W 56 W 68 W
frequency at power (kHz) (kHz) (kHz) (kHz) (kHz)
command
T8-18 1.7 - - - -
T8-32 0.004 0.816 - - -
T8-36 0.036 1.022 1.210 - -
T8-58 0.002 0.288 0.444 0.476 -
T8-70 0.010 0.160 0.234 0.360 0.270
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Figure 3.28 Possibility weight (W, ) VS operating frequency of T8 lamps at 16 W

power regulation

Figure 3.27 and 3.28 shows the possibility weight and operating frequency of T8 series
lamps at 16 W power regulation. The operating frequency of 18 W lamp is significantly
far from others resulting in high accuracy of 18 W lamp detection. However, the
possibility weight of 58 W lamp is overlapped with the 32 W lamp causing inaccuracy
in detection at this state. When the 30 W power regulation is applied with the 32 W, 36
W, 58 W and 70 W T8 lamps, there is no overlapping in the possibility weight of T8

lamps as shown in figure 3.29 and 3.30 where the 32 W lamp can be accurately
detected.

From the reason above, both the multi-step lamp power regulation and possibility

weight decision are applied together and the lamp rating detection algorithm can be
described as follows:

Step 1: Regulate the output power at the lowest power command such as 16 W for the
T8 series.

Step 2: Calculate the probability weight for all lamp ratings. If the highest W, is

obtained at the lamp rating that equals the power command, the lamp rating
equals the power regulated, then go to step 4.

Step 3: If the delivered power is still below the lamp rating, step up to the next power
command (30, 34, 56 and 68 W) and repeat step 1 and 2 again until the power
command reaches the highest value of the series then go to step 4.

Step 4: Summarize the total W, of each lamp rating for each power regulation. The

lamp rating is determined from the total highest W, .

The Block diagram and the flowchart of this detection algorithm are illustrated in figure
3.32 and 3.33.



57

J2W, 36W, 58W and 70W T8

-3
=]

Operating Frequency (kHz)
2

18WT8 (avarage+1.55D)

(average-1.55D)

nth

sample of lamps

Figure 3.29 Operating frequency at 16 W power regulation of n” lamp sample in the
possibility weight region

12 T 1 T
— 32W
== = 36W
1r 1= = : Hr i SEVY = ]
} o [=-ow]
r 1 : !l
= ! ' 5 1
@ 0.8F - 1 . 1 1
] i : 1
i ‘ 1 < ii
1 1 : :
= : 1 : 1
2 0.6 r 1 : i .
v 1 1 i
E 1 ] = - .
1 I : 1
B 1 L : i _
0.4 5 : : i
1 1 : 1
[ i : ¥
02r 1 1 1 1
If 1 [
; !
; : 1
0 1 1, | - | p !
45 5 5.5 5 5.5
Operating frequency (Hz) x10%

Figure 3.30 Possibility weight (W, ) VS operating frequency of T8 lamps at 30 W

power regulation



58

70.0

J0W T8

625 zreasrTessI6S80S8TEEEEEETE T 00D T T E-0-0-0-5- 20022028

58W T8

Operating Frequency (kHz)
&
(=]

o
Bl
[54]

JOW TS

h

n'* sample of lamps

Figure 3.31 Operating frequency at 30 W power regulation of n” lamp sample in the
possibility weight region

Power
Command ¥

Lamp Wp Possibility weight
classification calculation

CIrol

fuencf

Pl - PWM INVERTER

v >

Power

Command T

Vrsinv
\ 4

Pout ADC <—<}-7 LPF

Figure 3.32 Block diagram of the lamp rating detection algorithm
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The block diagram in figure 3.30 and the flowchart in figure 3.31 can be described as
follows. The process starts with lamp power rating number (n) equal to 0. This number
varies from O to 6 representing the lamp power regulation state from 18W to 70W. The
S_COMM is the array of power_command that contains 16, 30, 34, 56 and 68 values.
This power_command is used by the power control procedure. With n=0 the
power_command is 16. The procedure waiting for the steady state flag from the power
control procedure to be set. Then the operating frequency is used to calculate the
possibility weight (PW: W, ) from the predefined formula in (3.31). After calculating all

PW (PW of 18W lamp operating at 16W to PW of 70W lamp operating at 16W), the
software then finds the maximum PW. If the maximum PW is PW of S_COMM((n)+2
lamp operating at S_COMM(n), the software will skip the next power_command and
calculate the PWtotal. For example:

if n is 0, the software will check that is there the maximum PW is PW of
S_COMM(0)+2=18W lamp operating at S_COMM(0))=16W.

If this condition return NO, the n variable will be increased and the software will jump
back to the start. After n=6, the PWtotal are calculated. The maximum PWtotal
indicates the lamp rating. Finally, the power_command is updated by the S_COMM that
relates to the maximum PWtotal.

The Power control procedure uses the power_command as a set point. By comparing an
ADC input with the power_command, if ADC input is higher than power_command,
the software will increase the output frequency by 1 step. If ADC input is lower than
power_command, the software will decrease the output frequency by 1 step. The steady
state flag will set if the ADC and power_command is equal. This procedure is located in
the 1 ms timer interrupt service routine.

An example of the possibility weight and decision result is shown in chapter 4. The
operating frequency of the tested lamp is measured and used to calculate the possibility
weight. After that, this possibility weight is used to determine the lamp rating. Starting
at the 16 W power command, the running frequency is 76.26 kHz and all W, at 16 W is

calculated. It results in O possibility of this lamp to be 18WT8 (WP;,..i6w )» 36WT8
(WPypuiiew ) and 70WT8 (WP, ..., ). It results 1 for both possibilities of this lamp
being 32WT8 (WP,, 16w ) OF S8WT8 (WP, 16w )- The highest W, is not at WP,y 6w -
Thus, the software goes to the next 30 W power command. Then W, at 30 W is

calculated. The algorithm stops at 30 W power command according to the maximum on
WPy, 30w (0.2 out of 0). The summation of WP,,,, is 1.2, which is the maximum, and

the lamp is detected as a 32 W rated lamp at total possibility of 1.2. These results are
shown in table 3.7.
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Table 3.7 An experimental result of W, for the 32 W T8 lamp using manual mode

Power Command | 16 W 30W 34w 56 W 68 W Total
Lamp Rating
18WTS 0 - - - - 0
32WTS 1 0.2 - - - 1.2
36WTS 0 0 - - - 0
S8WTS 1 0 - - - 1
7T0WT8 0 0 - - - 0

3.6 Preheating Condition

Although the multi-rating ballast has an advantage on that it can operate more than one
lamp power rating, the preheat condition should be seriously considered. According to
the literature [19], the filaments must be operated at temperatures between 700°C and

1000°C , to avoid a premature wear of the emissive coating, reducing the average life of
the lamp.

Since it is difficult to measure this temperature, there are recommendations and
standards regarding correlate parameters, such as the voltage over the filaments or their
equivalent electrical resistances [19], [20]. The ANSI C82.11-1993 [22] standard
indicates that the proper filaments temperature should increase their resistance to 4.25 to

. . . R
6.25 times of their resistance at room temperature (R, =?h). These filaments

c

temperature can be increased by applying the electrical current. The resistance ratio was
derived by [19] as follows:

R iy ) = 147, e(j—l t (3.34)

where R, (i ph(rmx),t) is the resistance ratio between hot (R, ) and cold (R, ) filaments.

i is the filament current (A) during preheating.

ph(rms)

t is the preheating time (s) .

r,1s the constant value depending on the lamp series and manufacturer. For T8,
r,=0.112s".

r, is the constant value depending on the lamp series and manufacturer. For T8,
r,=0.155A.
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According to [19], the suitable preheating time is between 0.5 and 1.5 second. Thus,
the suitable preheating area can be illustrated as shown in figure 3.32. By substituting
the R, and t with (R, ,r)=(4.25,1.5s5) and (6.25,0.5s) . This results in 467 mA

minimum preheating current and 705.5mA maximum preheating current.
Considering 1 second preheating time, as used for the prototype in this paper, the
preheating current are:

Ry, (i o 15) = 1
| =0.155]n| LA phtm +1 335
i) [ 0.112x1 (3.35)

The minimum and maximum preheat currents are 527.3 mA and 599.6 mA where
Ry (i 15) is 4.25 and 6.25

Rhc i
6.25 |rmmmmmmmmmm e prmmeneeend
operating i
area : -
[
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- |
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Figure 3.34 Acceptable variation of resistance ratio (R, ), considering the operating

area defined for the preheating process [19]

Using the constant current method may overheat the filament when the lamp is turned
on immediately after turning off. This muti-rating ballast controls its power by adjusting
the frequency (assume that the DC supply voltage is constant). This process using the
same method as in the running state as shown in figure 3.33. Only one constant that the
frequency cannot be decreased if the lamp peak voltage (V) is higher or equal to the

threshold to prevent the lamp from striking immaturely. The maximum allowable
preheat voltages for the T8 series are as follows: (18W:250V, 32W:300V, 36W:300V,
58W:350V and 70W:400V)[15].
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Figure 3.35 The block diagram of the preheat controller

According to the power control method, the proper power command is needed. From
(3.33), the preheat energy (E) is calculated by:

T =)
E=[PRdt= |2, (I+r|e * /=1 |)R.dt

t=0

=)
P
(rnm)R + lph(rms) e : - 1 t)RCdl

I
S

1, fom ) '
=i Re z+2 i Rer [ €7 =11
t=0
1 —]
=02 Re T+2 g Reri| € =1|T°? (3.36)

where R, is the filament resistance at room temperature. From measurement, the

resistance values are 2.5 ohm for 18, 32 and 36 W and 2.0 ohm for 58 W and 70 W. T is
the preheat time which is 1 second. Substituting the 1 second preheat current results in
the preheat energy varied from 1.311 J to 3.94 J for 2.5 ohm filaments and 1.049 J to
3.152 J for 2 ohm filaments. The possible preheat energy for both filament resistance
values is varied from 1.311 J to 3.152 J. As a result, the power command of 2.3 W is
chosen to supply the 2.3 W preheat energy for 1 second.

3.6.1 Numerical Calculation

According to the maximum allowable preheat voltage limitation, there are 2 steps in
preheating the lamp. Initially because the filament resistance is low, the current is
controlled at the maximum value. From (2.14), the maximum preheat current is 0.56 A
at 250 V. As the filament resistance increases, the applied power at the filament will be
increased. In the second step, the power at filament is controlled at allowable maximum
for overheat protection. The power at the filament can be calculated as:
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P, = If,h R, (1)

I, = i 3.37
or ph — Rh(t) ( . )

Since the power control method is used, the reference power (P, ) must be calculated.

The preheat current can be divided into two conditions. Because the lamp voltage is
limited, the filament current is also limited. Therefore, the power is lower than the
command value. The second condition is that the filament resistance is high enough to
make the preheat current below the limited current while power is controlled. By
limiting peak lamp preheat voltage (V,, ) at 250 V, to ensure that the lamp will not strike

in this state, the preheat current cannot be higher than 0.56 A. The preheat current can
be calculated by using (2.14) by substance V,, with 250 V. From this current limitation,

the preheat condition is divided into 2 states that are constant current and constant
power. Thus, the control conditions for both steps are as follows:

1. Constant Current Control

The preheat (i, ) is kept at 0.56 A, when 0.56°R,(t) is less than P, =~ (2.3W).

Solving this condition

Ryoir —250)(1) <293
and R, _590)() < 3.67 (338)

From (3.37), the preheat current is 0.56 A when the filament resistance is below 2.93
ohm for 18,32 and 36 W lamp and below 3.67 ohm for 58 and 70 W lamp.

2. Constant Power Control

The power command is 2.3W when 0.56°R,(t) become larger than P . From

command

(3.33), the variation of filament resistance over the time is:

Epn(rms) (1)
AR, (t —
h():RCrI e[ E ]—l (3.39)
At
[ ip/m-m:) (1) J
Thus: AR, (t)=Rr,| e " —1 (At (3.40)
. AR, (1)
from (3.39): 7, (1) =1, ln[ﬁ + 1] (3.41)

cr]

, sR() )
Pph (t) = lph(rms)(t)Rh (t) = (FZ ln( R A + IJJ Rh(t)



65

= R,()r? In® (% + 1] (3.42)

r,At

c

From (3.41), by using the numerical calculation based on iteration method yields the
result of the preheat current and filament resistance as shown in figure 3.36. Initially, the
lamp voltage is limited to 250 V through the frequency to avoid undesirable premature
ignition. The lamp currents remain constant until the filament temperature increases. At
the same time, the lamp power is continually increasing. Once the lamp filament is
heated, the resistance is reduced. The power regulation is done through current
reduction. Notice that it takes longer for the lower value of R, to reach the regulated
power.
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Figure 3.36 The numerical calculation results (i,,(r)) and filament resistance ratio

(R, (1))

Table 3.8 At 1 second preheating time, the calculated R, (1s)and i, (1s)

18W, 32W, 36W 58w, 70W

R, (Ls) 4.36 ohm 4.74 ohm

i, (ls) 460 mA 490 mA
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From table 3.8, the numerical calculation resistance ratio values are higher than 4.25
and lower than 6.25. This confirms that the 2.3W power command calculated by (3.35)

and the 250V peak lamp voltage threshold can be used.

3.7 The Implementation

A hardware prototype of the electronic ballast was built. The values for the resonant
inductance and capacitance match those used in the simulation. These resonant
inductance and capacitance are 2.2mH and 4.7uF , respectively.. The PFC boost

inductance and the DC bus capacitance are 0.94 mH and 22 uF, respectively. The

ballast circuit is divided into 3 parts, PFC boost converter, resonant inverter and control
part. Figure A.1, A3 and A4 of appendix A show the schematic diagram of those 3
parts. The MOSFET driving circuit is implementated using ST L6382 because of the
ability to drive a PFC MOSFET and 2 inverter MOSFETs. A +5V is supplied by a PI
LNK302 chip as shown in figure A.2 of Appendix A.

The microcontroller controls the PFC boost converter in critical conduction mode. The
lamp peak voltage (V_lamp_PK), lamp end of life (EOL), hard switching (CSI) and
lamp present (Lamp_present) are used for the protection purpose. If any abnormal
condition occurs, the microcontroller will shut down the ballast.



CHAPTER 4 EXPERIMENTAL RESULTS

A hardware prototype of the electronic ballast, shown in figure 4.1, was built. The ST7
microcontroller (MCU) from STMicroelectronic plays a role of main controller. It is
based on a common 8-bit core with 8 MHz internal clock. Therefore, the complicate
mathematic functions like multiplication or division should not be used. The values for
the resonant inductance and capacitance match those used in the simulation. The Philips
TLD, Super TLD and Toshiba fluorescent lamp series are used. However, the 32 W
lamps are from Philip Super TLD since this type of lamp is only available by Philips
Super TLD. The list of measurement device are shows in Appendix B.

PFC inductor

Figure 4.1 Prototype electronic ballast
4.1 The PFC Boost Converter

The input line voltage and current were captured and shown in figure 4.2. The current
distortion was more than the ballast using the dedicate PFC controller IC or high
performance MCU because it doesn’t have an error multiplying process due to the
limitation of MCU. This is a limitation of using a low cost MCU. However, the PF is
more than 0.9 and THD less than 25%.
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Figure 4.2 The line input voltage (1) and current (2)

Since this is multi-rating ballast, the PF and THD are measure for each lamp rating as
illustrated in table 4.1. From this table, the highest lamp power yields the best value
cause the configuration is calculated base on the highest one.

Table 4.1 PF and THD of ballast with 220 VAC 50 Hz line voltage

Power Rating PF THD
18W 0.95 20.1%
32W 0.97 17%
36W 0.97 15.8%
58W 0.98 13.7%
TO0W 0.99 10.5%

Figure 4.3 shows the voltage of the DC bus when the ballast is turning on. From the
results, the ballast is turned on at 100 ms. At 120 ms, the boost converter is starting up.



69

Then the controller controls the DC bus output voltage at 400 V. With full load, the
settling time is around 100 milliseconds. As the result, the 100 milliseconds delay
should be added before stating up the preheat state. The Init state of the software that
drives the inverter with constant 100 kHz for 100 milliseconds takes this role.

Tek .. .ﬂ.cq Eumplete MF'us 335[!ms MEASURE
lllllllllllllllllllllllllllllllllllllllllll EH1
............... M

1 404y

CH1
. - . : . . 1 Rise Timne
f'SettlesatZZOms"f""f""f 34.68ms
IIIIlIIIIlllllllll:llll;IIII;IIII;IIII;IIIf I:H1

Start up at 100 ms : : ] Mone

1 T Mone
: : : : - : : : : 1 Mane

CH1 100%Ey kA 100ms CH1 .~ 204%
1-Now-11 15:26 <10Hz

Figure 4.3 The DC bus voltage (Vdc) with 75W load

Figure 4.4 shows the response of the DC bus voltage when the load is changing from 45
W to 75 W. It shows how the boost controller handles the step load. The settling time is
approximately 100 milliseconds.
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Figure 4.4 The DC bus voltage (Vdc) with step load from 45W to 75W load

Figure 4.5 shows the DC bus voltage when the 36 W lamp is starting up. The system is
tuning on at 450 milliseconds. Then the ballast starting with Init state. After 100
milliseconds, the Preheat state is starting. The preheat state takes around 750
millisecond. After that, the software state moves to the Ignition state at around 1400
milliseconds. Finally, Running state start at 1450 ms. Therefore, the lamp startup
process takes approximately 1 second.
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Figure 4.5 The DC bus voltage (Vdc) with 36w lamp starting
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4.2 The Preheat Condition

By measuring, the preheat resistance values are divided into two conditions that are cold
start and warm start. The cold start is that the ballast starts when the lamp filaments are
cold. And the warm start is that the ballast starts when the lamp filaments are hot. This
causes by suddenly turn on the lamp after turning off. The average filament resistance
ratio values are shown in table 4.2. These values are within 4.25 and 6.25. Therefore,
the filament temperature values before striking are safe for all lamp in T8 series.

Table 4.2 At 1 second preheat time, the actual filament resistance ratio values R, (Ls)

and final preheat current values i ,(ls) are:

Cold start 18W, 32W, 36W S8W, 70W

R, (1s) 4.44 4.6
i, (1s) 450mA 500mA
v, (1s) 5.1V 4.6V

Warm start 18W, 32W, 36 W 58W, 70W
R, (Ls) 5.8 6.16
i, (1s) 400mA 430mA
v, (1s) 5.8V 53V

4.3 The Running Frequency

This experiment is processed by setting the power command to 16W, 30W, 34W, 56W
and 68W for 18W, 32W, 36W, 58W and 70W T8 lamp in sequence. The running
frequencies of those lamps are measured to compare with the calculation in 3.3.1. The
results are shown in table 4.3. This frequency is directly measure at the G pin of a low
side MOSFET of the inverter.
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Table 4.3 The average running frequency of the electronic ballast using L = 2.2 mH

and C=4.7 nF
Power rating Running frequency (Calculated) | Running frequency (Measured)
18 W 49.9 kHz 49.5 kHz
32 W 53 kHz 55.4 kHz
36 W 39 kHz 40.6 kHz
58 W 24.1 kHz 25.2 kHz
70 W 20.8 kHz 21.8 kHz
70.0
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Figure 4.6 The average running frequency of the electronic ballast using L = 2 mH,

2.2mH and 2.4 mH
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Figure 4.7 The average running frequency of the electronic ballast using C = 3.3 nF,
4.7 nF and 6.8 nF

From figure 4.6, the variation of the resonant inductance affects the operating frequency
of ballast. By increasing this inductance by 10%, the operating frequencies decrease by
8-14%. Figure 4.7 shows the variation of the operating frequencies when the resonant
capacitor value is changed. The operating frequencies increase 4-7% when the
capacitance reduces by 30-45%. The experimental results show how the resonant
inductor and capacitor affect the operating frequency. Therefore, it may confuse the
lamp detection procedure. However, the possibility weight can be adapted in order to
avoid the detection error.

44 Electrical Efficiency

This experiment is processed by setting the power command to 16W, 30W, 34W, 56W
and 68W for 18W, 32W, 36W, 58W and 70W T8 lamp in sequence.
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Table 4.4 The input power, output power and efficiency of the electronic ballast

Power | Output Power (W) | Input Power (W) | Efficiency of Efficiency of
rating proposed ballast | single rating
electronic ballast

[6]

18 W 16.1 21.0 0.77 0.62 to 0.76
32 W 299 33.0 0.91 -

36 W 33.7 37.6 0.89 0.84 t0 0.89
58 W 55.8 59.1 0.94 0.85 t0 0.91
70 W 68.2 71.6 0.95 0.83 to 0.88

From this table, the efficiency depends on the lamp power. Since the power loss of this
ballast is around 3 W for all lamp rating, the higher lamp power has higher efficiency.
Comparing with the single rating ballast, this ballast has almost the same efficiency
since this ballast has the same configuration as the ordinary ballast. However, the 58W
and 70W lamp in [6] was operated at 50 W and 60 W instead of 56W and 68W in this
ballast. This results a different of their efficiency. Remark that, there is no information
of 32W lamp in [6] since this lamp type was manufactured by Philips for a short time
and it had been obsolete.

4.5 Light Efficacy

Figure 4.8 shows the experiment configuration to compare the light efficacy of this
proposed ballast to the single rating ballast. The fluorescent lamp is stabbed into the
closed box. The illuminance is measured by using the lux-meter. This lux-meter is
attached to one side of the box. Table 4.5 shows the relative light efficacy.

Closed
’ box

L@mp
\ { /\ [ \ ¥ O

Lux-meter

Figure 4.8 The configuration of the illuminance test set
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Table 4.5 The comparison of the illuminance output and the efficacy of the electronic
ballasts and the proposed ballast

Power | Measured Measured Relative efficacy | Relative efficacy

rating | illuminance of illuminance of of electronic of proposed
electronic ballast | proposed ballast | ballast (Lux/W) | ballast (Lux/W)
(Lux) (Lux)

18w [300.0 298.0 18.75 18.63

32w |346.0 354.0 11.53 11.80

36w 3790 404.0 11.84 11.88

The results show that the multi-rating electronic ballast has almost the same light
efficacy as the single rating electronic ballast since they share the same hardware
configuration.

4.6 Running Frequency VS Time

This experiment is processed by setting the power command at rating. Starting from
cold lamp (O s), the running frequency is continuously decreased until the frequency
becomes steady. Figure 4.9 shows that the cold lamps have lower running frequency
than the warm lamp. As time proceeds, the running frequency will be continuously
increased since the lamp is warming up. This is an important characteristic that has to
be concerned. From figure 4.9, the running frequency seems to be stable after 20-30s.
The software can’t know whether the lamp is cold or warm. Therefore, a delay should
be added to allow the running frequency to be stable before acquiring it. From this
experiment, a 30s delay time should be the best. However, the more delay time causes
more start up time to the ballast. In addition, the operating frequency of 18W lamp is
significantly far from the other lamps. Thus, the possibility weight graph can be wider.
The 10s delay for each power regulation step could be enough. Therefore, the delay
time will be accumulated from 10s at the first step to 40s for the forth step. Since 40s of
delay time is more than enough, there is needless to add any more delay time at the last
68w power regulation step.
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Figure 4.9 The running frequency of the electronic ballast VS time

4.7 The Lamp Detection by Using Voltage Detection Method (V.D.)

The voltage detection has been used method in detecting ballast’s rating. With different
power ratings, the lamp resistances may be different and the lamp peak voltages after
strikes may be used to classify the power ratings. In figure 4.10, the lamp voltages are
obtained from 50 samples of each of the T8 series lamp rating with the total number of
250 lamps. The voltages after strikes of the 32W and 58W lamps are located in the
ranges of 162 V to 177 V and 166 V to 177 V, respectively. The detection result is very
likely to be incorrect for both lamp ratings. This method yields the accuracy of detection
rate as 86%.

The lamp peak voltage is measured by using the lamp peak voltage sensing circuit. This
lamp peak voltage sensing circuit is also used to detect the success of striking. Testing
with 250 bulbs which are divided into 5 power rating groups, the results are shown in
figure 4.10. From this figure, the X axis is divided into 5 lamp ratings. The peak lamp
voltages are plotted. The results show that the 18W, 36 W, 58W and 70W lamp ratings
can be classified since the voltages are not overlap. However, the 32W and 58W peak
voltage are overlap and hard to be distinguished. Therefore, this V.D. method is
appropriate for detecting T8 lamps if 32W or 58W lamp is not included. By using hard
threshold, the results has been illustrated in table 4.8.
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Figure 4.10 Lamp voltage after striking using 5 lamp ratings. Each rating have 50
bulbs
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Figure 4.11 Lamp voltage after striking using 5 lamp ratings. This voltage was
captured by ADC without input filter

The use of A/D converter in micro-controller will cause the noise amplification as
shown in figure 4.11. The noisy switching environment will worsen the accuracy.
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4.8 The Lamp Detection by Using Frequency Detection Method

The Frequency Detection with Multi-step Power Regulation method varies the regulated
power from the lowest to the highest. The power steps are divided into 5 steps that are
16W, 30W, 34W, 56W and 68W. At each step, the operating frequency is acquired in
order to detect the lamp rating by using the pre defined possibility weight functions. The
experiments of this method are divided into 2 sets that are:

To evaluate this proposed method, hundreds of arbitrarily chosen fluorescent lamps with
varied age are tested with proposed ballast. The operating frequencies of tested lamps
are shown in figure 4.12-4.15, respectively. At 30W power regulation, the operating
frequencies of all lamps are in the areas of their possibility weight. Thus, the proposed
method can distinguish between 32W and 58W lamps. Note that some lamps with low
possibility weight might have the chance of type I error (the false positive - the error of
rejecting lamp when it is actually at rating) as well as the type II error (the false
negative - the error of failing to reject a lamp when it is in fact not at rating). The lamp
detection rate, type I error rate and type II error rate are calculated as:

pR.=Newea 10 4.1

Lamp

where D.R. is detection rate, N, is number of the accurately detected lamps and

Correct

N,,,, 1s number of tested lamp.

NRejecr
Typel = ———x 100 4.2)
Lamp
where Ny, is number of lamps that are rejected when it is actually at its rating.

N Cep
Typell = —2282CP 5 100 (4.3)
Lamp
where Ny, .acce 18 NUmMber of lamps that are accepted when it is not at its rating.

The experiments of this method are divided into 2 sets that are Fast Frequency
Detection and Slow Frequency Detection.

4.8.1 Fast Frequency Detection (F.D.1)

In this detection method, the controller acquires the running frequency as soon as the
power is equal to the power command. The Results at 16W power regulation show the
type II error of 32-70W lamps are 100%. These come from the same possibility weight
function of those lamps. For example, the 36W lamps will be detected as entire 32W,
36W, 58W and 70W. At the next step, from the results shown in figure 4.12a-4.15a, the
32W and 58W lamp have the small overlap region. This results the type I and type II
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error of those lamps. However, at 34W power regulation, the 32W lamps that were
detected as S8W in the previous state give the highest possibility at 32W. This stop the
detection process and driving signal simultaneously. The detection results are shown in
table 4.6 and 4.8. At the final decision state, it results 6% undetected 32W lamps (shut
down) and 8% dimmed 58W lamps.

Table 4.6 Detecting results of T8 lamp at 16W, 30W, 34W, 56W and 68W power
regulation state using fast frequency detection

Lamp rating 18W | 32W | 36W | 58W | 70W
16W Power regulation
%Detection rates 100 100 100 100 100
%Type 1 error 0 0 0 0 0
%Type 11 error 0 100 100 100 100
30W Power regulation
%Detection rates - 94 100 92 100
% Type I error - 6 0 8 0
%Type II error - 8 0 6 0
34W Power regulation
90 Detection rates - - 100 92 100
%Type I error - - 0 8 0
%Type 11 error - - 0 0 0
5S6W Power regulation
%Detection rates - - - 92 100
%Type I error - - - 8 0
%Type II error - - - 0 0
68W Power regulation
%Detection rates - - - - 100
%Type 1 error - - - - 0
%Type 11 error - - - - 0

4.8.2 Slow Frequency Detection (F.D.2)
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Increase the delay time to 10s after the power set point and process variable are about
the same before acquiring the frequency. Therefore, the minimum detection time of
18W lamp, 32W lamp, 36W lamp and 58W lamp are 10 s, 20 s, 30 s and 40 s. Since
70W lamp that pass the 56 W power regulation state has run for 40 s, the operating
frequency is stable enough to be used without an additional delay. Thus, the minimum
delay time of 70W lamp is equal to 56W that is 40 s.This increases the maximum lamp
detection time to about 40s for 58W and 70W lamp. The operating frequency of hot
lamp (turn on for some period) is more stable than the cold lamp.

Table 4.7 Detecting results of T8 lamp at 16W, 30W, 34W, 56W and 68W power
regulation state using slow frequency detection

Lamp rating 18W | 32W | 36W | S8W | 70W

16W Power regulation

% Detection rates 100 100 100 100 100
% Type I error 0 0 0 0 0
% Type II error 0 100 100 100 100

30W Power regulation

9 Detection rates - 94 100 92 100
% Type I error - 6 0 8 0
% Type II error - 8 0 6 0

34W Power regulation

9 Detection rates - - 100 92 100
% Type I error - - 0 8 0
% Type II error - - 0 0 0

56W Power regulation

% Detection rates - - - 92 100
% Type I error - - - 8 0
% Type II error - - - 0 0
68W Power regulation
% Detection rates - - - - 100
% Type I error - - - - 0

% Type 11 error - - - - 0
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Table 4.8 The comparison results of the Voltage Detection, Frequency the Detection
with Multi-step Power Regulation and the Adapted Frequency Detection
with Multi-step Power Regulation method.

Lamp rating 18W | 32W | 36W | S8W | 70W
V.D.

% Detection rates 100 60 100 100 100
% Type I error 0 40 0 30 0
% Type II error 0 30 0 40 0

F.D.1

% Detection rates 100 94 100 92 100
9 Type I error 0 6 0 8 0
% Type 11 error 0 8 0 6 0

F.D.2

% Detection rates 100 100 100 100 100
% Type I error 0 0 0 0 0
% Type 11 error 0 0 0 0 0

The frequency data are shown in figure 4.12b-4..15b. The detection results have been
shown in Table 4.7 and 4.8.
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Figure 4.12 The operating frequency of each lamp rating when regulated at 16W.
These data are acquiring from 250 bulbs which are divided into 5 power

rating groups.

a. Immediately acquiring the frequency
right after steady state.

b. Acquiring the frequency after 10s.
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Figure 4.13 The operating frequency of each lamp rating when regulated at 30W

a. Immediately acquiring the frequency
right after steady state.

b. Acquiring the frequency after 10s.
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Figure 4.14 The operating frequency of each lamp rating when regulated at 34W

a. Immediately acquiring the frequency
right after steady state.

b. Acquiring the frequency after 10s.
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Figure 4.15 The operating frequency of each lamp rating when regulated at S6W

a. Immediately acquiring the frequency b. Acquiring the frequency after 10s.
right after steady state.

From table 4..8, the F.D. method with 10s delay time results 100% detection rate, F.D.
method without delay time results 97.2% detection rate and V.D. method results 86%
detection rate. Because of the overlapped possibility weight of the 32 W and 58 W
lamp, the high type I and type II error of 58W lamps are occurred during 16W power
regulation. Even the low accuracy occurs in 16W power regulation state, the next power
regulation state results in the high detection accuracy implying the right rating will be
detected at the final decision. Therefore, this algorithm results in a 100% detection rate
of all tested lamps. An example of the lamp voltage and lamp current of this ballast
running with 36W lamp is illustrated in figure 4.16. For the testing with very old lamps,
the inaccurate detection is occurred but the protection algorithm stops the ballast
operation due to the rectifying effect.

Comparing the proposed detection with the voltage detection method, the experiment
for measuring lamp voltages after ignition are carried out as shown in figure 4.10. Using
this method, the 70W and 18W lamps are easily detected but the detection between
32W and 58W lamps is not possible. The main reason is that the lamp voltage after
ignition varies with the lamp temperature, age, and manufacturer. Moreover, the use of
A/D converter in micro-controller will cause the noise amplification as shown in figure
4.11. The noisy switching environment will worsen the detection accuracy. With the
proposed method, the frequency is generating by the micro-controller itself which is not
interfered by noise. And the multi-step power regulation constrains the lamp operating
condition during the detection as well.
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Figure 4.16 An example of voltage (Bottom) and current (Top) of 36W lamp running
with multi-rating electronic ballast.

4.9 Conclusion and Limitation

Clearly, the frequency detection method does not suffer from overlapping range of the
detection parameter. The detection results of the proposed method are evidently more
accurate. It is even better if we set a delay of 40s before obtaining the operating
frequency, 100% detection accuracy may be achieved since the lamp resistance is
allowed to reach its stable state.

From table 4.8, the detection rates of the 32W and 58W lamps are lower than another
rating. The type I error of 58W lamp shows that 8% of 58W lamps are rejected due to
the operating frequencies of those lamps have crossed the line to the 32W lamp rating
region. These S8W lamps are classified as 32W lamps and also cause the Type II error
as 8 %. When these lamps are rejected from being 32W rating and are classified as
58W lamps, the lamps filaments are damaged by the huge over wattage caused by the
abnormal condition of ballast. This condition leads to the fault state and stops the
inverter. This causes 0 % Type II error of 58W due to the fault state and the controller
resets the detection results to 0, causing these lamps to become unknown. However, if
the fault state had not been included, this Type II error of 58W lamp rating would have
been 6 % instead of 0 %.

To reduce the over wattage problem that damage the lamp, we should expand the region
of 32W lamp frequency and shrink the 58W region. This could decrease the Type I error
so that none of 32W lamp would be rejected. However, this method will cause a lot of
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S58W lamps to be classified as 32W lamps that increases the Type I error of 58W.
Compromising with the detection speed, the more delay time reduces the deviation of
operating frequency. This method increases the detection rate to 100% as shown in table
438.

Another limitation is that the frequency determination method depends on the resonant
devices (L and C). The error these devices values lead to the deviation of operating
frequency. Thus, these resonant devices should be precisely selected.



CHAPTER 5 CONCLUSIONS

A multi-rating electronic ballast for fluorescent lamps based on operating frequency
determination has been presented. The detection algorithm is based on the probability
weight distribution of the lamp operating frequency, and multi-step lamp power
regulation. The proposed algorithm has shown great accuracy in detecting the targeted
lamp power rating compared with the commonly used voltage detection method. In
some cases, aging lamps may result in misclassification of the lamps therefore, a
protection circuit must be implemented with the ballast. With the proposed detection
algorithm, the multi-rating ballast will help eliminate concerns about matching the
ballast circuit with the designated lamp power rating. However, the frequency
determination method depends on the resonant devices (L and C) and the operating
frequency is highly sensitive to the L and C values. Therefore, care must be taken in
selection of these devices in terms of types and values to eliminate the difference
between the chosen and the actual values.

5.1 Summary of Contributions

The proposed multi-rating electronic ballast has four main contributions that are listed
as follows.

- The Multi-rating Electronic Ballast reduce the complicated task of choosing the
ballast to match with the appropriate lamp. This benefit allows inexperience users,
such as householders, to buy the ballasts with a variety of selections of lamp
wattages. In addition, for large organizations that have a lot of lamps with more
than one rating can stock only one model of ballast.

However, the aging effect from an increased filament resistance and lamp
discharge characteristics may cause inaccuracy in the detection results. For
example; the overlapped operating frequency of 32WT8 and S8WT8 might occur
during the 30 W power regulation. In our designed ballast, the 18W, 32W and
36W T8 lamps, which are commonly used in Thailand, are selected. The operating
frequencies of these lamps are different from one another resulting in high
accuracy in detection results. Moreover, the cost of the proposed ballast is reduced
because the software has been designed and implemented with less number of
components.

The PFC boost controller is simplified by removing the multiplying process that is
a very complicated task for a low cost microcontroller. This algorithm was done by
setting the update time of the pulse width of the driving command to the time that
the zero crossing of an AC line voltage occurs. This algorithm enables the low cost
microprocessor to do a PFC boost controller task together with another important
process. Note that, without the multiplying function, the total current harmonic
distortion (THD) is higher. If the % THD lower than 10 was required, a dedicated
PFC controller IC would be needed.

- The simplified normal distribution that is used in the lamp detection process
enables the use of a low cost micro processor to do a complicated task like a
pattern recognition without using high processing task.
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- By using the frequency information to identify the lamp power rating rather than
using the voltage information, the lamp detecting process has more immunity to
noise.

5.2 Future Work

This thesis has presented several aspects regarding lamp detection algorithms. Issues in
hardware implementation of the proposed idea are addressed in a way that it is
realizable on a low-cost microcontroller. The future work in perfecting the multi-rating
electronic ballast includes the followings.

Determination of the possibility weight function is a time-consuming process for a
series of lamps of interest due to the total number of sampled frequency must be
collected to ensure accuracy in detection results. The more number of samples, the
better detection results. Each lamp sample must be operated at a variety of frequencies
to construct a database of the lamp frequency. This means that data collection is an
elaborated task where the recorded data is sensitive to the detection results. To facilitate
the data collection process, methods such as artificial neural network may be considered
to reduce the complexity of the data collection to only turning the lamps on and off
where accuracy is not sacrificed.

The multi-rating ballast is designed to be able to use with a series of lamps. This means
that the ballast must be able to handle the highest power rating lamp in the series. For
example, the T8 series lamps is ranging from 18 W to 70 W. On the one hand, the
ballast is capable of operating at 70 W. On the other hand, the 18 W lamp may be used
with the same ballast. The redundancy in the ballast rating results in unnecessary cost
and may be reduced by targeting many lamp series with narrower range of power
ratings instead of aiming the design to accommodate only a single lamp series. For
example, the desired power could be set to 40 W or less for both T5 and T8 series.
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The Schematic Diagram of Multi-rating Electronic Ballast
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This schematic is divided into 4 parts that are microcontroller, 5V power supply, boost
converter and inverter as illustrated in figure A.1-A 4.
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APPENDIX B

B.1 Power Quality Measurement

Figure B.1  The Fluke 39 is used to measure the PF and THD of the electronic ballast
in chapter 4.1

Figure B.1 shows the picture of Fluke 39 power meter. This meter is used to measure
the power quality of the electronic ballast include power factor (PF) and total harmonic
distortion (THD). The specification of fluke 39 is:
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Table B.1 Fluke 39 specification

Voltage Range and Resolution: 5.0V to 600V rms (AC+DC);
+5.0V to £933V peak
Accuracy: rms: +(0.5% + 2 digits); Peak or DC: +(2% + 3
digits) (Add 2 digits if < 15V rms)
Current Range and Resolution: 1.00A to 1000A rms (AC+DC);
(ImV/A) Isolated input +1.0A to £2000A peak

Accuracy: rms: +£(0.5% + 3 digits)+probe specs;
Peak or DC: (2% + 4 digits) + probe specs

Watts/Volt-Amps
(ImV/A) isolated input

Range and Resolution: 0.0W(VA) to 600kW (kVA)
average; 0.0W(VA) to £2000kW (kVA) peak
Accuracy: AC+DC: (1% + 4 digits) + probe specs

Harmonics (harmonic
level >5% using

Volts: Fundamental to 13th +(2%+2 digits);
At 31st £(8%+2 digits);

Smooth 20) Amps or Watts: Fundamental to 13th +(3% + 3 digits) +
probe specs; At 31st £(8% + 3 digits) + probe specs
Frequency Range & Resolution: 6.0 Hz to 99.9 Hz
Accuracy: +0.3 Hz
Input Bandwidth DC,6 Hz to 2.1 kHz
Crest Factor (CF) Range & Resolution: 1.00 to 5.00
Accuracy :+4%
Power Factor (PF) Range & Resolution: 0.00 to 1.00

Accuracy: £0.02

Displacement Power

Range & Resolution: 0.00 to 1.00

Factor (DPF) Accuracy: +0.04 to +£0.03 (0.30 to 0.89) +0.02 (0.90 to
1.00)
Phase Range & Resolution: -179 to 180 degree

Accuracy (Fundamental): +20 + probe specs

K-Factor (KF)

Range & Resolution: 1.0 to 30.00 Accuracy: +10%

% THD-F Range & Resolution: 0.00% to 799.9%
Accuracy: £(0.03 Reading + 2.0%)
% THD-R Range & Resolution: 0.0% to 99.9%

Accuracy: +(0.03 Reading + 2.0%)
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Figure B.2 The Fluke 80i current probe

For the current measurement, this meter is connected with Fluke 80i current probe. This
probe is illustrated in figure B.2. The specification is:

Table B.2 Fluke 80i specification

Input Current Range

1A to 600A

Output 1 milliamp per ampere of input current (ImA/A)

Accuracy +2% of reading, 50 Hz to 1 kHz +3% of reading (typical),
30 Hz to 50 Hz or 1 kHz to 10 kHz.

Working Voltage 750V ac rms maximum

Typical Bandwidth -10% at 10 Hz and 50 kHz (1A, 400 Hz reference,
excludes multimeter response)

Usable Current Range [ 0.1A to 2000A, 5 seconds maximum above 600A

Safety: Protection
Class

Class II as defined in IEC 348 and ANSI C39.5
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B.2 Waveform Measurement

Figure B.3 Tektronix TDS2024 digital oscilloscope

Figure B.3 shows the picture of Tektronix TDS2024 digital oscilloscope. This
oscilloscope is used to measure the waveform of the AC input voltage, input current and
DC output voltage of the PFC boost converter in chapter 4.1. The specification of
TDS2024 is:

- 100 MHz, 60 MHz, 40 MHz bandwidth models

- 2 channels

- Up to 1 GS/s sample rate on all channels

- 2.5k point record length on all channels

- Advanced triggers including pulse width trigger and line-selectable video trigger
- USB 2.0 host port on the front panel for quick and easy data storage

The preheat current and filaments voltage in chapter 4.2, the running frequency in
chapter 4.3 and 4.6, the input power and output power in chapter 4.4 are measured by
using mathematic function of Yokogawa DL1620 digital oscilloscope. This oscilloscope
is used to measure the lamp current and lamp voltage waveform in figure 4.16 too. This
oscilloscope is appropriate for recording the waveform for a longer period of time. The
specification of DL.1620 is:

- 2 channels 200 MS/s

- 200 MHz analog bandwidth

- Maximum memory length: 8M point record length

- 6.4-inch wide-angle-view TFT color liquid crystal display
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- USB compliant
- Ethernet connectivity
- Real-time digital filtering

Figure B.4 Yokogawa DL1620 digital oscilloscope

The AC line voltage and lamp voltage are higher than the allowable input range of these
oscilloscope. Therefore, the Yokogawa 700924 voltage probe is used. Figure B.5 shows
the picture of this voltage probe. The specification of this probe is:



Table B.3 Yokogawa 700924 specification
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Input type

Balanced differential input

Frequency band

DC up to 100 MHz (-3 dB)

Input attenuation ratio

Switched between 1/100 and 1/1000

Input impedance

4 MQ, approximately 10 pF parallel

Gain accuracy

+2% (common mode voltage < 400 V) £3% (common
mode voltage < 1000 V)

Maximum allowed
differential voltage

+350 V (DC + ACpeak) or 250 Vrms (1/100 range)
+1400 V (DC + ACpeak) or 1000 Vrms (1/1000 range)

Maximum common
mode input voltage

+1400 V (DC + ACpeak) or 1000 Vrms (both 1/100 and
1/1000 ranges)

Common Mode
Rejection Ratio
(CMRR)

-80 dB (60 Hz), -50 dB (1 MHz)

Output voltage

+35V

Output impedance

Used with 1 M€ input impedance

Power supplies

Dry cells, four R6P (SUM-3); when using the AC/DC
adapter, use an output voltage of 6 V/200 mA or
greater/center plus

Safety

EN61010-1: 1993 + A2: 1995
EN61010-2-031: 1994
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Figure B.6 Yokogawa 700937 current probe

The current waveform is acquired by using Yokogawa 700937 current probe. Figure B.6
shows the picture of Yokogawa 70093 current probe. This probe specification is:
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Table B.4 Yokogawa 700937 specification

Frequency range DC to 50 MHz (-3dB)

Maximum continuous 15 Apeak (AC + DC components)
input range

Maximum peak Non-continuous 30 Apeak ; at pulse width < 10 ps, 50
current value Apeak

Output voltage rate 0.1 V/A

Amplitude accuracy +0.5% rdg. +1 mV

Noise Equivalent to 2.5 mA rms or less

Temperature coefficient | +2% or less (within a range of 0 to 40°C)
for sensitivity

B.3 Illuminance Measurement
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Figure B.7 Kyoritsu 5202 digital light meter (Lux-meter)

Figure B.7 shows the picture of Kyoritsu 5202 digital light meter (Lux-meter). This
light meter is used in chapter 4.5. The specification of this meter is:



Table B.5 Kyoritsu 5202 specification
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Characteristics

Ranges 0.1~19990Lux
Accuracy (23°C+5°C) | Lux Accuracy
200 +(4% rdg+5 dgt)
2000 +(4% rdg+5 dgt)
20000 +(5% rdg+4 dgt)
Angular Incident 30° Less than +3%
Light Characteristics | 60° Less than £10%
80° Less than +30%
Spectral Response JIS C1609 CLASS A
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Abstract - Due to the variation of fluorescent lamp power
rating and types, the specified ballast could be used to meet the
appropriate operating power. Generally, electronic ballast drives
fluorescent lamp with fixed operating frequency. Such method
can be used for only the designed lamp type and power rating. An
operation of this type of ballast with mismatch lamp will cause

supply the lamp power from 100% to 2%, the lamp voltage of
some different rate is also overlapped. For example, 32WT8
and 58 WT8 voltage is overlapped between 117V to 127V. This
can outcome the incorrect lamp recognition.

damage on the lamp and/or ballast. This paper presents an TABLE I
Automatic Fluorescent Lamp Detection for Electronic Ballast: TYPE OF LA.MPAND[TS CHARACTERISTICS AT FULL AND MINIMUM P()WER[()]
This proposed ’method enables the ballast to determine the Lamp R/fl;t;‘;g 100%V | 100%1 | 2%V | 2%1 |Rs (cal | Vh (cal)
connected lamp’s power rating and drive the lamp with proper type W)
operating freq y. The experi 1 results show 100% 96//94 1981 0475 16610011314 68.66] 16539
accuracy on the 3 power rated T8 lamps which are 18 watt, 32
watt and 36 watt. 40//38 99 0.384 95]0.007961 9.41 95.38
34//32 71 0.453 100/ 0.006374 -66.56| 100.83
T12 |20/19 78 0.244 71| 0.005374  29.60 70.55
Index Terms - Fluorescent lamp, Power Rated, Electronic 70//68 129 0.528 14110.009617 24.53| 141.66
ballast, Current control. 58//56 13| 0495]  127|0.008800 2909 127.54
40//38 100 0.381 117| 0.006514  -45.30| 116.97
L INTRODUCTION 36//34 100 0.341 117| 0.005828 -50.63| 116.97
Plenty of organizations have many types of lamps 32//30 117| 0257 131]0.004587 -56.00| 131.07
installed, the fluorescent lamps usually be the highest in 18//16 69| 0231 67/0.004764 938 67.13
quantities due to its power efficiency. With fluorescent lamps, T8 [17/16 81|  0.197 78(0.0043711 1838 77.70
there are many types and power rated. With the large number 54 152] 0355 205 0.005267 -151.55| 205.86
of fluorescent types used, the more stocked lamps and ballasts 39 134]  0.290 145]0.005381)  -37.23| 145.16
are required. For example ballast for 18W, 32W and 36W T8 35 219]  0.160 301]0.002329 -516.83| 301.72
lamp should be stocked separately. And with the same 28 191 0147 212]0.002640 -147.29| 212.52
physical size of 32W and 36W lamps, they can’t be replaced 24 88 0272 9910.004849 -39.77|  99.19
by each other. Therefore, both lamps should be also stock 1 141 0.148 1771 0.00237¢ -241.97| 17735
separately. Using the mismatch ballast and lamp can cause T5 14 o8| 0.143 106 0.002640 -60.25| 106.23
damage on lamp and/or ballast. To solve this problem, 55 134] 0417 205]0.008193 -173.04] 206.48
automatic lamp detecting method is presented. After lamp 20//38 1701 0224 19810.005758 -129.65| 198.74
power rated is detected, ballast will run at the proper 36//34 13| 0301 134]0.007593  -72.42| 134.90
frequency. 241123 75| 0307 99]0.006970 -80.17|  99.55
Unfortunately, there are not many literature techniques PLL | 18717 21 0273 8810.005770 _97.83| 88.95
mention about lamp detecting methods. One of them, claimed » 1771 0238 21210.005940 -152.63| 213.04
to be the best method, using voltage across the lamp[1]. This 3 1201 0.266 17310005541 203.45| 17437
method can differentiate lamp power using the lamp voltage. 26//24 99| 0242 166 0.004333 -282.13| 167.39
At ignition state, the Iamp Voltage is collected and used to TC-T | 18/17 71 0.240 1411 0.003606 -298.60| 142.50
classify the lamp. However, by the classical method that 26//24 106 0226 134]0.005359 -128.03| 135.04
quickly decrease the driving frequency until the lamp voltage 18/17 9 0.172 127] 0.004007 -168.64| 127.95
suddenly drop (current can be starting to flow through the 13 99| 0.31 127 0.003064 -220.53| 127.95
lamp), the frequency at this after ignite stage can be varied. IrC-DEL 10 57| 0.177 85(0.00353¢ -163.27] 85.43
It’s up to the lamp temperature, age and manufacturer. 11 75| 0.147 9910.003334 -167.63| 99.55
Therefore, the voltage across the lamp is varied too. Most of 9//8 48]  0.166 85/0.002828 -224.82| 8549
all, from Table 1 some type of lamp has the same voltage 7//6 37)  0.163 71]0.002544 -211.30]  71.25
range (mark with dark gray). And by varying the frequency to TC-EL 5 27] 0.186 42]0.00353q -8522| 42.73
978-1-4244-2679-9/08/$25.00 ©2008 IEEE 1047
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Fig. 1 a) Half bridge driver with resonance circuits

To make it possible to implement, the constrain must be
set. By regulating the lamp power after the ignition stage, the
frequency is fixed. So the frequency variation is eliminated.
The second problem is the lamp voltage overlapped between
some different power rate lamp. Looking at the calculated Vh
and Rs in Table 1, this represent the V-I characteristic of
fluorescent lamp. This value is coming from the lamp dynamic
model described in [2]. Its can also used to calculates the
running frequency of lamp running with the ballast resonant
circuit. Focus on the pair of overlapped voltage lamp, the Rd
and/or Vh is differed. Therefore, detecting lamp characteristic
is the better way. The frequency used to run the lamp at steady
power is the easy way to determine the lamp characteristic.
This idea is simulated using 2 stages general used circuit as
shown in Figure la. The simplified inverter and resonant
circuits[3] (Figure 1b.) is used to plot out the running
frequency related to the running lamp power as shown in
Figure 2.

—— 17WT8
— 18WT8
——— 32WT8

36WTS
T 40WTS

SBWTS
— T0WT8

Driving frequency (Hz)

| |
J

L i L L
30 40 50 60 7
Lamp power ()

Fig.2 Frequency VS Lamp Power of T8

From Figure 2, the frequency is slightly difference between
36WT8 and 40WT8 and between 32WT8 and 58WTS. This
graph show that the lamp detecting method can be implement
using frequency at the steady lamp power.

I L]

b) Simplified inverter and resonant circuits

This paper presents an automatic lamp detection using
lamp power regulation and frequency detection. The lamp
detecting algorithm divides into 3 steps which are the after
ignition power regulation, possible step up power command
and final decision. Using a microcontroller with PWM output,
this algorithm is applied together with 2 stages general used
circuit. The lamp power is regulated by using voltage across
the resister(Rs) of low side driver MOSFET, assumed that
power loss is constant related to the input power.

II. LAMPDETECTION ALGORITHM

A.  Lamp power regulation

The average voltage across the Rs of low side driver
MOSFET represent the current through the half-bridge driver
(Figure la). This current is provide by DC-BUS which voltage
is regulated by the high power factor boost converter.

B =Voc dy, @
with constant V: P, ol )

Bov = By + By ®
assume that P is constant related to P, :

P.aP,, “
from (1): P;amptxlim, )

V, =DC voltage supplied by the boost converter
1

=Current through the inverter

inv

P""V = Power supplied by VDC through the inverter
P,,,, =Power using by the lamp
B, =Power loss by lamp filament and electrical componant

From equation (5), controls VR S relatively controls Plamp'

After preheat the filament,  driving at high frequency,
microcontroller quickly decrease the driving frequency until
the voltage across the lamp suddenly dropped down. This is
occur by the lamp suddenly change its impedance due to the
complete ignition. The power command is then applied. This
applied command is the lowest power rate of lamps to be
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detected. For example, use 16W power command for the
group of T8. At the steady state (Pout=Pcommand), running
frequency is collected. Because the frequency is commanded
by microcontroller during power regulating loop, it already
knows the running frequency itself. None of external
frequency measurement is need. This frequency is used to
classify the 18W(lowest) from the group. If frequency is in the
range then it is the final decision and will step to the running
procedure. To ensure that the lamp is recognized correctly, the
possibility weight is introduced.

By the variation of lamps manufaturer, age and
temperature, running frequency is not constant. From the
experiment by regulating the lamp power, the results show the
variation of running frequency. Table 2 and 3 present the
average and standard deviation of running frequency at 16 to
68W of power regulation. The standard deviation is around
1-3% of average frequency. By simplifying the gaussian
distribution, the trapezoid one is used. It is easier to
implemented with the low-end 8 bits microcontroller. This
trapezoid is what we call “possibility weight (WP)”.
Possibility weight of 18WT8 running at 16W (WPI18atl6)=1
means it is 100% possible that the lamp is 18W rate when
considering at 16W power regulation.

TABLE II
AVERAGE RUNNING FREQUENCY OF BALLAST(KHZ)
Run(W)
Lamp 16 30 34 38 56 68

T870W 56.97| 41.46| 35.83| 30.60|<25kHz |<25kHz
T858W 56.47| 3631| 3077 26.35|<25kHz
T840W. 55.12| 30.77| 25.91|<25kHz
T836W 5499 30.19] 2536
T832W. 56.48| 35.08
T818W 39.81
T817W. 46.26

TABLE III
STANDARD DEVIATION OF RUNNING FREQUENCY OF BALLAST(KHZ)
L;i‘]‘;(w) 16 30 34 38 56 68
T870W 285]  166] 072] 101

T858W. 243 127] 062] 079

T840W 120 092] 057

T836W 242] 172|061

T832W 124 070

T818W. 2.07

TSI7TW 1.41

Fig. 4 show the trapezoidal distribution using in this
algorithm. From the Figure, the possibility weight is
calculated by:

,X-0.558D,f,X +0.55D
1 . X-155D

W,=4—f-—""2:X-158D,f,X-0.58D
’ SDf SD f

-1, X+158D - -
— [+ """ X+05SD,f.X+1.55D
SD SD ©6)

Where }?:lifi,SD: fLZ(f‘—)?)z
noizy nio %)

n=number of samples, fi = frequency of sample i

The value of X and SD can be calculated by 2 methods.
1. from the real samples and 2. using frequency calculated by
simplified inverter circuit and dynamic lamp model as mean
and use 2-3% of calculated frequency as SD. Note that using
the real samples will be better in performance depended on the
number of samples used. If collecting the large number of
sample is a difficult task, using the calculated one is fine (see
the experimental results).

B.  Possible step up power command

At this step, the power command is stepped up to the next
power rated in the group if maximum Wp is not on the lamp
that rated this power. For example, if maximum possibility
weight is on 32WT8 running at 16W (Wpszai6)=1, it is the
most possible that the lamp is 32W rate when considering at
16W power regulation. Nevertheless, the 32W lamp should
run at 30W not 18W, the power command stepped up to the
next level. After power command is stepped up, ballast will
then regulates the output power to this new setting command.
After controller reaches the steady state. The running
frequency is collected. As the previous stage, the next power
rated lamp is classified. The possibility weight is calculated
using equation 6 also.

A
Wi
P faverage

-1.5SD ~1.58D

-0.58D ~0.55D
Fig. 4 possibility weight (Wp ) VS running frequency

If lamp can not be classified in this stage, step up the
power command and reclassify for the next power rated. Until
the lamp is classified or reach the highest power command.

C. Final decision

In this stage, the possibility of all lamp rated is sum
med. The highest summing weight determines the most
possible lamp rated. If Wp rora is equal, the lower one is
used. And if none of Wp_rorus is equal or above 1, lamp is not
classified and will be shut down.

III. HARDWARE CONFIGURATION

First of all, the resonance circuit is designed using the
simple resonant circuit design method[2]. Given DC supply is

Vpp then:
V2

Vv, =~=V, =04502V,,
T

mp

®
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To calculate resonance inductor (L), the type of lamp and
range of power rated should be defined.

In this paper we mention about T8 that is widely used.
The power rated are 17W, 18W, 32W, 36W, 40W, 58 W and
70W. Using equation (9) [3], resonant L is calculated.

Lo Vo
4f,,N2m’p,, ©
assume that efficiency (1) is 0.95 and Vpc is 400V, L is
calculated using fru» = 25kHz and 55kHz (microcontroller we

use can generated PWM output with frequency not more than
100kHz. And Frequency below 20kHz the lighting efficiency

that given C=4.26nF. Thus, 4.7nF is used.

IV. SIMULATION RESULTS

For working with T8 fluorescent lamp, the first control
loop will start with 17W. Then the next power rates are
applied until maximum Wp is on the lamp at its rate. Then Wp
in every step will be summed by its relative power rated and
classified by the maximum summing weight. Finally, if
summation of Wp is not equal or above 1, lamp will not be
classified.

To simulate the result, the fluorescent lamp dynamic
model [2] is used

is significantly drop[4].) V.R,
Ry = 500 av
TABLE IV o~ VH
RESONANCE INDUCTOR CALCULATED RESULTS FOR T8 .
The Vg and Ry can be found by measuring the lamp Voltage
Power rated(W) L for f=25kHz(H) L for f=55kHz(H) .
17 6.80E-03 3.09E-03 and Current. The results are in Table 1.
18 6.80E-03 3.09E-03 R = Vﬁdlpmr =V in power
3 3.63E-03 1.65E-03 ST I
Sfullpower — * min power
36 3.20E-03 1.45E-03
40 2.86E-03 1.30E-03 VH = Vmin power I min puwerRS (12)
58 1.94E-03 8.83E-04 Using these model, running frequency of designed ballast is
70 1.60E-03 727E-04|  calculated:
TABLE V
From Tab]e 4’ ]fWe ChOOSe =1 6mH thls ba"ast Wlll run CALg‘:J:(l:;]I;D RUNNING FREQUENCY OF BALLAST WITH DESIGNED CIRCUIT
with the lamp rated from 36W to 70W. If we choose 3.2mH, it T 16 30 34 38 56 68
will run with the lamp rated from 17W to 36W. If we choose T870W | 57.3kHz | 39.6kHz | 34kHz | 29.1kHz |<20kHz | <20kHz
1.6mH, it will run with the lamp rated from 32W to 70W. The T858W | 562Kz | 34.1kHz | 29.1kHz | 25.3kHz | <20kHz | <20KFiZ
32mlrl is selected because those rates are widely used in the T840W | 53.7kHz | 20.5kHz | 25 4kHz | 22.3kHz |<20kHz | <20kHz
market.
. . T836W__|54.2kHz|30.2kHz |26kHz  [22.7kHz |<20kHz |<20kHz
| After that, Wltg .apprfprllatedpgepem current and preheat T832W | 57.5kHz |35 4kHz [29.5KHz| 25kHz | <20kHz | <20kHz
voltage, resonance C is caleu ated [3]: T818W | 40kilz |204KHiz | <20kHz | <20kHz | <20kiiz | <20KkHz
1, L T817W | 46.7kHz|23.9kHz |20.8kHz | <20kHz |<20kHz |<20kHz
= 2 2
\% \%
DC _|Voe
(Vph +0o - (10)
. ! ‘
E | |
2 09 ! | !
s o ;o D
£ o8 i e H
5 [ {
'z | i i
2 07 i t |
a { l ' | j
0.6 ) ! |
| \ ) i
| ] q i
0.5 f | !
i | i
0.4 | | ! \
1 1 STW
0.3 ] ! N
I! 'I : i N\ 18w
0.2 i i { 32w
| 1 ! "\ 3BW
0.1 { 1 i1 40w
0 | ! L . 58W
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Fig. 5 Possibility weight VS frequency at 16W power regulation

running frequency (kHz)
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Table 4 show that the designed ballast can run with
T8-17W, 18W, 32W and 36W with full power. This ballast can
also run with T8-40W, 58W and 70W but not the full power.
The dark-gray highlight means “over rated running and can
damage the lamp”. The gray means “frequency is lower than
25kHz”. By selecting SD 2%, from equation (6) with power
command =16W:

1,46 23kHz, f 47.17kHz
Wonue = 11.07 f — 48.5;45 3kHz, f A6 23kHz  (13)
—1.07f +51.5:47.71kHz. f 48.1kH

X =46.7kHz, SD=0.934kHz

Whi7aii6 is possibility that the lamp is 17WT8 by determining
at 16W power regulation.

1,53.66kHz., f,54.74 kHz
Wisouse =4 0.92 f — 48 5k; 48 5kHz, f,53.66kHz
~0.92f +51.5k;54.74kHz, f,55 83kHz

(14)
X =54.2kHz, SD=1.084kHz

Ws6aiis is possibility that the lamp is 36WT8 by determining
at 16W power regulation.

Use the same equation by varying the power command
and lamp type, the Wp related to them are calculated and used
in this software. This calculation is plotted in Figure 5.

V. EXPERIMENTAL RESULTS

The experiments are divide into 2 part that are A. closed
loop power control at 16W, 30W, 34W and 38W to find Wp of
tested lamp and B. implement the automatic lamp detection to
find out the classification rate. this experiment is set up by
using designed ballast with 15 fluorescent lamps of each type.
In each type, the lamp has 3 group of age include 5 out of the
box lamps (new), 5 of 100 hours lamps and 5 of over 1000
hours lamps.

Note: Some of lamp is hardly to find (17W, 40W), less than 15
lamps is used and none of them are new.

A. Closed loop power control to find Wp

By picking up a 36W lamp, running at 16W regulated, the
frequency is 55.8kHz. Using equation (6) given Wpizaus = 0,
Wri8ar16=0, Wr32at16 =0.32, Wp3saris=0.32 and Wr4par16=0. The
Wrizais and Weisais are not the highest one, power command
is stepped up to 30W.

By running at 30W regulated, the frequency is 29.9kHz
givcn Wr32a30 =0, Wp3sazo =1 and Wpsa30 =0.96. Also, the
Wrszai30 is not the highest one, power command is stepped up
to 34W.

By running at 34W the frequency is 25.8kHz given
Wessazs =1 and Wp4pu34=0.87. the Wpssas3+ is the highes, go to
the final dicision.

In the final decision step, lamp will be classified into
36WT8 because the summation of Wp3=2.32 which is the
highest as seen in Table 6.

TABLE VI
POSSIBILITY WEIGHTS OF TESTED 36W T8
Ral:e]?:N) 16 30 34 38 56 68 Sum
70 0.45 0.00 0.00 0.45
58 1.00 0.00 0.00 1.00
40 0.00 0.96 0.87 1.83
36 0.32 1.00 100 232
32 0.32 0.00 0.32
18 0.00 0.00
17 0.00 0.00

Again pick up a 32W lamp, the result is in Table 7. In step
2 of algorithm, ballast will step to final decision due to
Wps32ai30 is maximum (Wps2a30 =1). In the final decision, lamp
will be classified as 32WT8 because the summation of Wp3,=2
which is the highest as shown in Table 7.

TABLE VII
POSSIBILITY WEIGHTS OF TESTED 32W T8
Ra’f;“w) 16 30 34 38 56 68 | sum
720 094]  0.00 094
58 1.00] 044 1.44
40 0.00]  0.00 0.00
36 0.00]  0.00 0.00
32 1.00] L00 2.00
18 0.00 0.00
17 0.00 0.00

B.  Implementation of automatic lamp detection

By testing with 3 type of lamps include 18W, 32W and
36W T8. The result show the 100% classification rate. This
experiment is done by measuring the lamp output power after
30 seconds after switched on.

[Pes7at T6aaz Wornat
Stopped NS/ BOOIm
Tgnition L 100319
startup 16W regulajed 0.500 Asdiv
N A Full

preneat|| 2 10871
; 0.200kU/d 10
— L Full

30W rdgulated final decision = 36WT8

3+ regulated

Edge (M1 &
Single
0.560 A

ARS(C1) 01,0370
Freq(Cl)  20.57149kiz
RRS(CZ)  91.796E+00

Freq(€2) 28.57143kHz
Fig. 6 Automatic lamp detection with 36WT8 (lamp current and voltage)
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Edge 011 §
futoLevel
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Fig. 7 Lamp current and voltage (zoom) of running 36WT8

3 seconds after ignited, 36W lamp is detected. This make
the lamp not flash to the maximum power but slowly increase
its power to the maximum. Figure 7 show running frequency

is 25.6 kHz. detected results. This method combines with lamp power
regulation and lamp power rate classification using its running

[RAT73T 1623722 N frequency. It results in correct determination of lamp power
I - [T rating on all of samples. To complete this algorithm, ballast
w i | take less than 5 seconds after ignition stage. The only thing to

325 . 66U Freq(Cl) 3225006kt
5096300 Freq(C2) 32, 25806kHz
15 .637E-0081

MBI =

Fig. 8 Automatic lamp detection with I8WT8 (lamp current and voltage)

o751 164720
topped 146

1 1041V
0.500 Asdiv

AAAAAAAAAA AL A LA
ANNANANANNNNNN s o
VYYYYYYYVYVVYY

3881550 Freqecl) 29603320
45 I00E00 Freq(cz) 29 56030k

Fig. 9 Automatic lamp detection with I8WT8 (lamp current and voltage)

VI. CONCLUSIONS

By the method presented, it shows the trustability of

©. 100KUA 10 be concerned is the variation of resonance inductor value. It

LAt highly affects the operating frequency that is the most
important role in this method.
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Abstract—Generally, an electronic ballast drives a fluorescent
lamp at fixed operating frequency or by regulating the lamp cur-
rent. Such methods can be used for the designed lamp type and
power rating. This paper presents an automatic fluorescent lamp
detection for electronic ballasts based on operating frequency
and phase shift compensation. The classification of lamp power
rating is based on the possibility weight distribution of the lamp
operating frequency. Moreover, the phase shift compensation is
also included in the detection algorithm in order to address the
variations of the resonant circuit parameters. The results from
simulation and experiment verify that an electronic ballast with
the proposed detection algorithm can automatically detect and
drive the fluorescent lamp at the correct lamp power rating.

I. INTRODUCTION

The fluorescent lamps are accepted as one of the highest
power efficiency lamp. These lamps are widely used in many
organizations. The problem is that there are many types and
power ratings. With a large number of fluorescent types used,
the more stocked lamps and ballasts are required, since ballasts
for 18W, 32W and 36W T8 lamps are not interchangeable. Any
mismatch of ballast and lamp power ratings will usually lead to
damage of lamp and/or ballast by either over current or hard
switching. To solve this problem, automatic lamp detecting
methods were presented [1], [2].

There are some literature techniques on lamp detecting
methods. One of them using lamp operating voltage[1]. This
method can differentiate the lamp power ratings by using the
lamp voltage. After ignition, the lamp voltage is collected
and used to identify the lamp wattage. However, the striking
frequency of the fluorescent lamp can be varied, depending
on the lamp temperature, age and manufacturer. Therefore, the
lamp voltage after striking(ignition) is also varied. Generally,
different lamp types may have overlapping voltage range for
example, 32WT8 and 58WT8 lamps operate on the same
voltage ranging from 117V to 127V as shown in Fig. 1.
The Voltage detection method proposed in [1] may result
in misdetection between both lamp. In addition, the voltage
can easily be interfered by noise which is always occurred in
switching systems. Our previous method[2] fixed the detecting
condition by regulating output power at proper rated. By doing
this, the power of the lamp is fixed and easier to classify the
lamp. Instead of using voltage, this paper uses the operating
frequency to classify the lamp. This outcome more accuracy
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Fig. 1. Operating frequency VS Lamp voltage

results because the frequency is generated by controller itself
(Fig. 5). However, frequency considering is highly depended
on the variation of resonant parameters. By changing the
value of inductor or capacitor, the controller will changes the
operating frequency to regulate the output power. This may
results the misclassifying.

This paper proposes an automatic fluorescent lamp detection
for electronic ballasts based on the operating frequency and
phase shift compensation. A slight deviation of resonant
parameters are recognized by considering the phase shift
between the inverter output voltage and current. The frequency
detection region is then shifted to the appropriate range.
Although the system parameter is dependent on the resonant
circuit, the error from small variation of resonant parameters
is decreased. The proposed algorithm can easily implemented
on a 8-bits micro-controller based electronic ballast.

II. BALLAST DESIGN CONSIDERATION

In this work, a typical 2-stages electronic ballast is con-
sidered. It consists of a DC-DC converter and a half bridge
inverter with resonant circuit. The micro-controller controls
the inverter by generating a signal to the MOSFET driver.
In Fig. 2, by varying the square wave frequency, the ballast
can operate in pre-heat, strike and running stages. The lamp
current can also be controlled through frequency variation as
shown in Fig. 3 [3]. Fig. 2 shows the block diagram of the
electronic ballast and its driving circuit used in this paper.
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A. Resonant circuit design

First of all, both inductor and capacitor of resonant circuit
should be selected. Note that, this paper focuses on driving all
of the lamp power ratings in T8 series, which are widely used
and easily to purchase. The resonant inductor is calculated
using the method from [S5]. This method assumes that the
resonant circuit with the lamp in configuration will appear
to the source as positive resistance. Thus the lamp resistance,
negative differential resistance [6], is disappeared from the
following equation.

— Vben
4 frun \/57!'2 Plamp

where Ve is the DC supply voltage(V); 7 is the efficiency
of inverter; fru, is the running or operating frequency and
Pamyp is the power using by the lamp.

An operation at a frequency lower than 25kHz would sig-
nificantly reduce the light efficacy. If the operating frequency
is chosen too high, more current will be drawn to the lamp
terminals due to the lower capacitor reactance (Xc). The
increased current however, turns into power loss at the lamp
terminals and the light efficacy would further decrease. In this
work, the frequency range of 25kHz to 65 kHz is empirically
chosen and substituted in (1) with n = 0.95 and VDC =
400V. The inductances of each lamp wattage are shown in
TABLE I. Notice that for the lamp wattage of 32W to 70W, the
overlapped inductance is in the range of 1.309mH to 1.556mH
while the lamp wattage of 18W to 36W gives the inductance

L (¢))

1

B

—

(b} Schematic of power parts

Block diagram and schematic of electronic ballast using in this paper

TABLE I
RESONANCE INDUCTOR CALCULATED USING EQUATION 1

Power rate(W) L(mH) at f=25kHz | L(mH) at f=65kHz
18 6.050 2327
32 3.403 1.309
36 3.025 1.163
58 1.878 0.722
70 1.556 0.598

of 2.327mH to 3.025mH. The midpoint inductance between
the two ranges is chosen at 1.9mH and used in the design
procedure in [5] to determine the operating frequency. The
resonant capacitance is calculated by
_ L

(Vo + Vpe/7)? — (Vpe /m)?
Where Iph is the preheat current (A); Vph is the peak preheat
voltage (V) and L is the resonant inductance obtained from
(1). A quick substitution in (2) gives the resonant capacitance
of 4.11nF. Due to availability, a typical capacitance of 4.7 nF
is chosen. Once the inductance and capacitance are obtained,
they are used in computer simulation to validate the operating
frequency as shown in Fig. 3. The operating frequency is
located in the range of 21kHz to 52kHz where the lowest fre-
quency is slightly lower than the originally selected frequency
of 25kHz with no noticeable difference in light efficacy [6].

@

B. Lamp power regulation

The operating frequency plays an important role since the
lamp power is increased as the frequency is reduced. The
inverter must operate under appropriate frequency to avoid
lamp damages. The current regulation method is used to
control the lamp power with in its rating[4]. The average
voltage of the Ry, on the low side driver MOSFET in Fig.
2(b) represents the current through the half-bridge driver. This
current is provided by the DC-BUS voltage which is regulated
by the boost converter. The input power(P;,,,) is given as,

Piny = Vpo diny (©)]
With constant DC voltage:
Piny @ Liny ()]
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Fig. 4. Simplify version of inverter

Thus,
Piny = Piamp + Ploss (&)

where Py, is the system loss and constant related to Pigpmp.
The power relationship is found as,

Piny & Pamp @ Tiny (6)

where I, is the current through the inverter; Py, is the
power supplied by Vp¢ through the inverter and P,4is the
ower loss by lamp filaments and electrical components From
(6), controls Vx_,,,, indirectly control Pigmp.

The simplify version of inverter [9] as shown in Fig. 4 is
used to simulate the results. Lamp power can be calculated as;

V2V
Ilamp = J > (7
2 2
Zo\/Q% [17(5)] +(2)
V& Riam,
Plamp = = 2p ) 5 (®)
et (1-(2)) + (2)]
where Vs = 2Vpe, wy = T L = L and
QL = R‘Z—U" From [7] the negative differential resistance
of fluorescent is simplified as;
VoRs
R == 9
lamp VO — VH ( )

where Vj is the voltage at present condition and Rg and Vi
are defined as;

Vitaz — Vinin
Rs = 10
s Iraz — Imin
Vi = Vinin — IminRs an

where Vg, is lamp voltage at the highest power; Vy,ip, is the
lamp voltage at the lowest power; Ipq; is the lamp current
at the highest power and I,,;, is the lamp current at the
lowest power. These parameters were acquired from [8]. To
simulate the results, assume the initial R,y is 1000. Use
(7) to calculate the current. Then the new Vj is calculated
using V' = IR. Using this Vj to calculate the new Rjqpmp.
Recalculate the current and R;amp until the current is stable.
Then the lamp power from this current is calculated. If the
lamp power is less than the power command then reduce
the frequency and recalculate the lamp power. Repeat these
procedures until lamp power is equal to the power command.
After that, this frequency and power command is plotted in
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results

Fig. 5. Since the high frequency ballast result 10% higher
efficacy than magnetic ballast, the fluorescent lamp usually set
the output power 2W below its rating as using in this paper.

III. LAMP DETECTION ALGORITHM

At preheating process, the inverter is driven at high fre-
quency. Then the micro-controller quickly decreases the driv-
ing frequency until the lamp is striked. The striking process
is detected via the negative of %. The power command
is applied. This applied command is the lowest power rat-
ing of lamps to be detected. For example, the 16W power
command is used for the group of T8. At the steady state
(Pout = Prommand), operating frequency is collected. The
operating frequency is controlled by power regulating loop;
thus, the external frequency measurement is not necessary. , it
already knows the frequency itself. None of external frequency
measurement is need. This frequency is used to classify the
18W(lowest) power rating lamp from the group due to 10%
higher efficacy.

A. The lamp detection by considering the operating frequency
The classification algorithm is as follows;
1) Regulate at the lowest power rating. Ex: 16W for T8
series.
Calculate the possibility weights (Wp). From the sam-
ples of lamps regulated power at each rate include 16,
30, 34, 56 and 68 W, trapezoidal-shaped possibility
weight function (Wp) is setting as shown in (12).

2

-

o If the highest Wp is on the lamp rating related to
this power regulated command then STOP. Ex:Wp
is the highest on 18W lamp when it is regulated at
16W (Wp(18at16) is the highest)

If not, then increase to the next power command.
Ex: Wp is the highest on 36W lamp when it is
regulated at 16W (Wp(36a¢16) is the highest)

Step up to the next power command (30, 34, 56 and
68 in sequence) and do step 1) again until the power
command reaches the highest value or STOP at step 2).
Sum the Wp of each lamp power rating. Ex: Wp(36) =
Wp(ssat16) + Wr(seatzo) + Wp(3eat3a)

3

N

4

N
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Fig. 6. Lamp detection based on operating frequency and phase shift
compensation

<G |-
<

5) Run at the maximum of sum Wp in step 4).

1, B ) Tf—O.Bsd/ <f<ff+0.5sdf:,
e f = B T 1Bsdy < f <Tjp - 0.5sdy;
Ty + 0.5Sdf <f< Ty + 1.5sdf;

Wp = _—1f+ E/Jrs{i.]s\sd,
sdy sdy ’

0, elsewhere.
(12)
The Block diagram of this control scheme is shown in Fig.
6. Operating frequency are acquired from sample lamps to
calculate the average (Ty) and deviation (sdy) of operating
frequency of lamps operating at 16, 30, 34, 56 and 68 W

power regulated as shown in (13).

3

fi, sdyf =

_ 1
Zf:E
i=1

1 n
> (fi-mp)? 13
i=1

i

For example with a Philips 36W T8 TLD lamp, if the average
operating frequency of 36W lamp running at 16W regulated
is 54.2 kHz and its standard deviation is 1.084 kHz. The Wp
can be calculated as;

1, 53.66 < f < 54.74 kHz;

W ] 0.92f — 485k, 485 < f < 53.66 kHz;
P(36at16) =3 0 92f + 51.5k, 54.74 < f < 55.83 kHz;
0, elsewhere.

(14)
Where the 36W T8 lamp is operated at 16W (Ex:f =
55.8kHz), Wpagat16 equals 0.32. Using this frequency to cal-
culate another Wp, results Wpigar16 = 0, Wp3oq116 = 0.32,
Wpsgatie = 1 and Wproai16 = 0.45. The highest Wp is not
on Wpigai16. Thus, the next power command is 30W regulated
and Wp is recalculated again at this level. The calculated
results is shown in TABLE II. The algorithm stops at 36W
lamp due to the maximum on Wp(3g4¢34). The summation of
Wp as 2.32 is the highest at 36W so the lamp is detected as
36W which is correct.

B. Phase shift compensation

Change in parameters of resonant circuit affects this algo-
rithm which results misclassification. These variation might
occur from the production, temperature and life of each L or
C. Fig. 7 and 8 show the change in operating frequency due
to the variation of capacitance and reductance in this circuit.
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TABLE II
CALCULATED RESULT OF Wp OF UNKNOWN CONNECTED LAMP

Power command 16W | 30W | 34W [ 56W | 68W | Sum
Lamp rating
18W 0 0
32w 0.32 0 0.32
36W 0.32 1 1 2.32
S58W 1 0 0 1
70W 0.45 0 0 0.45
7
&0 -_..._:___________ ------------------------------------
f L
§o
g
‘é -
= —32W
20 360 | -
& s
10 Tow | |
-1 AW
P& ds ass a6 aes a7 at6 48 s a9 dse
Capatance (nF)
Fig. 7. Relation between capacitance and operating frequency

From Fig. 7, there is a small change in operating frequency
because the capacitance is very high compare to a lamp
resistance. The variation of inductance affects the operating
frequency and consequently the output power as shown in
(8).The relations between L and f, L and phase angle (¢)
and phase angle and f are plotted in Fig. 8, 9 and 10. The
relationship between frequency and phase angle due to the
variation of L within 10% is almost straight line. Thus, this
can be approximate as linear equations (15).

T =ad+b: pmin < ¢ < Gmar (15)
_f-fH
a=g—gn b=fi-ab (16)

By using (15), the Z; in (12) is changed to T in order to
compensate with small change in resonant circuit parameters.

Cpésating frequency (KH2)

7 175 18 1.85 18 155 2 205 2
Incuctance (mH)

Fig. 8. Relation between inductance and operating frequency
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Fig. 6. Lamp detection based on operating frequency and phase shift
compensation

<G |-
<

5) Run at the maximum of sum Wp in step 4).

1, B ) Tf—O.Bsd/ <f<ff+0.5sdf:,
e f = B T 1Bsdy < f <Tjp - 0.5sdy;
Ty + 0.5Sdf <f< Ty + 1.5sdf;

Wp = _—1f+ E/Jrs{i.]s\sd,
sdy sdy ’

0, elsewhere.
(12)
The Block diagram of this control scheme is shown in Fig.
6. Operating frequency are acquired from sample lamps to
calculate the average (Ty) and deviation (sdy) of operating
frequency of lamps operating at 16, 30, 34, 56 and 68 W

power regulated as shown in (13).

3

fi, sdyf =

_ 1
Zf:E
i=1

1 n
> (fi-mp)? 13
i=1

i

For example with a Philips 36W T8 TLD lamp, if the average
operating frequency of 36W lamp running at 16W regulated
is 54.2 kHz and its standard deviation is 1.084 kHz. The Wp
can be calculated as;

1, 53.66 < f < 54.74 kHz;

W ] 0.92f — 485k, 485 < f < 53.66 kHz;
P(36at16) =3 0 92f + 51.5k, 54.74 < f < 55.83 kHz;
0, elsewhere.

(14)
Where the 36W T8 lamp is operated at 16W (Ex:f =
55.8kHz), Wpagat16 equals 0.32. Using this frequency to cal-
culate another Wp, results Wpigar16 = 0, Wp3oq116 = 0.32,
Wpsgatie = 1 and Wproai16 = 0.45. The highest Wp is not
on Wpigai16. Thus, the next power command is 30W regulated
and Wp is recalculated again at this level. The calculated
results is shown in TABLE II. The algorithm stops at 36W
lamp due to the maximum on Wp(3g4¢34). The summation of
Wp as 2.32 is the highest at 36W so the lamp is detected as
36W which is correct.

B. Phase shift compensation

Change in parameters of resonant circuit affects this algo-
rithm which results misclassification. These variation might
occur from the production, temperature and life of each L or
C. Fig. 7 and 8 show the change in operating frequency due
to the variation of capacitance and reductance in this circuit.
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TABLE II
CALCULATED RESULT OF Wp OF UNKNOWN CONNECTED LAMP

Power command 16W | 30W | 34W [ 56W | 68W | Sum
Lamp rating
18W 0 0
32w 0.32 0 0.32
36W 0.32 1 1 2.32
S58W 1 0 0 1
70W 0.45 0 0 0.45
7
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g
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Fig. 7. Relation between capacitance and operating frequency

From Fig. 7, there is a small change in operating frequency
because the capacitance is very high compare to a lamp
resistance. The variation of inductance affects the operating
frequency and consequently the output power as shown in
(8).The relations between L and f, L and phase angle (¢)
and phase angle and f are plotted in Fig. 8, 9 and 10. The
relationship between frequency and phase angle due to the
variation of L within 10% is almost straight line. Thus, this
can be approximate as linear equations (15).

T =ad+b: pmin < ¢ < Gmar (15)
_f-fH
a=g—gn b=fi-ab (16)

By using (15), the Z; in (12) is changed to T in order to
compensate with small change in resonant circuit parameters.

Cpésating frequency (KH2)

7 175 18 1.85 18 155 2 205 2
Incuctance (mH)

Fig. 8. Relation between inductance and operating frequency
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0. TABLE III
= 'If‘x CALCULATED RESULTS OF Wp FOR AN UNKNOWN LAMP
_ . ewl
z - - saw
£ . L Power command || 16W | 30W | 34W | S6W | 68W || Sum
§ Lamp rating
g 18W 0 0
5 2W 1 1 2
;- - 36W 0 0 0
= 58W 1 | 044 144
T0W 0.94 0 0.94
. . . TABLE IV
Fig. 9. Relation between inductance and current phase angle PHASE SHIFT COMPENSATION FOR 30W REGULATED, L=1.8mH
70 —— _
e Rating a b Omin | PMaz z's
5 | - - Eaw | 32w -1.4328 | -81.0834 | -99.26 -95.33 61.12
;; o 36W -1.6652 | -94.6468 -89.38 -86.06 70.62(or)
§% 58W || -1.4054 | -80.5046 | -101.76 | -97.8 58.98
g 70W -17.4 -1884.8 -112.17 | -108.32 | -157.85(or)
?_' 55
£
[#]
50
the phase angle change, this algorithm will move the Ty to
B ) ET “i08 =5 ) 3 & 'y as shown in (15). Fig. 11 shows the relation between ¢

Cuput curant phase (degroe)

Fig. 10. Relation between operating frequency and current phase angle

This will make the better classification results.

IV. EXPERIMENTAL RESULTS

This experiment is divided into 4 groups. The first group
uses the plain frequency detection with designed L and C. The
second group decreases L by 5%. The third group heat up the
lamp to change the resistance. The last group decreases C by
5%.

Using designed resonant inductor and capacitor, the results
of the tested lamps with frequency detection is outcome the
correct results since the variation of lamp resistance has not
much effect on frequency. TABLE III shows the highest Wp
at 32W. This is the worst case because the impedance of 32W
is very close to that of 58W lamp. The small variation of L
makes the big change in operating frequency with results in
the misclassification.

By changing L from 1.9 to 1.8 mH causes the operating
frequency move from 58.2 to 61.1 kHz when ballast regulates
at 30W. This frequency will be considered as 58W lamp
which has average operating frequency around 59.62kHz using
L 1.9mH. Driving 32W at 56W is danger and will damage
lamp and ballast. With the phase shift compensation (15) the
new Ff is 61.12kHz (¢=-99.25). This process makes the
recognition result to the right 32W lamp (TABLE V). The
“or” in TABLE IV means ¢ is over ¢prq, Or under ¢pin. It
blocks the algorithm not to detect.

With the rising of lamp temperature it has an effect on lamp
resistance and will change the current phase angle too. With
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and f when lamp resistance is varied. This graph shows the
same slope direction as the change of L but with difference
slope values. From the result the change in phase angle, it
does not much affect the frequency calculated by phase shift
compensation.

By heating up the lamp, the operating frequency increases
to 58.5kHz and ¢ is -97.67. This phase shift make the new
Ty move to 58.84kHz. The result is shown in TABLE VI. It
also results the correct 32W.

The last test deals with changing C to 4.5nF. It results

TABLE V
CALCULATED RESULTS OF Wp OF 32W LAMP WITH L=1.8mH

Power command || 16W | 30W | 34W | 56W | 68W || Sum
Lamp rating
18W 0(or)
32w 0.22 1 1.22
36W 0O(or) | O(or)
58W 0 0 0
T0W O(or) | O(or) 0
TABLE VI

PHASE SHIFT COMPENSATION FOR 30W REGULATED, R=624.2Q

Rating a b Pmin OMaz @'y
32w -1.4328 | -81.0834 -99.26 -95.33 58.84
36W -1.6652 | -94.6468 -89.38 -86.06 67.98(or)
58W -1.4054 | -80.5046 | -101.76 -97.8 56.75
70W -17.4 -1884.8 -112.17 | -108.32 | -185.52(or)

tober 15, 2009 at 04:54 from IEEE Xplore. Restrictions apply.
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TABLE VII

PHASE SHIFT COMPENSATION FOR 30W REGULATED, C=4.5nF

Rating a b Pmin PMaz BT

32w -1.4328 | -81.0834 | -99.26 -95.33 55.92

36W -1.6652 | -94.6468 | -89.38 -86.06 64.58(or)

58W -1.4054 | -80.5046 | -101.76 -97.8 53.88(or)

T0W -17.4 -1884.8 | -112.17 | -108.32 | -221.01(or)

in frequency changing to 58.4kHz and ¢ is -95.6. The Pf
moves to 55.92kHz. The result is shown in TABLE VI. By
recalculates the Wp, It also results the correct 32W.

Fig. 12 shows the operation process result of this proposed
algorithm applied with 36W lamp. The oscilloscope is setup
with 0.5A/div in channel 1 ,200V/div in channel 2 and
800ms/div for time. The recognition process take approxi-
mately 2.8 seconds after striking or 4 seconds from startup.
The algorithm has 3 step of lamp regulated consist of 16W,
30W and 34W. This process will take longer that in case of
higher lamp rate. The maximum classification time is with
70W lamp rating is less than 6 seconds from startup.

From the detection results with another tested lamp outcome
the correct answer with L variation is less than 5% compare
to not more than 1% with only frequency detection. With
the variation of lamp resistance or capacitance is different.
The tolerance of changing them is significantly dropped. This
algorithm allows R and C to be varied with in 5%. Compare to
the previous methods the previous one has higher tolerance for
both C and R values shifting by 10-15%. But for the L it has
only 1% tolerance. And comparing to the voltage consideration
method, this frequency and phase consideration method can
classify the lamp that has very close impedance like 58w and
32w in the tolerance region.

V. CONCLUSION

An automatic lamp detection method by considering the
frequency and phase shift has been tested for T8 fluorescent
lamps. The results show the correct classification; especially,
for the lamp that has very close impedance like S8W and
32W lamps. But the very weak point of this method is such
a frequency is much depended on resonant parameters. This

Startup | | prehest

Strike

Lamgp Classify

Fig. 12.
algorithm

The tested lamp output waveform running with this proposed

becomes a low tolerance of resonant circuit parameters espe-
cially the inductor. With the proposed phase compensation,
the tolerance of inductance varied to 5%. This is in exchange
with the lower tolerance with capacitance and lamp resistance
variation dropped down to around 5%. Although this does not
affect the normal condition lamps, the end of life and the
near end of life lamps are affected. An unpredictable result
occurred for such this kind of lamp. Thus, the end of life
protection should be applied in order to shutdown the ballast
when connected to the end of life lamp.
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This paper presents an electronic ballast system with lamp rating detection capability. From the experi-
mentally obtained operating frequency of the lamps, a possibility weight is constructed to help facilitate the
lamp classification. The proposed detection algorithm employs a multi-step lamp power regulation algorithm
where decision making is based on the sensed frequency and the possibility weight. Simulation and exper-
imental results show that the proposed detection method can successfully detect the targeted lamp power

rating and deliver the desired power to the lamp.

Keywords: ballast, fluorescent lamps, automatic detection, frequency determination

1. Introduction

Fluorescent lamps are commonly used in lighting ap-
plications because they consume less power than alter-
native lamps. Unlike incandescent lamps, fluorescent
lamps always require a ballast to stabilize the lamp at
the required operating point by limiting the discharge
current ¥ @ . Simple magnetic ballasts that operate at
the line frequency have many drawbacks, such as low
efficiency, low input power factor and bulky size. How-
ever, electronic ballasts that employ transistors to boost
line-frequency to high-frequency improve the lamp effi-
cacy and system efficiency ®. If the lamp is operated
at a frequency higher than 20 kHz, instead of a line
frequency of 50-60 H z, the result is an increased light
output (lumens) of 10-20%. The electronic ballast is
often implemented as a series-parallel-loaded resonant
inverter. This implementation can both ignite the lamp
and supply the lamp as a current source at constant
frequency “~©®. The use of a power factor correction
(PFC) AC-DC stage, specifically a boost rectifier op-
erating in discontinuous conduction mode (DCM) with
constant frequency and constant duty cycle, can achieve
an input power factor close to unity. Moreover, modern
electronic ballasts are implemented with microproces-
sor circuits, allowing control strategy implementation
for energy savings and lamp protection features (™.

Commercially available lamps, such as 18W, 32W and
36W T8 lamps, must be used with electronic ballasts
specifically designed for each lamp power rating. A mis-
match between ballast and lamp ratings usually results
in damage to both the lamp and the ballast circuit,

* King Mongkut’s University of Technology Thonburi
(KMUTT), Thailand, piyasawat.nav@kmutt.ac.th
** KMUTT, sumate.nac@kmutt.ac.th
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CIossing

Fig. 1. Schematic of electronic ballast using in this
paper

caused by over-current or hard switching ® . With
a large number of different ratings of fluorescent lamps,
an equally large stock of specifically rated electronic bal-
lasts is required. The multi-rating fluorescent ballast is
a solution to eliminate this problem. The controller of
the multi-rating ballast must regulate and deliver the
correct power to a lamp of unknown rating. Thus, the
lamp rating detection algorithm must be accurate and
sufficiently fast. The voltage detection method can dif-
ferentiate between lamp power ratings by using the op-
erating lamp voltage *» *». However, the lamp voltage
after striking (ignition) varies with the lamp tempera-
ture, age, and manufacturer. Thus, different lamp rat-
ings may have overlapping voltage ranges. For example,
32WT8 and 58WTS8 lamps operate at the same volt-
age, ranging from 117 V to 127 V, which can result in
misidentification of the lamp. In addition, noise can in-
terfere with the voltage, and adding a filter may increase
the cost of the system.

This paper presents a multi-rating electronic ballast
for fluorescent lamps based on operating frequency de-
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termination. The paper includes the configuration and
the controller design of a multi-rating electronic bal-
last. We propose a lamp rating detection algorithm,
composed of multi-step lamp power regulation and the
trapezoidal possibility weight determination*® based
on a given set of lamp operating frequency data. Fi-
nally, we present numerical and experimental results. A
hardware prototype of the electronic ballast is carried
out on an 8 bits micro-controller.

2. Multi-rating Electronic Ballast Config-
uration

The two-stage electronic ballast consists of a PFC
boost rectifier and a half-bridge resonant inverter as
shown in Fig. 1. By varying the inverter frequency, the
ballast operates in pre-heat, strike, and running stages.
The lamp current can be controlled through frequency
variation as shown in Fig. 2% (4

Before ignition, the fluorescent lamp resistance is as-
sumed to be infinite. By operating with frequency
higher than the circuit resonant frequency, the current
flows through the lamp filaments via the series capac-
itor. In this stage, the filaments are heated while the
lamp voltage is not high enough to be ignited. After
one second of preheating, the frequency is decreased to
increase the output voltage gain until the lamp volt-
age is high enough to strike the lamp. Note that the
relationship between the ballasts voltage gain and fre-

vin Lamp) c

Fig.4. Simplified resonant inverter for electronic
ballast

‘ Init ‘ . (iniorvpt)
] Tum off the half
1 idge driver
Preheat  |----- i e
e ] =
Lamp detection |-~ -~ :
‘ Run } ----- =

Fig. 5. Flowchart of the mult-rating electronic bal-
last operation

quency is shown in Fig. 3, obtained from the equivalent
resistance of the lamp at steady-state condition using
IR ballast designer software **.

Initially, the resonant circuit is in the high quality fac-
tor mode (High-Q). Once the lamp has been ignited, the
lamp resistance decreases and exhibits a negative differ-
ential resistance behavior. This results in lamp voltage
reduction and changes the resonant circuit condition to
the low quality factor condition (Low-Q). At this stage,
the lamp rating must be detected accurately. After this
stage, the controller will command the switch signals to
operate the ballast at proper frequency for the lamp.

2.1 Half-bridge resonant inverter By assum-
ing that the resonant capacitor (C) is only used for lamp
preheating and striking while the resonant inductor (L)
is for limiting the lamp current, the values of L and C'
must be chosen to ensure the optimal power transfer
of the low-Q RCL circuit. The resonant inverter input
power (Py,,) is 9 0D,

Pay = Vil = Do M
n

By using the simplified version of resonant inverter
that shown in Fig. 4. The input voltage (Vi,) is the
fundamental component of the square wave produced
by the inverter **. This square wave is toggle between
0V and VDC'

_ V2Vpe

™

Vin 2

Plamp = VI, =
- — VinlL =

V2Vpe I
— 1
7 T

®3)

IEEJ Trans. IA, Vol.131, No.10, 2011




122

Multi-rating Electronic Ballast for Fluorescent Lamps based on Operating Frequency Determination

2= e e

k]
[
Current %3
Zero 2 g
Crossing g Viamp
— —WL
Driving__ | Controller
signal

I

Fig.6. Controller block diagram

Fig.7. DC bus voltage control

Where Piamyp is the power dissipated at the lamp; Vpco
is the DC bus voltage, and 7 is the inverter efficiency. It
is assumed that the inductor and lamp voltages are the
same. The inductor current can be calculated by using
a half of the DC bus voltage which results in,
_ Voo

P gl

Thus:

~ V2Vpe Ve

Ppn= _ Ve

T 4wl 422 frual

From (3) and (5) , the resonant inductance is:

V2
L= pcl (6)
4frun\/§7r2Plamp
where frun is the running or operating frequency. The
controller is divided into two parts: the boost recti-
fier (DC bus voltage control), and the resonant inverter
(lamp power control). These are shown in Fig. 7 and 8,
respectively.

During preheat, the resistance of the lamp is infinite
and the filament resistance is negligible. This results in
an LC series circuit. Using the impedance across the
capacitor, the peak preheat voltage V, is given as:

Ipn
Vo = =2 7
P o fC @
where I, is the preheat lamp current and f is the pre-
heat frequency. The transfer function is
2Vin
Vyp=—-""_ 8
PR (1= am2 f2LCY) ®
To preheat the lamp filament with the desired current
while the lamp voltage is kept below V,,, the resonant
capacitance can be calculated from (8) as,
I3 L

_ ph
~ (Von + Ve /m)? = (Vpe/7)? ®)
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Fig.8. Lamp power control with rating detection

2.2 PFC boost rectifier The PFC boost con-
verter parameters are obtained by assuming an oper-
ation in the critical-conduction mode. With this con-
trol method, the PFC boost inductance is obtained
from (17) (18)

8 x 1075 Vac(rms) (VDe — V2Vac(rms))
2v2Poyr

Lprc =

(10)
where 7 is the target efficiency of the converter;
VA (rms) is the minimum input RMS voltage and Poyr
is output power.

2.3 Preheating condition Although the multi-
rating ballast has an advantage on that it can operate
more than one lamp power ratings, the preheat con-
dition is taken into account. According to *? the fila-
ments must be operated at temperatures between 700°C’
and 1000°C, to avoid a premature wear of the emis-
sive coating which will reduce the average life of the
lamp. Since it is difficult to measure this temperature,
there are recommendations and standards regarding cor-
related parameters, such as the voltage across the fila-
ments and their equivalent resistances. Under appropri-
ate temperature, the resistance of the filament should
be in the range of 4.25 to 6.25 times of its resistance at
room temperature " 2. To increase the filament tem-
perature, an electrical current is applied to the filament
with the following relationship @

(1,,;L(3-.,..~) )
Rie (iph(rms)>t) = 1+ 71 (e " - 1) t (11)

Where Ry, is the resistance ratio between hot resistance
(R) and cold resistance(Ry,)
iph(rms) is the filament current (A) during preheating
t is the preheating time (s)
ry and 7o are the constants of the lamp

Note that for T8 series 1 and 7 are given as 0.112 s~}
and 0.155 A, respectively. In addition, the suitable pre-
heating time should be in the range of 0.5 and 1.5 s.
The minimum current is obtained as 467 mA using the
Ry value of 4.25 and the preheating time of 1.5 s from
(11). Similarly, with the Rp. value of 6.25 and the pre-
heating time of 0.5 s, the maximum current is given as
705.5 mA. As long as the iy, (,ms) s in between the men-




123

Table 1. Average running frequency of ballast at
various lamp power ratings

Average of 16W  30W | 34W  56W | 68W
operating frequency || (kHz) (kHz) | (kHz) (kHz) | (kHz)

at power command

T8-18 49.54 - - - -
T8-32 76.26 55.44 - - -
T8-36 75.88 48.25 | 40.59 - -
T8-58 76.26 57.16 | 50.09 25.21 -
T8-70 75.79 62.49 | 56.82 28.73 | 21.75

Table 2. Standard deviation of running frequency
of ballast at various lamp power ratings

S.D. of 16W  30W | 34W  56W | 68W
operating frequency || (kHz) (kHz) | (kHz) (kHz) | (kHz)

at power command

T8-18 1.7 - - - -
T8-32 0.004 0.816 - - -
T8-36 0.036 1.022 | 1.210 - -
T8-58 0.002 0.288 | 0.444 0.476 -
T8-70 0.010 0.160 | 0.234 0.360 | 0.270

tioned range, there will be no damage for all T8 series
lamps. If the lamp is turned off and turned back on while
the filament temperature is still higher than the room
temperature, a power control loop must be included to
protect the filament

3. Electronic Ballast Controller Design

The operation of the electronic ballast system can be
described as five stages: initialization, pre-heat, lamp
detection, run, and stop. The flowchart of these oper-
ations is illustrated in Fig. 5. The block diagram of
controller is shown in Fig. 6.

3.1 Initialization state During the initial
phase, the controller sets the PWM frequency at 100
kHz and keeps it steady for 200 ms. This feature has
been implemented to charge the blocking capacitor.

3.2 Preheat state The controller raises the fre-
quency by one step every time the measured current is
greater than the desired value, and lowers the frequency
if the current is lower than the desired value. This state
takes approximately 0.5 to 1 second depending on the
current command value ®.

3.3 Ignition state The controller decreases the
frequency (increases the voltage) to ignite the lamp.
Since the voltage across the lamp will significantly de-
crease after ignition because the current begins to flow
through the lamp then, the voltage change is used as ig-
nition indication. After detecting the ignition, the con-
troller moves to the next phase.

3.4 Stop state If abnormal conditions occur,
the software will automatically switch into the safety
state that is designed to turn off the half bridge driver.
Abnormal conditions may arise due to lamp bulb re-
moval, lamp failure to ignite, over-current or over-
voltage, or a rectifying effect (end of life).

T average

=1.55D “1.55D

AN

-0.550 +0. 550

Fig.9. Trapezoidal possibility weight (Wp) VS
running frequency

3.5 Run state During this phase, the controller
measures the current required to deliver a given power
to the lamp. The measured value is compared with a
preset power command value, and consequently the soft-
ware tries to correct any discrepancy. As mentioned
above, the lamp power can be controlled by varying the
operating frequency. The lamp power decreases when
the supplied frequency increases, as shown in Fig. 2.
The appropriate frequency must be generated to ensure
that the connected lamp is not overdriven. The current
regulation method is used to control the lamp power at
its rating *”. The average voltage across the series re-
sistor on the low side of the driver MOSFET (Vgsiny)
represents the inverter current (Ziny). Pinvs Plamp, and
Iin, are related as:

Piny & Pramp @ Liny (12)

From (12), the lamp power can be controlled through
VRsinv- Note that the required inverter power will be
about 1-2 W less than the lamp rating for the same
lumen output, due to the high frequency of operation.

3.6 Lamp detection state The lamp rating de-
tection algorithm is composed of multi-step lamp power
regulation and the trapezoidal possibility weight deter-
mination based on the lamp operating frequency. After
ignition, the multi-step lamp power regulation is started
with the lowest power command. For example, the 16W
power command is used for the T8 series lamps. In the
power control loop, the operating frequency is deter-
mined and collected in the controller. This frequency is
used to classify the 18W (lowest) from the group. If the
measured frequency is within the valid range, then no
further decision is necessary and the controller proceeds
to the running state. However, due to the variation
between lamp manufacturers, bulb age, and tempera-
ture, the running frequency is not necessarily constant.
We experimentally verified that the operating frequency
varies during our lamp power regulation experiment.

Plenty of T8 lamps are operated at 16W, 30W, 34W |
56W and 68W to acquire the running frequencies. These
frequencies are used in order to define the possibility
weight function. Table 1 and 2 present the average and
standard deviation of running frequency at 16 to 68 W
of power regulation. A dash(-) symbol is a prohibited
power command. By simplifying the Gaussian distribu-
tion, the trapezoidal possibility weight (Wp) based on
the operating frequency can be calculated from

IEEJ Trans. IA, Vol.131, No.10, 2011
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Fig. 10. Possibility weight (Wp) VS operating fre-
quency of T8 lamps at 16W power regulation
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Fig.11. Operating frequency at 16W power regu-
lation of n'" lamp sample in the possibility weight

region
L; f = 0.5sd, f, f +0.5sd
Wp=4 Lj-I=Lbsd, f—15sd,f, f —0.5sd
SLp g Lo 7y 0.5sd, f, f+ 1.55d
(13)
Where

and n=number of samples, f; = frequency of sample 7.

The relation between the probability weight and the
running frequency is illustrated in Fig. 9. For example,
if the average operating frequency of a 36 W lamp run-
ning at 16 W is 75.88 kH z, and its standard deviation
is 36 Hz, then Wpswatiew) 1s

1;48.69kH z, f,50.39kH z
0.588f —46.99;46.99H z, f,48.69kH z
0.588 f + 50.39; 50.39kH z, f, 52.09kH z
(15)
where f = measure lamp operating frequency (kHz).
Fig. 10 and 11 shows the possibility weight and op-
erating frequency of T8 series lamps at 16 W power
regulation. The operating frequency of 18 W lamp is
significantly far from others resulting in high accuracy
of 18W lamp detection. However, the possibility weight
of 58W lamp is overlapped by that of 32W lamp caus-
ing inaccurate detection in this state. When the 30 W
power regulation is applied with the 32 W, 36 W, 58
W and 70 W T8 lamps, there is no overlapping in the
possibility weight of T8 lamps as shown in Fig 12 and

W (s6at16) =
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13 where the 32 W lamp can be accurately detected.

From the reason above, both the multi-step lamp
power regulation and possibility weight determination
are applied together and the lamp rating detection al-
gorithm can be described as follows:

(1) Regulate at the lowest power command. Exam-

ple: 16W for T8 series.

(2) Calculate the probability weight for all lamp
ratings. If the highest Wp is obtained at the lamp
rating that equals the power command, the lamp
rating equals the power regulated, then go to step
4.

(3) If the delivered power is still below the lamp
rating, step up to the next power command (30,
34, 56 and 68 W) and repeat step 1) and 2)
again until the power command reaches the high-
est value of the series then go to step 4.

(4) Summarize the total Wp of each lamp rating
for each power regulation. The lamp rating is de-
termined from the total highest Wp.

The flowchart of the detection algorithm is illustrated
in Fig. 14.

3.7 Discussions on Aging Effect Regarding
to the lamp aging, this might cause an increase in fila-
ment resistance, sputtering and filament damage respec-
tively. The lamp discharge characteristics also change
as well. After striking, the lamp with sputtering or fila-
ment damage will be shut off by the designed protection
as previously stated. However, the aging effect from an
increased filament resistance and lamp discharge char-
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Fig.14. Flowchart of the lamp rating detection
algorithm

acteristics might cause the inaccurate detection. For
example; the overlapped operating frequency of 32WT8
and 58WT8 might occur during the 30 W power regu-
lation. In our designed ballast, the 18W, 32W and 36 W
T8 lamps, which are mostly used in our country, are
selected. The operating frequencies of these lamps are
quite far from each other causing the high accurate de-
tection. Moreover, the cost of ballast can be reduced for
not using the unnecessary high power components.

4. Numerical calculation Results

The simplified resonant inverter is used in the sim-
ulation ®¥. The controllable ac voltage source is con-
nected through the resonant inductor and capacitor as
a low-pass filter, with the fluorescent lamp as a resistive
load (Riamp) as shown in Fig. 4. Using an operating
frequency range from 25 kHz to 65 kH z, as described
in @, and assuming that 7;,, is 0.95 and Vp¢ is 400 V,
the resonant inductance can be calculated by (6) which
is given as 1.9 mH. With I, as 0.6 A and V,j, as 300 V,
the substitution of the resonant inductance in (9) yields
the resonant capacitance of 4.11nF'. Because of com-

PFC inductor

Blocking capacitor

Resonant capacitor  Resonant inductor

Fig.15. A prototype of the multi-rating ballast

Ignition

CH1 1@a:1V
0.500 Asdiv
AC  Full

Init P
B pansa Lamp detection

Running

i

CHZ 18@:1
0. 208kUd v
AC  Full

ANS/5 BOONSiin
Fig.16. The 36WT8 lamp current and voltage

waveforms. Channel 1 is lamp current. Channel
2 is lamp voltage.

mercial availability, a capacitance of 4.7 nF' is chosen.
During the running stage, the lamp acts as a negative
differential resistor ®»~®® which can be calculated as:

VoRs
Vo—Vu
where Vj is the voltage at present condition and Rg and
Vi are defined as;

Rlamp = (16)

_ Vtaz — Vinin
Ivtaz = Tmin
Vi = Viin — IninRs (18)

where V,q. is the lamp voltage at the highest power,
Vinin is the lamp voltage at the lowest power, 44 is
the lamp current at the highest power, and I, is the
lamp current at the lowest power. Specifications for
Vinazs Vinins Imaz, and I, can be obtained from the
lamp manufacturers. Because the higher-order harmon-
ics only account for a small percentage of the input, the
voltage and current waveforms appearing at the lamp
are assumed to be sinusoidal. Considering only the fun-
damental component, lamp power (Ppamp) can be cal-
culated as:

Rs (17)

. 2
__3Vin
P, _ wCRiamp
amp iwl — J (R _ L) _ JRiamp
J “Cot lamp — 30 wC
(19)

Starting with an initial operating frequency, the lamp
power is calculated. If P,y is less than the power

IEEJ Trans. IA, Vol.131, No.10, 2011
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Table 3. Simulation result of Wpfor the 32 W T8
lamp

Power command || 16W | 30W | 34W | 56W | 68W | Sum

Lamp rating

18W 0 - - - - 0
32W 1 0.2 - - - 1.2
36W 0 0 - - - 0
58W 1 0 - - - 1
T0W 0 0 - - - 0

Table 4. Experimental results of Wp for 58W
lamp

Power command || 16W | 30W | 34W | 56W | 68W | Sum

Lamp rating

18W 0 - - - - 0
32W 1 0 - - - 1
36W 0 0 0 - - 0
58W 1 1 1 1 - 3
TOW 0 0 0 0 - 0

command, the frequency is decreased and the lamp volt-
age, current, and resistance are recalculated at the new
power level. The calculation is then iteratively repeated
until the Py, is sufficiently close to the power com-
mand and the running frequency is obtained. The sim-
ulation result for the probability weight calculation for
the 32W T8 lamp is shown in Table 3. Starting at the
16W power command, the running frequency is 76.26
kHz and Wp at 16 W is calculated. The highest Wpis
not at WPiswariew, thus the 30W power command is
regulated and Wp at 30 W is recalculated. The algo-
rithm stops at 30W power command due to the max-
imum on W Psawatsow. The summation of W Psapy is
1.2, which is the maximum, and the lamp is detected as
a 32W rated lamp.

5. Experiment Results

A hardware prototype of the electronic ballast, shown
in Fig. 15, was built. The values for the resonant in-
ductance and capacitance match those used in the sim-
ulation. The PFC boost inductance and the DC bus
capacitance are 0.94 mH and 22 pF, respectively. A
100 nF blocking capacitor is used. Fig. 16 shows the
ballast operation with the 36W lamps.

In the preheat state, the controller maintains the lamp
current and voltage at 600 mA and 300 V, respectively.
After striking, the lamp power is regulated according to
the lamp rating detection algorithm. All tested lamps
have been successfully detected at their ratings. The
startup process, including lamp detection, takes approx-
imately 3 to 40 seconds. The sample of detection results
for a 58 W T8 lamp is shown in Table 4.

The voltage detection is the commonly used method
in detecting ballasts rating *© ®». With different power
ratings, the lamp resistances may be different and the
lamp peak voltages after strikes may be used to classify
the power ratings. However, this may not be the case
for T8 series because the lamp peak voltages of differ-
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Table 5. Detecting results of T8 lamp at 16W,
30W, 34W, 56W and 68W power regulation state

Lamp rating 18W | 32W  36W | 58W | T0W

16W power regulation

% Detection rates 100 90 90 20 36

% Type I error 0 10 10 | 80 | 64

% Type II error 0 2 0 32 0
30W power regulation

% Detection rates - 100 100 | 100 | 98

% Type I error - 0 0 0 2

% Type II error - 0 0 0 0

34W power regulation

% Detection rates - - 100 | 100 | 100
% Type I error - - 0 0 0
% Type 11 error - - 0 0 0

56W power regulation

% Detection rates - - - 100 | 100
% Type I error - - - 0 0
% Type 11 error - - - o | o

68W power regulation

% Detection rates - - - - 100
% Type I error - - - - 0
% Type II error - - - - 0

ent ratings can and have been found to be in the same
range. In Fig. 17, the lamp voltages are obtained from
50 samples of each of the T8 series lamp rating with the
total number of 250 lamps. The voltages after strikes of
the 32W and 58W lamps are located in the ranges of 162
V to 177 V and 166 V to 177 V, respectively. The de-
tection result is very likely to be incorrect for both lamp
ratings. This method yields the result of detection rate
as 86%.

To evaluate this proposed method, hundreds of ar-
bitrarily chosen fluorescent lamps with varied age are
tested with proposed ballast. The operating frequencies
of tested lamps at 16W and 30W power regulation are
shown in Fig. 11 and 13, respectively. At 30W power
regulation, the operating frequencies of all lamps are in
the areas of their possibility weight. Thus, the proposed
method can distinguish between 32W and 58W lamps.
Note that some lamps with low possibility weight might
have the chance of type I error (the false positive - the
error of rejecting lamp when it is actually at rating) as
well as the type II error (the false negative - the error of
failing to reject a lamp when it is in fact not at rating).
Even though the 16W power regulation state returns
100%-accuracy 18W lamps detection, this state returns
detection errors for the other ratings. Table 5 shows the
lamp detection rate, type I error rate and type II error
rate of T8 lamps at various power regulations.

The proposed frequency detection, on the other hand,
uses the frequency command for lamp power regulation
to detect the lamp power. This frequency command is
the same frequency command that is used to regulate
the lamp power in order to avoid overdriven condition.
Together with the proposed possibility weight functions,
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the operating frequencies of each lamp rating are ob-
tained from the multi-stage power regulation starting
from the lowest rating available as shown in Fig. 18.
With the same set of 250 lamps used in obtaining the
results in Fig. 17, the operating frequency range of each
rating is located apart from each other. Clearly, the
frequency detection method does not suffer from over-
lapping range of the detection parameter. The detection
results of the proposed method are evidently more ac-
curate. It is worth noting that if a delay of 10s is added
before obtaining the operating frequency, 100% detec-
tion accuracy may be achieved since the lamp resistance
is allowed to reach its stable state.

The important advantage of implementing the pro-
posed frequency detection method is that the frequency
command to be used in the detection process is sent out
from the controller. Unlike the voltage detection, the de-
tecting parameter does not need to go through sensing
circuitry and the analog-to-digital conversion process.
Therefore, it is not subjected to external noise which
can worsen the detection results.

From table 5, the lamp detection rate, type I error
rate and type II error rate are calculated as:

Ncorree
D.R. = =¢erreet o 100 (20)

Lamp

where D.R. is detection rate, Ncorrect 18 number of
the accurately detected lamps and Npqmp is number of
tested lamp.

NRejeet

Typel = x 100 (21)

Lamp

-]

Digital values of lamp voltage

B
&

o

n sample of lamps

Fig.19. Peak voltage of n'" sample of lamps after
ignition using the micro-controller analog to digital
converter

Table 6. Voltage detecting method (V.D.) VS
Proposed frequency detecting method results

Lamp rating 18W | 32W | 36W  58W | T0W

V.D. Method
% Detection rates || 100 60 100 70 100
% Type I error 0 40 0 30 0

% Type II error 0 30 0 40 0

Proposed method

Lamp rating 18W | 32W | 36W  58W | T0W

% Detection rates || 100 | 100 | 100 100 | 100
% Type I error 0 0 0 0 0
% Type II error 0 0 0 0 0

where Ngejeet is number of lamps that are rejected when
it is actually at its rating.

NwrongAccept

Typell = x 100 (22)

Lamp
where Nyrongaccept i number of lamps that are ac-
cepted when it is not at its rating.

Because of the overlapped possibility weight of the 32
W and 58 W lamp, the high type I and type II error of
58W lamps are occurred during 16W power regulation.
Even the low accuracy occurs in 16W power regulation
state, the next power regulation state results in the high
detection accuracy implying the right rating will be de-
tected at the final decision. Therefore, this algorithm
results in a 100% detection rate of all tested lamps. For
the testing with very old lamps, the inaccurate detec-
tion is occurred but the protection algorithm stops the
ballast operation due to the rectifying effect.

Comparing the proposed detection with the voltage
detection method, the experiment for measuring lamp
voltages after ignition are carried out as shown in Fig.
17. Using this method, the 70W and 18W lamps are
easily detected but the detection between 32W and 58 W
lamps is not possible. The main reason is that the lamp
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voltage after ignition varies with the lamp temperature,
age, and manufacturer. Moreover, the use of A/D con-
verter in micro-controller will cause the noise amplifi-
cation as shown in Fig. 19. The noisy switching envi-
ronment will worsen the detection accuracy. With the
proposed method, the frequency is generating by the
micro-controller itself which is not interfered by noise.
And the multi-step power regulation constrains the lamp
operating condition during the detection as well. The
Detection results of the proposed method and the volt-
age detecting method are shown in Table 6.

6. Conclusion

A multi-rating electronic ballast for fluorescent lamps
based on operating frequency determination has been
presented. The detection algorithm is based on the
probability weight distribution of the lamp operating
frequency, and multi-step lamp power regulation. The
proposed algorithm has shown great accuracy in de-
tecting the targeted lamp power rating compared with
the commonly used voltage detection method. In some
cases, aging lamps may result in misclassification of the
lamps therefore, a protection circuit must be imple-
mented with the ballast. With the proposed detection
algorithm, the multi-rating ballast will help eliminate
concerns about matching the ballast circuit with the
designated lamp power rating.
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