Page 1 of 9

Preprint for Peer Review

Electronic Ballasts Driven by Hybrid Source Using
Microprocessor-Controlled Digital Switching
Technique

Ying-Chun Chuang, Yu-Lung Ke

Department of Electrical Engineering
Kun Shan University
Tainan Hsien, Taiwan, R.O.C.
e-mail:chuang@mail ksu.edu.tw
e-mail:yulungke@ms25.hinet.net

Abstract—A novel microprocessor-controlled electronic ballast
with a class-E resonant inverter for illumination applications is
employed to link a photovoltaic (PV)-powered battery energy
storage system (BESS) as a main power source with a utility ac
power as a complementary source. The proposed strategy aims to
control power flow either from the PV-powered BESS or from
the utility ac power line to the electronic ballast. This novel
design has lower loss, easier control, and higher efficiency than
the traditional photovoltaic panel has. A 27W fluorescent lamp is
ignited by electronic ballast with a class-E topology to validate
the proposed theoretical analyses. When the electronic ballast is
driven by the PV-powered BESS and the utility ac power, overall
efficiency of the proposed system is 94.2% and 91.19%,
respectively. Experimental results demonstrate the functionality
of the overall system, indicating that it is a good solution for
several hybrid source applications.

Keywords-electronic ballast; hybrid source; microprocerror; battery
energy storage system; class-E resonant inverter.

l. INTRODUCTION

Giving growing public concern over the exhaustion of fossil
fuel reserves and pollution problems incurred by conventional
power generation, renewable energy sources such as solar,
wind, micro-hydraulic, biomass, geothermal, hydrogen, and
tidal are extensively adopted in industrial, commercial and
military applications [1-6]. Moreover, fluctuations and
increases in oil prices have negatively impacted the world
economy, particularly economies in developing countries.
Photovoltaic (PV) energy as an alternative energy source has
been widely investigated as it is pollution-free, abundant and
widely available. The PV energy applications can be divided
into grid-connection systems and stand-alone systems. In
grid-connection systems, an inverter stage plays an important
role as the interface device between the PV power generation
system and the utility. To connect to a utility, an inverter stage
must be operated in grid-connection mode. Notably, an
inverter stage can synchronize with utility ac sources.
Additionally, inverters must be operated in switching mode
when connected to a grid, and the current transferred onto a
grid must be regulated to follow the reference signal. At the
same time, active power switches of the inverter must be
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driven properly to generate a series of sinusoidal pulse width
modulation (SPWM) waveforms. Then, through a LC low-
pass filter, this inverter can generate sinusoidal voltage along
with the utility to supply power to loads [7,8]. However, such
PV systems are typically idle at night or during cloudy days.
However, system components have not been used optimally.
Conversely, traditional stand-alone systems have advantages of
a simple system configuration and control scheme. To draw
electrical power from PV arrays and store excess energy, a
BESS is required. When output of a PV power generation
system is insufficient, a BESS can provide backup energy; that
is, a BESS works as an energy buffer. Furthermore, by using
power electronic converters, stand-alone operation can be
achieved easily and load-independent, high-quality voltage
can be generated. Utilizing PV electricity to drive electronic
ballasts may be one of the most appropriate applications of PV
arrays with a BESS. Consequently, stand-alone systems have
become the focus of research investigating PV-powered
lighting applications.

The conventionally stand-alone PV-powered BESS for
lighting applications has two power processing stages—an
inverter stage and bridge rectifier stage. The inverter stage
provides a low-frequency ac source of 50 or 60Hz, which is
transferred to the downstream load, and the bridge rectifier
stage generates a dc voltage for the electronic ballast which
ignites a lamp and stabilizes lamp current during steady-state
operation. However, the two-stage approach is costly, and
reduces system reliability and efficiency, as energy is
converted twice (Fig. 1). Moreover, this approach requires
numerous components, thereby increasing final cost of the
electronic lighting system and reducing system energy
conversion efficiency.
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Fig. 1. Block diagram of a traditional PV-powered battery system for storing
energy for lighting applications

These problems have promoted the use of high-frequency
energy converters that convert dc electrical energy into energy
for lighting. The simplest and least expensive method for
converting PV power to dc electricity is to store energy in a
BESS. The electronic ballast is directly connected to the BESS
without an inverter stage or rectifier stage to improve
conversion efficiency and decrease cost. Directly driven
electronic ballast is then obtained that employs a PV-powered
BESS (Fig. 2).
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Several lighting fixtures typically exist in lighting
applications. Incandescent lamps and florescent lamps are the
most common in lighting. Incandescent lamps and florescent
lamps generate light via two physical mechanisms that convert
electrical energy into light energy. Incandescent lamps exploit
Joule-heating by electrically heating high-resistance tungsten
filaments to an extreme brightness. The electrical behavior of
incandescent lamps is simple. Lamp current is based on the
applied voltage and the resistance of tungsten filament, whose
v-i characteristic is close to that of a linear resistor. However,
only about 10% of the electricity flowing through
incandescent lamps is converted to light; thus, luminous
efficiency of incandescent lamps is poor. Fluorescent lamps
convert electrical energy into light by transforming electrical
energy into the kinetic energy for moving electrons, which in
turn produce radiation when they collide. Modifying the gas
composition in fluorescent lamps can considerably alter
luminous efficiency.

This study focuses on fluorescent lamps, which are utilized
extensively in general lighting applications and have high
luminous efficiency [9,10]. However, fluorescent lamps
depend on a high striking voltage to generate and limit
currents following ignition as they utilize negative incremental
impedance. Thus, fluorescent lamps cannot be connected
directly to a voltage source. Without limiting current, a lamp
would be destroyed quickly, because of the negative resistance
of fluorescent lamps. Consequently, some impedance must

exist between a fluorescent lamp and the voltage source to
limit lamp current. Most fluorescent lamps are operated using
an ac source such that inductive impedance can be employed
to limit current. AC operation also balances wear to the two
electrodes and increase lamp life. Inductor ballasts are
conventional ballasting, known as electromagnetic ballasts.
Traditional electromagnetic ballasts are used to overcome
these problems. Despite their low cost, ballasts cause bulbs to
flicker are large, heavy and hum. Therefore, high-frequency
electronic ballasts for fluorescent lamps have garnered
considerable attention in recent years due to their light weight,
small volume, high luminous efficiency and long lamp life.
When a fluorescent lamp operates at a high frequency,
luminous efficiency increases to about 20% higher than that
achieved with conventional electromagnetic ballast operated at
utility line frequency, thereby reducing the amount of energy
consumed by the input power source.

Most high-frequency electronic ballasts have load resonant
inverters that provide ignition voltage and a stable lamp
current with a low crest factor for fluorescent lamps.
Furthermore, load resonant inverters can operate at very high
switching frequencies and have low switching losses and
electromagnetic interference (EMI). To enhance the efficiency
of high-frequency electronic ballasts, many soft-switching
technologies have been developed [11-15]. The class-E zero-
voltage-switching (ZVS) resonant inverters have the highest
efficiency of all existing resonant inverters. The class-E ZVS
resonant inverter has a single-ended structure and, thus, is
unlike class-D ZVS inverters, which have a double-ended
output and, thus requires two separate gate trigger signals and
an upper trigger signal that has an isolated circuit.
Additionally, the trigger circuit in the class-E topology, which
has a single end, is simple. Consequently, the class-E ZVS
resonant inverter has recently become common in switch-
mode power applications. The use of a class-E ZVS resonant
inverter as a fluorescent lamp ballast has such advantages as
few components, low cost and high power density. These
characteristics, combined with the fact that the class-E ZVS
resonant inverter has only one active power switch, result in
electronic ballast with a very simple structure, low switching
losses, small volume and light weight. Additionally, as
commutations in the active power switch of the class-E
resonant inverter are performed at zero voltage, electronic
ballast switching losses are extremely low, resulting in very
high efficiency.

This work presents a novel application of electronic ballasts
driven by a hybrid source [16,17]. In contrast to the
conventional topology, the proposed configuration has no
inverter stage for the main power source; rather it has a power-
factor-correction (PFC) circuit and rectifier stage as the
auxiliary power source. The PV arrays convert solar energy
into dc electrical power, which can be used directly by
electronic ballasts, where energy is stored in a BESS, and
transformed to high-frequency ac power source using a high-
frequency resonant inverter for fluorescent lamps. However,
when a preset discharge threshold is attained, the load is
disconnected from the BESS. A novel hybrid-source-powered
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energy-saving lighting system is then employed for optimal
use of the electronic ballast via microprocessor-controlled
digital switching. Fig. 3 shows a typical configuration of
proposed hybrid-source-powered lighting system with a
digital switching feature. The proposed system is particularly
suited to typically lighting applications. During daytime,
this system effectively extract electrical power from PV
arrays, while during nighttime, the system draws power from
the utility for the lighting system with a high power factor
(HPF) and high efficiency. The proposed system also
requires a highly efficient illumination device such as a
fluorescent lamp. To implement the two different energy
control schemes and control the relay for switching operation
modes, the proposed system has a microprocessor. Figure 4
shows a simplified block diagram of electronic ballast driven
by using the microprocessor-controlled digital switching
technique. In the proposed hybrid sources lighting system,
circuit components must be designed carefully to
reduce cost and improve reliability and efficiency. One
benefit of the proposed topology of the electronic ballast is
that it only requires one power processing stage, which makes
it highly efficient, low-cost, reliable and simple. Hence, this
study applies the power electronic load to a fluorescent lamp
lighting system. The following sections present a detailed
analysis and elucidate the function of the PV-powered
electronic ballast.
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Fig. 3. Typical configuration of proposed hybrid-source-powered lighting
system with a digital switching technique

The remainder of this paper is organized as follows. Section
IT describes the operating principle of electronic ballast with a
class-E resonant inverter. Section III presents assumptions in
analysis and the analytic results for the single-stage high-
power-factor electronic ballast for fluorescent lamps. Section
IV presents applications of the proposed electronic ballasts
driven by a hybrid source using a microprocessor-controlled
digital switching technique. The most important study results
are also given in this section. Conclusions are presented in
Section V.
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Fig. 4. Simplified block diagram of electronic ballast driven by using the
microprocessor-controlled digital switching technique

Il. OPERATING PRINCIPLE OF ELECTRONIC BALLAT
WITH CLASS-E RESONANT INVERTER

Unlike traditional ballast (Fig.1), this electronic ballast,
which is driven by dc voltage, does not require an inverter
stage with a large and heavy transformer with a filter circuit.
Figure 5 schematically shows the circuit in the proposed
single-switch electronic ballast for solar energy applications.
The input terminal has a choke inductor L, which is generally
large for the small ripple at the input dc current. The electronic
ballast uses a class-E ZVS load resonant inverter to drive the
fluorescent lamp. The diode D provides a path for the resonant
current of the class-E ZVS resonant inverter. Metal-oxide—
semiconductor field-effect transistors (MOSFETs) are
preferred because their body diodes can be used as antiparallel
diodes for operation beyond resonance. The fluorescent lamp
is connected in parallel with a preheating capacitor C¢, which

is in series with an resonant inductor Lg and a resonant
capacitor Cs. The capacitor C¢ provides a sufficiently high
ignition voltage to the lamp during the initial start-up and then

appropriate filament heating at a steady state. A resonant
energy tanks, Lg, and Cg, which are in series with the lamp

network, comprise the load resonant circuit of the class-E ZVS
resonant inverter. The load resonant circuit of the class-E
resonant inverter is formed by the fluorescent lamp and
reactive components Ls, Cg Cp, and Ct In this investigation,

the dc voltage V¢ is obtained from the BESS, which is fed by
a PV array.

Lamp

Fig. 5. Electronic ballast powered by a BESS

978-1-4244-3399-5/09/$25.00 A© IEEE 2009



Preprint for Peer Review

The electronic ballast with a class-E ZVS resonant inverter
has an active power switch S, shunt capacitor C, an Ls-Cs-Cp
resonant circuit, preheating capacitor Cs and fluorescent lamp.
When operated at high frequency, the fluorescent lamp can be
modeled as a resistance RIamp and filament resistance r, for
each cathode. In practice, filament resistances of the
fluorescent lamp are typically extremely small; therefore, they
are not analyzed in this work. Then, the combination of Cp, Cs

and the lamp (Fig. 5) connected in parallel is converted into a
series combination of Css and Req (Fig. 5).

Equation (1) derives equivalent resistance Req and Eq. (2)
derives equivalent capacitance Cgg (Fig.6).

Rlamp
R T wRE (Co +Cy ) M
+05 Rigmp (Cp +Cy)
Co[1+ @2REmn (Cp +Ct)?]
Ces s s Nlamp\™~p f ©)

1+ @3 Rizmp (Cp + C)? + &3 RigmpCs (Cp +Cr)

Inductance L, is assumed to be sufficiently large, such that
the ac ripple on the dc-link current | . can be neglected.
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Fig. 6. Derivation of the equivalent circuit for the electronic ballast with the
class-E resonant inverter

The PV-powered system is generally equipped with a BESS,
which stores energy from a PV array during periods of high
irradiation and provides electrical energy to the load during
periods of low irradiation and at night. The charger circuit in
the BESS is not analyzed. Since a BESS is a voltage source,
using a voltage source converter simplifies system
configuration. Figure 7 presents simplified schematics of a
class-E ZVS resonant inverter. The following assumptions are
used to elucidate the operation of a Class-E ZVS resonant
inverter:

1) All circuit components are ideal.

2) The loaded quality factor of the class-E resonant
inverter is sufficiently high, such that load current, i, is
sinusoidal.

3) Inductance of the input inductor L_ is sufficiently high,
such that input current is constant during each
switching cycle.

4) The lamp is an open circuit before ignition, and a
resistor in the steady state.

The driving signal V _ first excites the active power switch
of the proposed class-E electronic ballast. The duty cycle of
the driving signal is d. Circuit operation can be divided into
three modes based on the conducting power switch in a high-
frequency cycle. Figure 8 displays the theoretical waveforms
of the Class-E ZVS resonant inverter
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Fig. 7. Simplified equivalent circuit of the electronic ballast with the
class-E ZVS resonant inverter
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Fig. 8. Theoretical waveforms of the Class-E ZVS resonant inverter

Mode | (axsto<axt<ast:):
Before axty, the active power switch, S, is off, and the

freewheeling diode, D, is conducting. The current of diode D
is the difference between inductor current | . and load resonant

current ip. At the start of this mode, a turn-on signal is sent to

the gate of the switch S. Figure 9 shows the equivalent circuit
in this mode. Once S is turned on, line voltage is transferred to
the inductor Lg. In this analysis, the current i, flowing into the

load is assumed to be sinusoidal, and is described by Eq. (3),
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where | is amplitude and ¢ is the initial phase angle of load
current i.

i (t) = | sinet + ) (3)

The switch is closed and capacitance voltage, Vg(t), is 0,
and current through the capacitor, icg(t), is 0. Equation (4)
derives the power switch current ig(t) in this time interval.

is®=1gc—ir@® 4

The switch current, is, is comprised of source current and
load current iy. The active switch is turned off at zero voltage.

When the active power switch, S, is off, its current is
immediately diverted to the capacitor Cg.

é ldc
+ Le

\Gc: i

I

il iCE
- +
kg

Fig. 9. Equivalent circuit of Mode I

Mode Il (axt;<axt<axty):
In Mode 1I, the active power switch S is off. Figure 10
shows the equivalent circuit. The capacitor current i-g(t) is

then the difference between | and iy. The voltage across the
shunt capacitor is determined by Eq. (5).

Ve (t) :wc;E{ldc(aI —21) + I p[cos(et + ¢) - cos(27d + )]} (5)

Substituting the condition of icg(2m)=0 into Eq. (5) yields

the relationship among |, | , d and ¢.

de’

27r(l—d)

cos(27zd + ¢) —cos¢ ©)

Im=lqc

The initial phase angle ¢ is acquired by substituting is(27)=0
and Eq. (6) into Eq. (4).

cos(27d ) -1 } %

_ -1
g=r+tn Lﬂ(l_d)ﬂin(zﬂd)

In steady-state operation, mean voltage is zero across the
inductor. Mean capacitor voltage, Vg, equals input voltage V.

1 27
VS = g (J;VC E (a)t)j(a)t)

e {(1—d)[;r(1—d)cos(m)+sin(7ﬂ)]} (8)

 oCg tan(zd + ¢)sin(7zd)
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Fig. 10. Equivalent circuit of Mode 11

Mode 1 (axst<axt<Z7):

Mode III exists only when the switch voltage decreases to
zero with a finite negative slope. The equivalent circuit of
Mode III is similar to that of Mode I, except for initial
conditions. The load resonant current falls to zero at the end of
this mode. However, when circuit parameters are such that
switch voltage decreases to zero with a zero slope, the diode D
and this mode do not exist.

To ensure ZVS operation of the class-E resonant inverter,
the circuit parameters must satisfy the following relationships
[18]:

B 2sin’ (7d)sin’ (7d + @), > )
Req - ﬂz(l_d)z I:)Iamp %
c _ sin(zd)[sin 2(zd + #)[(1 - d )z cos zd + sin 7d | (10)
£ @R, 7 (1-d)

R, P(1-df 7 —1+2c0dg)cod270 +¢) —cos2(d + leod2d) - {1 —d)sinl2ad)]} (11)
2wsingd)sin2(zd + #)|(1 - d)rsodad ) +sin(d )|

I1l. SINGLE-STAGE HIGH-POWEER-FACTOR ELECTRONIC
BALLAST FOR FLUORESCENT LAMPS

Conventionally, when high-frequency electronic ballasts
consume ac power from a utility, a diode-bridge rectifier with
a bulk electrolytic capacitor is often utilized to convert ac
voltage into smoothed dc-link voltage for high-frequency
electronic ballasts. Such a rectifier circuit inevitably draws an
input current with narrow pulses, which is notorious for
having a very poor power factor and serious harmonic
distortion. The power factor (PF) is typically <0.6 and total
harmonic distortion (THD) can exceed 100%. The widespread
use of high-frequency electronic ballasts for fluorescent lamps
is a significant source of power pollution. However, a high
power factor, including reductions in the rms line current and
line current harmonic distortion, can cause a utility to increase
its efficiency and reduce pollution. Therefore, high-frequency
electronic ballast requires a filter circuit.

The most common solution for reducing input current
harmonic distortion and improving the power factor of the
utility ac source is to add a second power processing stage,
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called the PFC stage. Such stages normally employ a
discontinuous current dc-to-dc converter to make the line
current follow the sinusoidal line voltage waveform. However,
this two-stage approach increases cost, and reduces reliability
and efficiency as power is processed twice. This problem can
be solved by integrating the PFC circuit into the load resonant
inverter stage. As a result of sharing the active power switch
and control circuit, component count can be reduced. However,
based on operation of the load resonant inverter stage, the
active power switch must be switched at the desired frequency
with the specified duty cycle. Under this constraint, the PFC
circuit with a buck-boost topology is preferable as the high
power factor for the PFC with a boost topology uses an
excessively high dc-link voltage.

Figure 11 shows the circuit of the proposed single-stage
high-power-factor electronic ballast. The electronic ballast
comprises a class-E load resonant inverter for driving the
fluorescent lamps and a buck-boost converter to shape input
current. The buck-boost converter is formed by diodes D1and

D2, inductor Lp, a de-link capacitor Cqc, and active power

switch S. The class-E resonant inverter has a dc-link capacitor
Cdc, inductor LE, diodes D3 and D4 and load resonant circuit.

The diodes D1 and D3 are used for isolating the dc-link
voltage and class-E resonant inverter. The diode D4 provides a

path for the resonant current of the class-E inverter. The
fluorescent lamp is connected in parallel to a capacitor Cf,

which is in series with an inductor Lg, and capacitor Cg. The
capacitor Cf provides sufficiently high ignition voltage to the

lamp during start-up, and then proper filament heating at a
steady state. A resonant energy tank, Lg, and Cs, are linked in
series to the lamp network, forming the load resonant circuit
of the class-E resonant inverter. The load resonant circuit of
the class-E inverter comprises the fluorescent lamps and
reactive components Lg, Cs, Cp, and Ct.

Once the BESS has been discharged completely, the utility
ac source is supplied to the single-stage high-power-factor
electronic ballast (Fig.11). Operating the buck-boost converter
at discontinuous conduction mode (DCM) reduces switching
loss. Hence, the loss when the active power switch is switched
on can be eliminated. Since the active power stitch S is turned
on and off at a high fixed frequency with a constant duty cycle,
the input current becomes a pulsating waveform at the same
frequency. By properly controlling the pulsating current
amplitude and duration, the average input current can be made
sinusoidal and in phase with input voltage. The high-
frequency harmonics of the input current is removed simply
by using a small low-pass filter at the input terminal.
Consequently, a near-unity power factor and very low
harmonic distortion are attained.

buck-boost converter

Fig. 11. Single-stage high-power-factor electronic ballast for a fluorescent
lamp

The power for the buck-boost PFC stage is supplied by
the utility ac source.

Vs (t) =V sin(27f | 1) (12)

where Vi is amplitude of the ac line voltage source and
f_is line frequency.

When the active power switch S is on, the line source
supplies current to the buck-boost stage. The unfiltered input
current, ijn, equals Ip. Because the buck-boost PFC stage is
operated at DCM over an entire line frequency cycle, Ip
increases from zero at the instant when the active power
switch, S, is turned on and peaks at the end of moment when
the power switch S is turned on. Then, it decreases to zero
before the end of moment when the active power switch is
turned on. Figure 12 shows the current waveform of the
inductor, Lp, in a completed utility line cycle. Its peak values

follow a sinusoidal envelope and can be expressed as

Vi sin(27f | t)|

(13)
2L, f,

I p, peak (t) =

where |V sin27f 1) is instantaneous line voltage,
which can be considered constant for each switching cycle.

The average value of input current lj, within a high-
frequency switching period can be calculated as

lin e (D) = TLI I, (Dd(t)

2

d
=—V, sin(2af t
2,1, m Sin(27f t)

(14)

Equation (14) indicates the input current is sinusoidal and in
phase with the ac line voltage. Therefore, as the buck-boost
PFC stage operates at DCM with a fixed switching frequency
and constant duty cycle, the input current naturally follows the
sinusoidal waveform of the utility ac line source.
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Consequently, a high power factor of the utility ac line can be
acquired.

ip, peak( t )

Fig. 12. Buck-boost inductor current
waveformAbbreviations and Acronyms

IV. EXPERIMENT RESULTS

The proposed system (Fig.3) connects two different sources
and two power relays. A programmable intelligent computer
(PIC) microprocessor senses and controls the operation of
peripheral interface devices such as the terminal voltage of the
BESS, relay operational status, pulse-width-modulated (PWM)
signal generation, and duty cycle control. Furthermore, the
computer microprocessor controls energy management,
including battery charging/discharging. The entire control
system (Fig. 3) optimizes the energy performance of the
hybrid system based on system state information, the BESS
and the utility ac line. If the BESS operates at an output power
condition (when providing energy to the electronic ballast, the
terminal voltage of the BESS gradually declines), the
microprocessor system only supervises the BESS policy of the
hybrid source system. Once the terminal voltage of the BESS
drops to the preset value, the utility ac line source supplies
power to the single-stage high-power-factor electronic ballast.
The microprocessor-controlled system controls energy
management of the BESS energy system and output power of
the utility ac line source system.

To verify the predicted operational principles and theoretical
analysis of the proposed hybrid-source-powered lighting
system with microprocessor-controlled digital switching
technique, electronic ballast is designed and built to drive a
27W fluorescent lamp. The input voltage from the utility ac
line is a sinusoidal wave of 110Vyyg at 60Hz. To sustain a
volt-second balance and avoid a spike current occurring at the
instant of relay transition, the duty cycle of the active power
switch must correspondingly adjust to accommodate the
voltage across the BESS. The selected switching frequency for
this prototype is set at 36.6 kHz. The single-stage high-power-
factor electronic ballast operates with a duty cycle of 0.35 to
generate a dc output voltage of 135V across a dc-link capacitor.
Table 1 lists circuit parameters. Figure 13 shows the steady-
state waveforms of the lamp voltage and lamp current of the
electronic ballast, which is directly driven by the PV-powered
BESS. The crest factor (CF) of the lamp current equals 1.43.
Figure 14 shows the measured experimental waveforms of the
experiment circuit, which are quite consistent with predicted
results. Notably, the active power switch and the shunt

Preprint for Peer Review

capacitor C_ were also softly commutated under zero-voltage-

switching conditions. Hence, the switching losses of this novel
electronic ballast are near zero. Moreover, the experimentally
obtained efficiency of the electronic ballast by the PV-
powered BESS equals 94.21%. When the terminal voltage of
BESS decreases to 105V, the relays are excited by the
microprocessor and the utility ac line supplies power to the
electronic ballast with a class-E topology. Therefore, single-
stage high-power-factor electronic ballast is achieved. Figure
15 shows the transient response of lamp voltage and current
waveforms of the electronic ballast during the switching
period from the PV-powered BESS to the utility ac line.
Transition time Tt=3.4ms is obtained. The results indicate that

power transfer is very smooth and fast during the transfer
period. The proposed ballast yields very good performance for
lamp voltage and lamp current waveforms, which are similar
to sinusoidal waveforms due to load characteristics of the
class-E resonant inverter. Figure 16 shows the measured
waveforms of the circuit components of the electronic ballast,
which is driven by the utility ac line. Figure 17 shows the
measured input line voltage and current waveforms when the
PFC circuit is supplied by an input voltage of 110V. At this
point in operation, the electronic ballast achieves a high power
factor exceeding 0.998 and a low total harmonic distortion of
< 4.28%. The proposed system yields an efficiency of about
92.1% at the full load. This is about 2.1% lower than that when
the electronic ballast is driven by a BESS as a rectifier stage
and PFC. Figure 18 compares the requirements of international
electrotechnical commission (IEC) 61000-3-2 Class C
standard and measured input-current harmonics, which meets
the IEC specifications.

Table 1 Circuit parameters

DC-link Capacitor Cyc 200uF
Inductor Lp 0.68mH
Inductor Lg 10mH
Inductor Lg 1.97mH
Capacitor Cg 9.35nF
Capacitor Cg 32.8nF
Capacitor Cp 6.5nF
Capacitor Cf 12nF

EVAVAVAN/
ia”“’\/\/\‘_/‘\/

Vlamp: 100V/div, i|amp:0.5A/div,Time: 10us/div

Fig. 13. The measured waveforms of lamp voltage and lamp current
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Fig. 17. Measured waveforms of Vs, ijy, and Ip

35%

iCE.J\J_J\j_[\jJ\ @ Measured harmonic contents
30%

= JEC 61000-3-2 Class C

i/ NN\ 25%

Vc:100V/div, Ige:0.5A/div, v £:200V/div, Vgs:10V/div, i:0.5A/div, 20%

VCE:ZOOV/div s iCE:IA/div, ir:1A/div, Time:10ps/div 15%

Fig. 14. The measured waveforms of the electronic ballast driven by the PV- 10%
powered BESS

5%

0%
3 5 7 9 11 13

Harmonic orders
Vlampm Fig. 18. Input current harmonic magnitude as percentage of the fundamental
amplitude
O
o V. CONCLUSIONS

< I >

Driven by BESS 11 Driven by the utility ac line |

Vianp: 100V/div, hamp: | A /div, Time:50ms/div This work presents noYel elec'tronic ballast with a simple

Fig. 15. The lamp voltage and current waveforms of the electronic ballast structure, small volume, light weight, and low energy transfer
operated at the transition period from BESS to the utility ac line. losses. The electronic ballast circuit utilizes only a single

active power switch and, unlike the traditional electronic
ballast driven by a PV-powered BESS, does not require any
s output transformer. No power loss occurs between the BESS
and electronic ballast without an additional power processing
stage. Moreover, since commutations in the active power

A A / switch of the resonant inverter are achieved at zero voltage,
‘ electronic ballast switching losses are very low, resulting in
extremely high efficiency. Consequently, ballast efficiency
can be as high as 94.21%. A prototype of the proposed ballast

Vee W for a 27W fluorescent lamp was implemented. As expected, a
lamp current waveform with a low crest factor is obtained.

icE"']\f“‘l\f'J\/"’\ The proposed topology is a viable solution for implementing

low-cost high-efficiency electronic ballasts for PV-powered

BESS applications.
Ip,/\_/\_/\_/\_ Furthermore, when the voltage of the BESS declines to the

preset discharge point, the microprocessor-controlled relays

) will automatically switch to the utility ac line that continuously
"'/\J’W supplies power for the electronic ballast. Under this operating
Vigs: 10V/div, ig: 1 A/div, Ve, :200V/div . igg:1A/div, Ip: 1A/div, ir: 1 A/div, condition, the single-stage structure is obtained by integrating a

Time: 10ps/div buck-boost converter for PFC and a class-E resonant inverter
Fig. 16. Measured waveforms of the circuit components of the electronic for the electronic ballast. Only one active power switch is
ballast driven by the utility ac line commonly used by both power stages to reduce the cost of

978-1-4244-3399-5/09/$25.00 A© IEEE 2009
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active switches and control circuits. When the active power
switch is softly switched at zero voltage and DCM, switching
losses can be eliminated completely leading to high efficiency.
Moreover, power losses are also be reduced by using few
circuit components. Consequently, ballast efficiency is as high
as 92.1%. Theoretical analysis and experimental results prove
that a near-unity power factor and very low THD can be
achieved. The proposed electronic ballast with microprocessor-
controlled digital switching is a good solution for hybrid-
source applications.
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