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Abstract — The modulation index control is used in this
work to control the lamp power supply permitting the
removal of the output transformer out of the inverter-
resonant filter setup. The Acoustic resonance in HPS
lamps can be avoided by using a controlled PWM
inverter and third harmonic injection.

Experimental and simulation results are shown for the
control of the inverter power subject to variation in the
input voltage. Results for different DC bus voltages are
also provided which attest the transformer removal and
avoid the acoustic resonance with different modulation
indexes. An ignitor for high-intensity discharge lamps,
based on forced oscillation via an external periodic
voltage square wave, supplied by a digitally controlled
inverter, is also presented. The crest factor of the current
can also be reduced by this approach.

Keywords - Acoustic Resonance Avoidance, HPS
Lamps, Harmonic Injection, Modulation Index, PWM.

I. INTRODUCTION

High pressure sodium (HPS) lamps present some
interesting characteristics, such as high light efficiency, long
lifetime (around 32,000 hours) and pleasant colors, which
justify its large scale use in public lighting. Standard HPS
lamps have their color rendering index, Ra, as defined by the
CIE-1974, around 25 in a scale ranging from 0 to 100. New
models of these lamps present better indexes for the color
reproduction, going up to 85 in the CIE-1974 range, although
with shorter lifetime and lower light efficiency [1].

The main challenge when designing electronic ballasts for
HPS lamps is to avoid acoustic resonance, which consists on
gas pressure fluctuation inside the discharge tube of the
lamp, when supplied by high frequency power source (from a
few kHz to hundreds of kHz). The most relevant effects of
the acoustic resonance are the light movement and
fluctuation, usually called flicker, the light arc extinction due
to its lengthening, the destruction of the discharge tube
owing to overheating and, even when the arc is not
extinguished, there are, eventually, temperature and Ra
variations [2].

There are several ways to avoid the occurrence of the
acoustic resonance and its nuisance, that consist basically in
three strategies: first, to avoid frequencies where the acoustic
resonance occurs [3]-[9]; second, to switch frequencies
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whenever the acoustic resonance is detected which implies in
methods for detecting it [10],[11],[12]; third, even when
operating the ballast in frequencies where acoustic resonance
occurs, to avoid exciting it through spreading the frequency
spectrum [13]-[21],[28]. Each and every one of these
alternatives has its advantages and drawbacks as will be
pointed out further.

An interesting way of achieving the harmonic injection,
while varying the voltage and power supplied to the lamp is
to modulate the voltage applied to the lamp, i.e., a high
frequency current modulated by a low frequency waveform
[23],[24].

Note that the PWM inverter provides technical means for
both, the modulation index variation and the harmonic
injection necessary to avoid the acoustic resonance.

The reminder of the paper is organized as follows. The
harmonic injection method is revisited in the next section.
The proposed topology and some typical waveforms are
presented in the third section. The fourth section shows the
ignition circuit of the ballast and presents experimental
results, while the conclusions are presented in the last
section.

II. HARMONIC INJECTION METHOD

As it was mentioned [16], using a specific constant
frequency in the (20-200) kHz range where Acoustic
Resonance (from now on named as AR) does not occur is not
an efficient strategy due to dependency of this phenomenon
to the lamp power, manufacturer, shape and also with the
aging of the lamp. The occurrence of AR happens in a large
spectrum of frequencies and does not show a predictable
pattern [1]. Apart from that, these frequencies may change
over the lifetime of the lamp.

The present paper deals with this problem, investigating a
new approach that consists first, in injecting harmonics to the
supply voltage of the lamp through a PWM inverter (as
mentioned in the introduction) and second, using a frequency
operation range not frequently used in electronic ballasts
which is (1-10) kHz. Generally, an operation frequency
above 20 kHz is used, for audible noise issues, but due to
problems with the AR, we decided to decrease the operation
frequency to a range close to that used when feeding of the
lamps with square wave voltages [22],[28],[29].

The harmonic injection approach is based on spreading
the frequency spectrum of the power delivered to the lamp,
thus reducing the power associated to each frequency. The
idea behind the method is that, if any of the frequencies
applied to the lamp corresponds to an AR frequency, its
intensity (power) would not be enough to excite this
phenomenon.
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The proposed method consists in injecting harmonics
through their addition to the fundamental reference signal of
the PWM inverter which will synthesize the voltage applied
to the resonant filter feeding the stationary voltage to the
lamp. The main feature of this method is its modularity, since
the harmonics are injected via software.

The reference voltage signal of the PWM is given as (1)
where fgnq is fundamental frequency of the supply voltage:

vy (1) = zla SIn(2if 1) 0

Where:
i - the harmonic order,
a; - magnitude of the harmonic.

An immediate advantage of this approach is the need of a
single output filter no matter how many harmonics are
injected. Another important feature is the simplicity
achieved. Indeed, reference signals are generated without the
inconvenient in calculating the phase shift between gate
signals of each inverter leg. For details on the PWM
implementation to synthesize the voltage waveform in (1),
see [16].

As mentioned before, it is quite simple to add new
harmonic components to the lamp voltage, as well as to
synthesize different and arbitrary voltage waveforms. The
harmonic injection via PWM is digitally made and therefore,
modifications in the injected signals are easily implemented
by software.

Harmonics injection, through PWM using a full bridge
inverter, demands a specific design for the filter at the output.
This is based on two conditions, necessary to the appropriate
behavior of the proposed method: the fundamental and the
third harmonic must 1) be injected without attenuation and 2)
with the smallest phase shift possible [16].

III. PROPOSED TOPOLOGY

Figure 1 presents the diagram of the full bridge inverter
used in the proposed method. The driving signals and their
respective complementary signals, which correspond to the
asymmetrical three level (AS3L) PWM, are described in
detail in [16]. The choice of the PWM AS3L is due to a
better synthesis of the voltage waveform applied to the lamp
for the same frequency, when compared to the symmetrical
two level PWM. Note that the dc voltage corresponds to the
PFC Boost converter output.

Full
Bridge
Inverter L

Vdc - -
T Top =
T Lamp
Harmonic Injection pwn | Gate ﬂ

Method driver

Fig. 1. Diagram of the full bridge inverter with the LC filter.

The use of a Boost DC-DC converter in the ballast aims at
correcting its power factor. In order to reduce cost and size,
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the PFC Boost output voltage is normally high. This implies
a smaller inductor. Given that the full voltage range of the
reactor is 110-220Vrms, using a Boost converter implies that
the converter output voltage is greater than the supply
voltage to the lamp. This is case even when a full-bridge
inverter is used to generate a square-wave to the lamp or pure
harmonic injection. Therefore a transformer has to be used to
adjust the voltage applied to the lamp. In general, electronic
ballasts with Boost PFC, as shown in Figure 2.a., demand the
use of a transformer at the output, in order to provide the
nominal voltage of the lamp.

In order to eliminate the transformer at the ballast output,
which is generally used with PFC Boost converters the
voltage regulation via the inverter is proposed. Same
examples PFC boost converters can be found in [3],[11],
[16],[25].[28].

The proposed topology, as shown in Figure 2.b., avoids
the inconvenience of the transformer by controlling the
modulation index of the inverter as a means of regulating the
output voltage and, at the same time, allowing the use of a
small boost inductor. Therefore, the ballast weight and size
are reduced. On the other hand, the harmonic injection
technique to avoid acoustic resonance can be also applied in
together with the lamp voltage regulation.

For places where the grid voltage is 220 V@50/60 Hz, the
de link voltage is 311V, which is the input to the PFC Boost
converter. With this input voltage it is possible to have the
usual 400 V at its output, which is the dc link voltage. Thus,
the input current control renders a low THD, within the
limits imposed by the IEC-61000-3-2 standard.

I PEC

filres Boost
EE 0 S—l BT,y 4, WA Vo - Y gy
- M A s | l e
) = & . CE- ¥ -
T Vimaln | T 1 l ! Lamp
4 = = 4
Square-wave or Tt
l Harmanic Injection . 4|‘||wu
a)
gt Pr
filver Boon Jr—
bain i : L [ 1 .
| ; ‘- L s
& L% BE 4 | BB T =
T Vimali | +— Lamp

Fig. 2. a) Block diagram of the conventional electronic ballast, with
output transformer and b) Block diagram of the proposed electronic
ballast, controlling the modulation index.

For places where the grid voltage is 110/127 V@50/60
Hz, the dc link voltage is 155/180 V. In this case, the PFC
Boost converter output voltage can be established at 250 V.
In order to illustrate the two conditions described above,
Figure 3 shows the voltage waveforms at the inverter output
with two different voltages at the PFC stage output: 250 V
and 400 V. The lamp nominal voltage and power are 100
Vrms and 150W, respectively. It is worth mentioning that the
nominal voltage in the lamp can be obtained using a
transformer with an appropriate transforming ratio. Thus, the
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modulation indexes would be always, m; = 1 and m; = 0.33,
where m; is the modulation index of the i™ harmonic.
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Fig. 3. Waveform of the inverter output voltage (100 V/div) for
two different DC bus.

In order to validate the proposed approach, the simulations
of the lamp voltage are provided for both, the conventional
and the proposed topology.

Table I presents the modulation indexes as a function of
the PFC converter output voltage. Note that the voltage ratio
400/145 corresponds to the voltage supplied to the lamp
using a transformer. The other voltage ratios correspond to
the ballast without transformer, i.e., the modulation index for
the fundamental frequency, (m;), is less than 1, and the one
for the third harmonic, (mj3), less than 0.33.

TABLE I
Modulation indexes for different values of the DC Link
voltages — PFC converter output

Vl"\’ (V)
Modulation With w/o w/o
index transformer transformer transformer
(400/145) 250 400
m; 1 0.58 0.36
m; 0.33 0.19 0.12

Figure 4.a. presents the voltage waveform of both the
conventional and the proposed electronic ballast. For the
conventional ballast (with transformer) the modulation
indexes are, m; = 1 and m; = 0.33. Given that the voltage
output of the PFC stage is 400 V, in the case of the
conventional ballast, the transformer has a transformation
ratio of 1:0.36 (400:145). For the proposed topology, the
modulation indexes are m; = 0.36 and m; = 0.12, which
provide the nominal voltage in the lamp without the output
transformer. In the case where the dc link voltage is 250 V,
the following modulation indexes are: m; = 0.58 and m; =
0.19. The switching frequency used in the experimental setup
was fPWM =32.768 kHz.

Figure 4.b. shows the harmonic spectra of the lamp
voltage for both cases. It is worth noticing that the
modulation index reduction, which occurs in the proposed
approach, implies in a higher harmonic distortion.
Nevertheless it is not a significant problem, since this
distortion occurs in high frequency, as it can be seen from the
figure. In other words, the acoustic resonance approach
technique of harmonic injection is preserved.
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Fig. 4. a) HPS lamp voltage waveform for the proposed ballast
with reduced modulation index and the conventional ballast and b)
harmonic spectra of the lamp voltage for both cases.

IV. IGNITION CIRCUIT

The proposed ignition circuit is based on a parallel
resonant circuit. The parallel resonant circuit is excited with
an external periodic voltage square wave through an inverter
[26]. The voltage amplitude is V4., and voltage frequency,
®ign, 1 close to the resonance frequency of the circuit
depicted in Figure 5.

Full L

Brid -
In:e?tirj—w _L
. T Css |
T — cign ==

*
Vdc Z§ Vinv
|- —— Lamp
—| cmd_ign
Gate
driver ﬂ‘

Fig. 5. Diagram of the ignition circuit proposed.

Square waveform
PWM

mign

The time response of the voltage waveform in this type of
circuit has a lobular form. The analysis of this phenomenon,
as will be done later on, allows the determination of the
necessary ignition frequency, fig,, and the external square
wave amplitude, Vy,, in order to have voltage lobes in the
lamp with pre-specified amplitude and duration. The lobe
amplitude is determined from the standard ignition voltage of
the lamp. The lobe duration is a consequence of the pre-
specified number of ignition trials [26].

The maximum ignition frequency, Fig max is calculated
for each possible PFC output voltage (250 V or 400 V) in
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order that the voltage lobe maximum value does not exceed
the rated voltage of the ignition capacitor Ci,,. The ignition
frequency, Fig,, must be smaller than Fig, max.

The gain Gy,, depends on the topology of the inverter
used, given as: a) full bridge inverter: G;,, = 4/7 and b) half
bridge inverter: Gy,, = 2/7.

The ignition voltage amplitude, Vi, can be given as a
function of the inverter gain, Gy,, and the desired voltage
gain, designed in order to obtain the ignition voltage, Gig,, as:

V = GinvGignGmodI/inv (2)

gn
The gain Gy,oq in (2) is equal to 0.5, due to the amplitude
modulation of the signals. The procedure for designing the
ignition circuit is as follows [26].
1. The maximum voltage ignition, Vig,, is chosen and the
gain Gig,, expressed in decibel, is calculated in order to

achieve the desired Vi, as:
ign .]a)i n = Og S
y ¢ Vchinv

2. The ignition frequency, Vi, is determined by the
frequency response of the parallel LC inverter, given by:

Gign(s)z D 1
J(s/@,)* +(s/ @,0) +1

where Q = R/myL and o, = I/~ LC . Note that Vi, is the
frequency with which the inverter shall operate until the
ignition of the arc.

The ignition gain, expressed as a function of the ignition
frequency, obtained from (3), is given as:

1
| G[gn (]a)()) |:
JU=(@,,/@))+ (@, 2,0)’
Table II presents the ignition frequency values as a

function of the PFC output voltage for L = 833 uH and Cig, =
5 nF [16]. The ignition voltage is 2.8 kV.

“

(&)

TABLE 11
Ignition frequencies for each DC link voltage
(PFC output voltage)

Vde (V) Fign (kHz) Fign_max (kHz) ) SS\‘}‘R{ a)
120 73.61 74.61 25
250 68.55 70.76 12
400 62.21 66.04 75

One of the main advantages of using an ignition circuit,
which forces the oscillation of the lamp voltage, is the
inherent limitation of current and voltage on the ballast
components, diminishing their stress. This is due to the fact
that the ignition occurs in a natural way, as the voltage
reaches the necessary amplitude for that particular lamp.
There is no need for the nominal voltage to be constantly
applied to the lamp as it is in regular resonant ignitors.

V. POWER CONTROL
Other than providing for index modulation and harmonic

injection, the controlled PWM inverter can regulate the lamp
voltage and guarantee nominal power in the lamp at any
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circumstance, such as a change in the lamp impedance with
time (slow variation) or DC link voltage perturbations (fast
variations).

This can be accomplished by using the lamp current and
voltage measurement and feeding them back to the inverter
by an appropriate control law. Figure 6 presents the block
diagram of the power controller, which has the basic features
of controlling the modulation index and injecting harmonics
in the voltage. Note in this diagram the presence of the
saturation block at the controller output that prevents the
inverter to operate with over modulation. Note also, the gain,
k =0.345, which provides the injection of the third harmonic
with an amplitude slightly larger than 1/3 of the fundamental.
The controller was designed taking into account slow
dynamics on the lamp impedance variation, which can be
modeled as a slow time varying resistance. Inverter input DC
voltage (fast dynamics) variations were also considered [27],
[29].

In order to maintain the output power constant and
compensate for the lamp aging, one has to use its current and
voltage measurements. As it can be seen from the block
diagram of the lamp power control, in Figure 6, this is done
via the dynamical adjustment of the modulation index of the
PWM inverter. Note that the saturation block at the controller
output is used to avoid this value to exceed the maximum
comparative amplitudes of the PWM for both, the
fundamental and the third harmonic signals. The controller
design takes into account the inverter input voltage variation
and assumes a slow variation of the lamp impedance that
when fed by a high frequency voltage can be modeled as a
resistance. The resistance variation due to the aging of the
lamp is not a dynamical concern, since it is slow. The
perturbation rejection of the PI has to be tuned and respond
to the inverter input voltage variation.

Fundamental sin

Power
reference
Powe ’
sanple

3rd harmonic sin

Fig. 6. Block diagram of the power controller using the modulation
index compensation.

VI. EXPERIMENTAL RESULTS

For the experimental test of the proposed technique, an
electronic ballast was implemented to supply the following
150 W lamps: GE Lucalox LU150/100/D/40; OSRAM
VIALOX NAV-E 4Y; and PHILIPS SON PRO.

The switches used in the experimental tests were IGBTs
(IRGB20B60PD1), with nominal current and voltage
capacities, 13 A/600 V and limiting switching frequency, 150
kHz. The inductor has an E42 type ferrite core (Thornton)
and the capacitor parameters are 100 nF/500 V (Epcos). The
single IGBT gate drivers used are MC33153P (On
Semiconductor).
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A DSP from Texas Instruments (TMS320F2812) was used
to generate the driving pulses of the full bridge inverter, both
for the ignition process and the steady state operation, as well
as the pulses for the power factor correction stage and the
ballast fault protection [15].

components of the ballast [29].

Table III presents the comparison of the modulation
indexes of simulation and experimental results for different
values of the DC link voltage. The m; e m; values between
the simulated and experimental results are different due to
voltage drops which occur in the system, therefore they were
increased to maintain the rated voltage at the lamp.

TABLE III
Comparison of the modulation indexes of simulation
and experimental results for each value of the DC link

voltage
Simulation Experimental

Vdc (V) m, m; m; m;

145 0.95 0.30 1 0.33

215 0.63 0.21 0.67 0.22

250 0.58 0.19 0.60 0.20

270 0.53 0.17 0.56 0.19

360 0.38 0.14

400 0.34 0.12

Figure 7.a. shows the current and the voltage measured in
the lamp (GE) operating at its rated values (100 Vrms and
1.5 Arms), with fundamental frequency of 3.5 kHz and
switching frequency of 32.768 kHz, with the following
modulation indexes: m; = 1 and m; = 0.33. Figure 7.b.
presents the lamp current and voltage waveforms. In this
case, the transformer is removed and therefore, the
modulation indexes are: m; = 0.60 and m; = 0.20, for the
experimental situation.

The peak value of the current in the lamp shown in Figure
7.a.1s 1.8 A whereas it is 2 A in Figure 7.b. Not that in both
cases the rms value of the current is 1.5 A. Thus, the crest
factor is 1.2 and 1.33, respectively, for these two different
modulation indexes.

Figure 8.a. and 8.b. show the current and the voltage
harmonic  spectra, respectively, for two different
configurations: the curves in black are those for the circuit
including the transformer, where the modulation indexes are,
m; = 1 and m; = 0.33; the curves in gray are for the circuit
without transformer, where the modulation indexes are, m; =
0.60 and m3;= 0.20. For the voltage and current waveforms in
the lamp, using m; = 0.60 and m; = 0.20 (Fig. 8.b.), the THD
obtained were 34.85% for the voltage and 35.01% for the
current. Note that the DC link voltage is 250 V and the PWM
switching frequency is, fpwym = 32.768 kHz.

Figure 9 shows the three level PWM inverter output
voltage and lamp voltage waveforms for two different DC
bus voltages. Figure 9.a. shows the electronic ballast with
transformer, with modulation indexes: m; = 1 and m; = 0.33
and Figure 9.b. shows the -electronic ballast without
transformer, where V4. = 250 V and the modulation indexes
are: m; = 0.60 and m; = 0.20, in Figure 9.c. shows the
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Note that the use of
microprocessors imply in the reduction of the total amount of

electronic ballast without transformer, where V4. = 270 V
and the modulation indexes are: m; = 0.56 and m; = 0.19.
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Fig. 7. a) Waveforms of the measured voltage (100 V/div) and
current (2 A/div) in the lamp, for modulation indexes m;=1 and
m;=0.33, b) without transformer, V4=250 V, m;=0.60 and
m;=0.20.
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Figure 10 shows experimental results of the measured
voltage in the lamp during the ignition process for Fig, = 73
kHz (a) and F,, = 67 kHz (b). For Fj,, = 73 kHz, the DC link
voltage is 120 V, whereas for Fi,, = 67 kHz, the DC link
voltage is 250 V. The ignition is performed with the same
inverter circuit of the steady state operation. It is based on the
forced oscillation (beating) of the voltage frequency [26].
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a 10% variation of the DC link voltage (270V). Figure 11.a.
shows the lamp current (Ilamp) and voltage (Vlamp/10)
waveforms, whereas Figure 11.b. shows the fundamental
(m;) and the third harmonic (m;) sinusoidal waveforms with
their respective modulation indexes. Finally, Figure 11.c.
depicts the measured (P_sample/100) and reference
(P_ref/100) (nominal) power as well as the average power
(P_avg/100).

3.00
200 bt gk 1 b

o000 |- L L L
300

2000
1000

-10.00

Eletron. Potén., Campo Grande, v.18, n.1, p.815-822, dez.2012/fev.2013



Vmi
080

040 lJIJ
Wi

A :|i By B :\ ol
IRE | i | I| IV IR i !\_ |' | | ’l I
| il
020t 'T]"I'I'}T L|I|.'|||]|III .I.,
[TTIREANAN 1 | |

| IR BT IRYRERY I 1
020 'Hil Iiir'”lf'!lil !|i| |"I' HA R .!."[
040 l." ¥ 1‘| W | \'.' ]f' '\l I N N
B O OO SO S OSSOSO SO

02: !'“l”l“JH ]llfll}[’ F”” Hl”“ll” ;]Jl|1 |!|Jl[|u
! il "T'ﬂlu' fi A'n‘ H'II'H i |||||||||A il 1 it L I
1I5|[|a|l|1vaHJ Ltln[i U“H] il it Hihl]llri l\ ‘ It L [Ii Vm}nv

Wim3

0.

04

3

Bnnn 95,00 105.00 110,00 115,00 120.00

Tima (ms)

b)

170 PreUIOONN]_P_avg100MW)
165
160
1565

150

P_retioopn]
145 i
P_samglel100[W]

A

M ir“l HHH] fl |l

80,00 95.00 100.00 105.00 110,00 I 5.00 12000
Time (ms)

¢)
Fig. 11. a) lamp current and voltage , b) fundamental, m;, and
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average and sample power both for a 10% DC voltage variation
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All the tests in the lamps were performed in regions where
acoustic resonance occurs, following the procedures adopted
n [16] and, in none of the tests this phenomenon was
observed. Furthermore, the generated harmonic powers were
analyzed and stayed below 5%, in agreement with that
presented in [15].

VII. CONCLUSIONS

A full bridge inverter operating with an asymmetrical
three level PWM was built and equipped with a filter
designed for both ignition and steady-state operation.

One of the main features of the proposed technique is
modularity and simplicity for the synthesis of the lamp
supply voltage waveform. Controlled third harmonic
injection in the lamp voltage is done aiming at avoiding AR.
This is based on spreading the frequency spectrum of the
power delivered to the lamp thus reducing the power
associated to each frequency. Therefore, if any of the
injected frequencies applied to the lamp correspond to an AR
frequency its intensity (power) would not be enough to excite
this phenomenon. Acoustic resonance was shown to be
avoided with the third harmonic injection approach.

The ignition circuit proposed and studied in this paper has
shown, through experimental results, the capability of
producing the necessary voltage amplitude for the ignition of
the lamp.

The control of the modulation index in the inverter
provides the regulation of the HPS lamp voltage without the
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need of an output transformer, thus reducing, cost, volume
and weigh of the ballast. Also, the possibility of varying the
lamp voltage with the inverter modulation index makes it
possible to provide nominal power to the lamp, even with
variations on its parameters, along its entire lifetime.

REFERENCES

[1] J. de Groot, and J. van Vliet, The High-Pressure Sodium
Lamp, Philips Technical Library, 1986.

[2] J.R. Coaton and A.M. Marsden, Lamps and Lighting,
Fourth Edition, Arnold, 1997.

[3] S. Ben-Yaakov, and M. Gulko, “Design and
performance of an electronic ballast for high-pressure
sodium (HPS) lamps”, IEEE Transaction on Industrial
Electronics, vol. 44, no. 4, pp. 486-491, 1997.

[4] F.J. Ferrero et al.,“Analysis and design of an ac/ac
resonant converter as a high pressure sodium lamp
ballast”, Industrial Electronics Society - IECON, vol. 2,
pp. 947-952, 1998.

[5] C. Branas et al.,“Contributions to the design and control
of LCsCp resonant invert to drive high-power HPS
lamp”, IEEE Transactions on Industrial Electronics, vol.
47, no. 4, pp. 796-808, 2000.

[6] C. Braiias, F.J. Azcondo, and R.Casanueva, “Simplified
analysis of a PWM-controlled parallel resonant inverter
for electronic ballast applications”, [EEE Industrial
Electronics Conference - IECON, 2009, pp. 3557-3562.

[7] Q. Mao et al., “MHz Operation of voltage-fed inverter
for HID lamps using distributed constant line”, /EEE
Transaction on Industrial Applications, vol. 34, no. 4,
July/August 1998.

[8] J. Cardesin, J. Garcia, J. Ribas, J.M. Alonso, A.J.
Calleja, E.L. Corominas, M. Rico-Secades, and M. Dalla
Costa, “Low-Cost PFC Electronic Ballast for 250W HID
Lamps Operating as Constant Power Source with
400kHz Switching Frequency”, IEEE Power Electronics
Specialists Conference - PESC, pp. 1130-1135, 2005.

[9] F.L. Tomm, A.R. Seidel, A. Campos, M.A. Dalla Costa,
and R.N. Prado, “HID Lamp Electronic Ballast Based on
Chopper Converters”, [EEE Trans. on Industrial
Electronics, vol. 59, no. 4, pp. 1799-1807, April 2012.

[I0]L. Laskai; P. Enjeti, and I. Pitel, “White noise
modulation of high-frequency high-intensity discharge
lamp ballasts”, IEEE Trans. on Ind. Appl., vol. 34, no. 3,
pp- 1953-1961, May/June 1998.

[117W. Yan; Y.K.E. Ho, and S.Y. R Hui, “Investigation on
methods of eliminating acoustic resonance in small
wattage high-intensity discharge (HID) lamps”, /EEE
Industry Application Society Annual Meeting - IAS,
Roma, Italy 2000.

[12]1H. Peng et al., “Evaluation of acoustic resonance in
metal halide (MH) lamp and an approach to detect its
occurrence”, IEEE Industry Application Society Annual
Meeting - IAS, pp. 2276-2283, 1997.

[13]1M. Ponce et al., “Electronic ballast for HID lamps with
high frequency squarewave to avoid acoustic resonance”,
IEEE Applied Power Electronics Conference - APEC,
Anaheim, vol. 2, pp. 658-663, 2001.

[14]M.A. Dalla Costa, J.M. Alonso, J. Garcia, J. Cardesin,
and M. Rico-Secades, “Acoustic  resonance

821



characterization of low-wattage metal halide lamps
under low-frequency square-waveform operation”, [EEE
Trans. Power Electron., vol. 22, no. 3, pp. 735-743,
May 2007.

[15]J. M. Alonso, J. Ribas, M. Rico-Secades, J. Garcia, J.
Cardesin, and M.A. Dalla Costa, “Evaluation of high-
frequency sinusoidal waveform superposed with third
harmonic for stable operation of metal halide lamps”,
IEEE Trans. Ind. Appl., vol. 41, no. 3, pp. 721-727,
May/Jun 2005.

[16]L.M.F. Morais, P.F. Donoso-Garcia, S.I. Seleme Jr, and
P.C. Cortizo, “Acoustic Resonance Avoidance in High
Pressure Sodium Lamps Via Third Harmonic Injection
in a PWM Inverter-Based Electronic Ballast”, /[EEE
Trans. on Power Electron., vol. 22, no. 3, pp. 912-918,
May 2007.

[17]L.M.F. Morais, P.F. Donoso-Garcia, S.I. Seleme Jr, and
P.C. Cortizo,“HPS Electronic Ballast With Modulation

Index Control”, International European Power
Electronics Conference and Exhibition—EPE, 9 pages,
20009.

[18]L. Chhun, P. Maussion, S. Bhosle, G. Zissis, And O.
Durrieu, “HPS Lamp Control by Signal Injection of
Approaching Frequency to Avoid Acoustic Resonances:
Application to an LCC Circuit”, International European
Power Electronics Conference and Exhibition—EPE, 7
pages, 2009.

[19]M. A. Dalla Costa, J. M. Alonso, J. Cardesin, J. Garcia,
and D. G. Lamar, “A single-stage high-power-factor
electronic ballast based on integrated buck flyback
converter to supply metal halide lamps”, IEEE Trans.
Ind. Electron., vol. 55, no. 3, pp. 1112—-1122, Mar. 2008.

[20]R. Orletti, M.A.C6, D.S.L.Simonetti, and J.L.F.Vieira,
“HID lamp electronic ballast with reduced component
number”, [EEE Trans. Ind. Electron., vol. 56, no. 3, pp.
718-725, Mar. 2009.

[21]L. Chhun, P. Maussion, S. Bhosle,G. Zissis, and O.
Durrieu, “Injection of adjacent frequency signals for
acoustic resonance avoidance in HPS lamp”, IEEE
Industrial Electronics Society - IECON, 2009, pp. 3537-
3544.

[22]M.A. Dalla Costa et al., “Integrated power topologies to
supply HPS lamps: A comparative study”, [EEE
Transaction on Power Electronics, vol. 25, no. 8, August
2010.

[23]L.M.F. Morais, P.F. Donoso-Garcia, S.I. Seleme Jr, P.C.
Cortizo, and F.N.A. Silva, “Acoustic resonance rejection
via voltage modulation method for HPS lamps”, /IEEE
International Symposium on Industrial Electronics-ISIE,
pp- 2996-3001, 2007.

[24]G.C.R. Sincero, and A.J. Perin, “High Pressure Sodium
Lamp High Power Factor Electronic Ballasts Using AC—
AC Converters”, IEEE Trans. on Power Electron., vol.
22, no. 3, pp. 804-814, May 2007.

[25]F.J. Azcondo et al, “Power factor correction without
current sensor based on digital current rebuilding”, IEEE
Trans. on Power Electronics, vol. 25, no. 6, pp. 1527-
1536, June 2010.

[26]L.M.F. Morais, P.F. Donoso-Garcia, S.I. Seleme Jr, and
P.C. Cortizo, “Forced oscillation in LC circuit used for

822

the ignition of discharge lamps”, IET Power Electronics,
vol. 1, no. 1, pp. 93-99, 2008.

[27]1A.L. Kirsten, M.A. Dalla Costa, C. Rech, R.N. Prado,
and T.B. Marchesan, “Digital Control Strategy for HID
Lamp Electronic Ballasts”, /EEE Trans. on Industrial
Electronics, vol. 60, no. 2, pp. 608-618, February 2013.

[28] A.L. Fuerback, C.S. Postiglione, C.B. Nascimento, D.C.
Martins, and A.J. Perin, “Near-Unity Power Factor
Electronic Ballast Based on Integration Techniques to
Drive High-Intensity Discharge Metal Halide (HID-
MH) Lamps”, IEEE Trans. on Industrial Electronics,
vol. 59, no. 4, pp. 1760 - 1769, April 2012.

[29]M.A. Dalla Costa, J.M. Alonso Alvarez, J. Garcia, A.L.
Kirsten, and D.G. Vaquero, “Microcontroller-Based
High-Power-Factor Electronic Ballast to Supply Metal
Halide Lamps”, IEEE Trans. on Industrial Electronics,
vol. 59, no. 4, pp. 1779 - 1788, April 2012.

BIOGRAPHIES

Lenin Martins Ferreira Morais, born on 04/03/1978 in
Pirapora-MG is electrical engineer (2000), MSc (2002) and
PhD in Electrical Engineering (2007) by Universidade
Federal de Minas Gerais — UFMG.

Presently he is full Professor at the Electronic Dept.—
DELT-UFMG. His research interests are: Power electronics,
electronic ballasts for HID lamps, PFC converters, and
electronic control systems. Prof. Lenin is a member of
SOBRAEP, Power Electronics Society and also affiliated to
the IEEE Industrial Electronics Society.

Pedro Francisco Donoso-Garcia, born on 1955 in Lima,
Peru is electrical engineer option in electronics (1981) by
Universidade Federal do Rio Grande do Sul — URGS, MSc
(1986) by Universidade Federal de Minas Gerais — UFMG
and PhD in Electrical Engineering (1991) by Universidade
Federal de Santa Catarina — UFSC.

Presently he is Associate Professor at the Electronic
Dept—DELT-UFMG. His research interest include: high
efficiency power supply, uninterruptable power systems,
electronic ballasts, linear and switched audio amplifiers.

Seleme Isaac Seleme Jinior, born on 1955 in Palmas-
PR, is electrical engineer (1977) by Escola Politécnica de
Sdo Paulo — EPUSP, MSc (1985) by Universidade Federal de
Santa Catarina — UFSC, PhD (1994) in control and
automation by Institut National Polytechnique de Grenoble —
INPG, France, with post-doctoral stage in the Power
Electronics Group in the University of California, Berkeley
on 2002.

Presently he is Associate Professor at the Electronic
Dept—DELT-UFMG. His research interest include: power
electronics, power electronic converter control, electrical
drives and electromechanical system control.

Porfirio Cabaleiro Cortizo, born in Belo Horizonte-MG
on 26/03/1955. Graduate in Electrical Engineer on 1978 at
UFMG and PhD in Electrical Engineer on 1984 at Institut
National Polytechnique de Toulouse, France.

Since 1984 he is teaches at the Electronic Dept.—DELT—
UFMG, being presently an Associate Professor. His field of
expertise is Power Electronics with emphasis in
Uninterruptable Power Systems, high frequency Switching
Power Supplies, and DSP — based control techniques.

Eletron. Potén., Campo Grande, v.18, n.1, p.815-822, dez.2012/fev.2013



