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Abstract— This work presents a study of modulation tech- However, the main inconvenient is to guarantee crest factor
niques for synthesis in electronic ballasts presenting two main in the lamps below standard limits.
features. First, by modulating low frequency waveforms via — Thjg work presents a study of modulation techniques for
high frequency PW M one assures acoustic resonance rejectlon.the voltage synthesis in electronic ballasts presenting tw
Second, by using saturated sinusoidal low frequency lobes, one™ ™ : .
controls the crest factor on the lamp voltage. A brief review Main features. First, by modulating low frequency waveform
of similar techniques is done and experimental results of the via high frequencyPW M one assures acoustic resonance
proposed approach are presented. rejection. Second, by using saturated sinusoidal low feaqu

Keywords - Acoustic resonance avoidance! S lamps, PW M, |ohes, one controls the crest factor on the lamp voltage.
modulation low frequency. The structure proposal for this work is the following one:
First, the Introduction section, presenting the problend an
considering its solution. After that, a section describthg

The acoustic resonance phenomenon in High-Presshigh frequencyPW M used to synthesize the low frequency
Sodium lamps K PS) is a relevant subject when supplyingwaveform and the applied topologies of the ballast for this
these lamps with medium or high frequency via electronjgurpose. The third section describes a way to vary the crest
ballast [1]. There are several techniques and methods fagtor in the lamps for supplying in high frequency modutate
prevent this phenomenon in literature. low frequency lobes, other than analyzing the parameter and

The proposed solutions for the problem may be classifié@quency variation impact on the crest factor. The fourth
in groups characterized by: i) Choosing a constant frequengection presents experimental results of the proposed tech
from (20 — 200)kH=> where, specifically, in a small rangenique with crest factors within standard values. Conchsio
around the chosen frequency, the acoustic resonance dbescompose the final section.
occur [2], [3], [4]; i) Using very high frequencies, avoitj Il VOLTAGE WAVEFORM STUDY
the whole range where acoustic resonance occurs, normally | ) ) )
higher than500kH = citemso, cardesin; iii) Operating with AS it was mentioned before, using a constant frequency in
circuits, that somehow detect the occurrence of the aaoudfi® (20 — 200)kH = range in a specific value where acoustic
resonance and switch, through some modulation strategy, [Sonance does not occur is not an efficient strategy due to
frequency of the inverter before the resonance evolutels witePendency of this phenomenon to the lamp power, manufac-
some drastic consequence [7], [8], [9]: iv) Using squareentr (Urer, shape and also with the aging of the lamp.
waves in low frequency, this method avoids tH& because 1 (kHz)
the instantaneous power of a square wave is theoretically 160
constant [10], [11], [12]; v) Driving the lamp with’C' current,
avoiding acoustic resonance [13]; vi) preventing the occur
rence of acoustic resonance by superimposing some harsnonic
(the third and the fifth, for instance) to the high frequency 100
sinusoidal fundamental wave. The resulting waveform would
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be approximately square [14], [15] and viii) Modulating the ® xy EE:“E?

voltage applied to the lamp, i.e., a high frequency current 8 —

modulated by a low frequency waveform [16], [17], [18], [19] 40 7 ="

The mentioned techniques and methods described above | I
present specific characteristics, with advantages andl-disa s
10

vantages [10], [14], [15]. For the modulation techniques, g I
in particular, which use high frequency to synthesize low

frequency waveforms, the advantage is to have only one powgf 1.  a)AR free frequency bands for lamps of same power and
stage, therefore, it implies a reduction of the cost, volame different manufacturers [20] and b) same manufacturer andreliffe
weight of the ballast, other than present high power factdype or power [1]

o
-
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Figure 1 a) presents acoustic resonance (from now on named
as AR) free frequency bands for two lamps of the same power
and different manufacturers [20] whereas, Figure 1 b) shbws
from two other lamps of different type or power and the same
manufacturer. It is quite clear for these two examples that t
occurrence ofAR happens in a large spectrum of frequencies
and does not show a predictable pattern [1].

The studied single stage high power factor electronic bal-
last for high pressure sodium lamps structure incorporates
bridge rectifier, a full bridge inverter in association with
LC,C, filter and an inputLC} filter to minimize the EMI
generated by the electronic ballast [16]. Figure 2 shows an
electrical diagram of the proposed circuit. Thg capacitor
in this figure has two main functions: receiving the reactive TekOMOB 12eksss
current from the electronic ballast and working as line filte A %
with the L inductor. The assumed resistive lamp behavior
at high frequency associated with the small capacitance of
the C'y capacitor, in the range of nanofarads, on the bridge
rectifier provides high power factor to the electronic kstlla
Simulations and experimental results "point out”a crestda
of about two when using this ballast [16].
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‘ t Fig. 4. Waveforms of the measured voltage and current in the lamp,

a) [17] e b) [16]
Fig. 2. Diagram of the ballast using modulated signal [16]

A feasible approach to avoid acoustic resonancé/iRS

lamps consists in applying to the lamp a high frequency

Figure 3 shows thelC-AC converter implemented as anqtage modulated by a low frequency waveform. This low
electronic ballast [17]. This converter presents a high @0Wsequency modulation avoids the acoustic resonance [16],

factor and a soft switching for the high frequendy” Iamp [17]. This is implemented in the present work generating a

current, which increases the efficiency of the convertee Thyqqyjated signal as the reference to B M. This reference

ballast will then supply a high frequency current modulateggnm is constituted by a fundamental frequency multipbig
in low frequency. Its volume is small due to its single poweg,o modulating frequency as:

stage. The current waveform shown in [17] presents a crest
factor around of two. Nevertheless, it has been pointedahat

high crest factor HPS lamps is not such a problem as it is for Uref = SIN(2T ffundt) * SIn(27 fmodat)- 1)
fluorescent lamps [21]. Satisfying the conditions:
T1 Uref > Vsat, Uref = 051
%T e { Uref < —Vsat, Uref = '0-51 (2)
Lbal
wherewv,,; is designed to satisfy standard values for the crest
el Sy factor. Note that,,; andv,.; are normalized relative values
vine | cf L e ranging from zero to 1.
a0 Figure 5 presents the diagram of the inverter used in the
T4 |~ proposed method. As mentioned before, it is quite simple to
Cs add new harmonic components to the lamp voltage as well as
} r— 1l to synthesize different and arbitrary voltage waveformise T
Tﬂ harmonic injection viaPW M is digitally made and therefore

modifications in the injected signals are easily implemente
Fig. 3. Diagram of the ballast based on4C' — AC converter [17] py software.
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The Asymmetrical Three Level (AS-3LPW M presents
better performance for frequencies beldk H = [15]. There- Fig. 7. Voltage waveform synthesized and gate command waveform,
fore, the AS-3LPTW M which presents an equivalent sampling*** ~ 0-1875.
frequency four times that of the S-2PW M was chosen.
The switching frequency was chosen to be aroQekH z Ill. CREST FACTOR CHARACTERIZATION
which, according to the two indexes to measure the quality!n order to evaluate the modulated signals used to supply the
of the synthesized waveform, was the best cost-benefit eholdPS lamps some parameters were considered, as for instance,
available, rendering the best voltage waveform for the kiwethe switching frequencyHpw 1), the fundamental frequency,
frequency. (fruna), the modulating frequency and the saturation voltage,
In the AS-3L PW M, there are three voltage levels at thévsq¢). These parameters were varied and their influence on
inverter output V., —Vy. or 0) and the measurement of théhe crest factor, while providing nominal power to the lamp,
voltage for the synthesis of thBIW M is made at twice the was quantified.
switching frequency, rendering an asymmetrical modutatio Figure 8 presents the variation of the crest factoFryj as

respecting the switching frequency, with: a function of the saturation voltag@s.:) for three differ-
T T ent switching frequenciestpyyas). The results are obtained
Tai(k) = 37t 3V 5o Vref (k) (3) through the simulation of the electronic ballast respomse i

ras(k) = T — (k) 4) which the voltage reference is given by (1).

where 74; and 742 specify the conduction time intervals
of the switches imposed by the gating signél$ s_sy,

22

and Cy45-37) and their respective complementary signal l y \ ~~~~
C1[As 3L] andCz as—3r)- Notice thatl" is the PW M period / S
and V. is theDC link voltage. 2t Tt
Figures 6 and 7 present the waveforms of the synthesiz /
voltages and the control signals for the IGBT gate, o = 19f
0.5 and v, = 0.1875. e
18 American National Standard ANSI C78.42
_Tenséom 17 - . European Standard counterpart EN60662
C I / “““ F_ = 60kHz
165 _F:a: = 40kHz| |
- .FPWM = 30kHz
1'50 0.65 O‘.l 0.‘15 012 0.%5 013 0.;’5 0.}4 0.;15 05

HH» il

\
WH , ! !
1 It can be seen from this figure, maintaining,, constant,

that the increase of'pyy ), gives a smaller crest factor.
o i *° ot The variation of thems voltage value applied to the lamp,
with relation to the DC' voltage, and the crest factor as a
Fig. 6. Voltage waveform synthesized and gate command waveforftinction of saturation voltage can be seen in Figure 9. Where,
Vsat = 0.5. Fpwy = 60kH z.

sat

Amplitude

Fig. 8. CF as a function ofv,.:, for three different frequencies
Frwum
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VIALOX NAV-E 4Y, PHILIPS SON PRO. TheLC filter
components used are = 840 H andC' = 100nF.

o1 A DSP from TexasInstruments® (TMS320F2812) is
\ used to generate the driving pulses of the full bridge imrert
both for the ignition process and the steady state opera®n
lio well as the pulses for the power factor correction stage and
the ballast fault protection.

0.6f

American National Standard ANS| C78.42

5 055 Lt Figures 10 and 11 show the impact of the variatiorgf
L, in the voltage waveform applied to a resistive load(f).

Notice thatv,,; impacts not only the crest factor but also the
05p e rms voltage applied to the resistive load and thé€’ voltage.

The fundamental frequencyy.,q used wasl2kH z and the
modulating frequencyf,,.oq, 300H 2.
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Fig. 9. CF andV,. variation as a function ofs.¢

In order to assure a crest factor less than 1.8, the referel
signal is saturated and thus, limiting the crest factor wwith
the norm values (American National Standard ANSI C78.4
Part IV "relevant lamp data sheets”, sets its maximum vall
at 1.8 and European Standard counterpart EN60662, is ey
more restrictive, setting the maximum &f). Reference [22]
asserts that ballasts with higher crest factors may result
depreciation of lumen output or reduced lamp life.

Voltage (V)

It is worth mentioning that recent studies point out that -200¢
low frequency modulation of the voltage supplied to the lan -250 ‘ ‘ » ] ) ) )
T . 0 100 200 300 400 500 600 700 800 900
reduces the possibilities of acoustic resonance occlerer k

although it is not proved that it really avoids it [18]. In ed
to prove the complete rejection of this phenomenon, it woukdy. 10. Voltage waveforms in resistive load for different values of
be necessary to a fundamental frequency in a band where the
acoustic resonance occurs.

An important issue to be analyzed is the ration between
the fundamental and the modulating frequencies; f"wd

which guarantees acoustic resonance rejection. In [16]|(m re sool [ Ve =05
a=0,0017 = £ is proposed. In [17]a = 0,002 = £22. d Tomo oo
In the present work a fundamental frequency 1afH = = I
has been chosen and modulating frequencie$50%{ > and 100f N
300H z have been tested in simulation. In the experiment ol
setup a modulating frequency 600H 2 was used due to a £
faster variation in the instantaneous power. g o j{_g;_“ 3
It is important to notice that the filter used in the setup i~ ol i
designed to mitigate the harmonics generated byRhg M
and filter the lamp current. In other words, its cut-off freqay ~1oop
is adjusted abovel8kH:z. The switching frequency used 150l

in this work is smaller than the one in [16]. Additionally,
dimmerization can be easily added to the ballast by simg
adjusting the reference signal of the voltage waveform.

—200[_, I I I i i i i i i i
0 20 40 60 80 J.OOk 120 140 160 180 200

IV. EXPERIMENTAL RESULTS Fig. 11. Detall of voltage waveforms in resistive load for different

The technique consisting in a high frequency waveforwalues ofvsat
reference modulated by a low frequency voltalge’ M was
tested. For the experimental tests of the proposed techniqu Figure 12 shows this operating characteristic for a resisti
an electronic ballast was implemented to supply the follolead of 802, with ffun,s = 12kHz and f,,,0q¢ = 300H 2. The
ing 150W lamps: GE Lucalox LU150/100/D/40, OSRAM fpw s frequency is32kH z, with vg,, = 0.1875.
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Current turns on and off each semi-cycle. This is due to the nonlinear
characteristic allied to the fact that the voltage refeeegoes

24 to zero each low frequency semi-cycle. The experimental
validation of this technique was done for different types of

<00 lamps from different manufacturers.
A—————P.

Voltage 1
[Veltage lamp

M

! current Llamp

W\ “”*‘l:\ﬁhﬂ*JﬂLP‘ﬁ’“

Chl - Current (2A/div) Time (500us/div)
Ch2 - Voltage (200V/div)

Fig. 12. Waveforms of the measured voltag®0V/div) and current
(2A/div) in the resistive load

. Chl - Lamp current (3A div) Time (Lms div)
Figure 13 presents the voltage and current waveforms aj ch2 - Lamp voltage (200% div)

plied to the lamp in the heating process, ., = 6kH z,

Finod = 300Hz € vy, = 0.1875. It can be noticed that, due Fig. 14. Waveforms of the measured volta@@0V'/div) and current
the large displacement between the voltage and current {ﬁé/dw) in the HPS — 1500 lamp - in SS

power factor is deteriorated.

Lamp current

500us
—

Lamp current

Wilh—

Lamp voltage
Lamp voltage

200V
200V

500us
—

Chl - Lamp current (5A/div) Time (Ims/div) Ch1 - Lamp current (SA/ div). Time (500us/div)
Ch2 - Lamp voltage (200V/div) Ch2 - Lamp voltage (200V/div)

Fig. 13. Waveforms of the measured voltag#0V//div) and current Fig. 15. Waveforms of the measured volta@0V'/div) and current
(5A/div) in the HPS — 150W lamp - when heating (5A/div) in the HPS — 150W lamp

Figure 14 presents the voltage and current waveformsThrough the analysis of th&C' current and visualization
applied to the lamp in steady-state, fgf,,q = 6kHz, of the arc it was observed thatR did not occur. The second
Jmod = 300H z € vsq, = 0.1875. When compared with Figure technique did not imply in the appearance of flicker and nor
15, in which f,,q = 12kH z, it can be observed that there igeferring audible noise to the lamp.
an improvement in the crest factor using a lowaf' voltage. It can be observed in Fig. 15 that the maximum value of

Figure 15 shows the voltage and current waveforms in titlee lamp current i$.0A and itsrms value,1.72A. Therefore,
lamp at full power. Both high and low frequency componentbie crest factor id.754, which satisfies the ANSI standard.
of the waveforms can be observed, which denote the nonlineaiThe ignition is performed with the same inverter circuit of
characteristic of the lamp [1]. It can be seen also that thpla the steady state operation using a lower frequency. It isas
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also on the forced oscillation of the voltage frequency [19§8] F.J. Ferrero et al.,”Analysis and design of an ac/acnesbconverter as a

Notice that the the ignition frequency3.610kH z. Figure 16 high pressure sodium lamp ballast.”IEEE Industrial Eletite Society-

h i tal Its of the measured voltage in thp la IECON, 1998, Vol.2, pp.947-952.
shows experimental resu ured voltage INMR 1a;4) c. Branas et al., *Contributions to the design and control of LCsCp
during the ignition process. resonant invert to drive high-power HPS lamp.”IEEE Tranisast on

Industrial Electronics, Vol.47 , No. 4, pp.796-808, 2000.
[5] Q. Mao et al., "MHz Operation of voltage-fed inverter fétiD lamps
using distributed constant line”|IEEE Transaction on tdal Applica-

W tions, Vol. 34, No. 4, July/August-1998.
RefA - GE LUCALOX LU150/100/D/40 f 1KV [6] J. Cardem, J. Garéa, J. Ribas, J.M. Alonso, A.J. Calleja, E.L. Corominas,
AR ot | \ / oy MWM}:

M. Rico-Secades, M. Dalla, "Low-Cost PFC Electronic Béll@ms 250W
HID Lamps Operating as Constant Power Source with 400 kHzcBinig

50us

—

Frequency”IEEE Power Electronics Specialists Conferd?iE8C, 2005,
K No. 36, pp.1130-1135.
! [7] A. Soares and A.J. Perin, "Reator Eftico Para Bmpadas de Vapor

de Sdio de Alta Presto de 400W Sem Ressamcia Adistica’lEEE
A International Conference on Industrial Applications - usdon, 2004,

) 4 1V No.6.
ChL IS SoR PR \N\ ottty [8] L. Laskai; P. Enjeti and I. Pitel, "White noise modulatiorf bigh-
\ frequency high-intensity discharge lamp ballasts.”IEERnBaction on

[9] W. Yan, Y.K.E. Ho and S.Y.R. HUI,"Investigation on methedf eliminat-

ing acoustic resonance in small wattage high-intensitgkdiege (HID)

RefA - Lamp voltage (1kV/div) Time (50us/div) lamps.”IEEE Industry Application Society Annual MeetingS, 2000,

Chl - Lamp voltage (1kV/div) Vol. 35, pp.3399-3406.

L o [10] M. Ponce et al.,’"Electronic ballast for HID lamps withghi frequency

Fig. 16. Waveform of ignition voltage1kV/div) applied inH P.S — squarewave to avoid acoustic resonance.”IEEE Applied P&leetronics
150W lamps Conference-APEC, 2001, Vol. 2, pp. 658-663.

[11] M. Co et al.,"Microcontrolled electronic gear for low wattage tale

halide (MH) and High pressure (HPS) lamps.”IEEE Industr ion

V. CONCLUSION Societ3$ An?]ual Megtin%—lAS, 20(02, \30|. 3,ppp.1863—1868. Y
A full bridge inverter operating in an asymmetrical thre€2] M-A. Dalla Costa, J.M. Alonso, J. Ribas, J. Cardesand J.

. . . . . Garda,”Small-Signal Characterization of Acoustic Resonanioesow-
level PW M was built, equipped with aiC' filter designed Wattage Metal Halide Lamps’IEEE Power Electronics Spestisli

for both ignition and steady-state operation. Conference-PESC, 2005, No. 36, pp.1469-1475.

When using a low frequency modulation of the referenéé3] J. Jiang, J. Zhou and Z. Qian, "A novel single stage SWREP converter
. . with constant power control for ballast for medium HID lampsSEE
voltage synthesized througRW M, the acoustic resonance |hqustry Application Society Annual Meeting-IAS, 2000, 1\ pp.3415-

does not occur, even in a frequency range where it is expected 3418.

e i ; [14] J.M. Alonso, J. Ribas, M. Rico-Secades, J. G. Gard. Cardesin, and
This is due to th? qut that. the p(_)wer n the. Ia_mp has [ M. A. Dalla Costa "Evaluation of High- Frequency Sinusoitiéhveform
low frequency oscillation which avoids the excitation oBth  syperposed with 3rd Harmonic for Stable Operation of Metalidda

acoustic resonance. By limiting the modulating signal with LampsIEEE Trans. On Industry Applications, Vol. 41, No.ph. 721-
saturating valuev,,; it is possible to shape the crest facto[ 721, May- June 2005.

. .. 15] L.M.F. Morais, P.F. Donoso-Garcia, S.l. Seleme Jr. an@. FCor-
thus, using theDC' voltage more efficiently. tizo,"Acoustic Resonance Avoidance In High Pressure Sndiamps Via

In order to prove the complete rejection of this phenomenon, Third Harmonic Injection In A PWM Inverter-Based Electronialst”,
it would be necessary to a fundamental frequency in a band '2%%5 Transaction on Power Electronics, Vol.22, No. 3, pp:918, May
where the acoustic resonance occurs. [16] F. 505 Reis, R. Tonkoski Jr., G. B. Maizonave, L. C. Laeni, U.

The ignition circuit used, through experimental result® t  Sarmanho, G. B. Ceccon, F. B. Libano, V. Canalli and J. C. M. |/l
capability of producing the necessary voltage amplitude fo Bridge Single Stage Electronic Ballast for a 250W High Pues$Sodium

L Lamp”,IEEE Power Electronics Specialists Conference-BEX®05, No.
the ignition of the lamp. 36, pp.1094-1099.

It is known that acoustic resonance is more severe to 70W] G.C.R. Sincero, A.S. Franciosi and A.J. Perin, "Reati@tionico para
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and enlarge the validation of this technique, is part of thH#8] G.C.R. Sincero and A.J. Perin, "High pressure sodiumplaigh power
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