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Starting Circuit Adapted to Stabilize HID Lamps
and Reducing the Acoustic Resonances

Mario Ponce-Silva

Abstract—This paper presents an igniter circuit for high-
intensity-discharge (HID) lamps based on an inverter and a res-
onant tank that has been adapted to stabilize inductively an HID
lamp by means of applying low-frequency quasi-square waveforms
to voltage and current in the lamp in order to reduce the presence
of the acoustic resonances. With the proposed improvement, the
igniter circuit performs three different functions: 1) the lamp igni-
tion; 2) the arc stabilization; and 3) the acoustic resonances reduc-
tion. This proposal allows the use of fewer components, and less
energy processing is minimized, so the resulting ballast is cheaper
and more efficient than other ballast that avoids the acoustic reso-
nances when they are working with square waveforms in the lamp
voltage and current. The circuit was validated experimentally by
using a 70 W conventional high-pressure sodium lamp, which is
operated with a frequency of 2 kHz. The results were an electrical
efficiency of 94 %, a crest factor in the lamp current of 1.41, and it
was not observed the presence of acoustic resonances.

Index Terms—A coustic resonances and quasi-square waveform,
electronic ballast, high-Intensity discharge (HID).

I. INTRODUCTION

ESPITE the recent boom of power LEDs [1]-[5], which

have been used in street lighting applications, the high-
intensity-discharge (HID) lamps remain an attractive option due
to their high efficiency, long useful life, and low cost. However,
these kind of lamps are susceptible to the acoustic resonances
phenomenon [6]-[8]. One of the solutions for this problem is
to feed these lamps with low-frequency square waveforms in
the lamp voltage and current [7]-[14], this is because to feed
HID lamps with square waveforms is an effective way to avoid
acoustic resonances. However, this method presents the incon-
venience of needing a complex and expensive ballast with many
stages, which causes low electrical efficiency [15]-[18].
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Fig. 2. Stages of a quasi-square waveform ballast.

Fig. 1 shows the stages of a typical square-waveform ballast,
it consists of power factor correction circuit, dc—dc converter
used to stabilize the arc discharge, an inverter, igniter, and the
lamp [19]. In order to reduce the number of stages, an integration
of some stages of the typical square waveform ballast in a single
stage is proposed in this paper, this consists of the integration
of the igniter stage and the dc—dc converter in a single stage
in order to ignite, to stabilize the arc discharge, and to reduce
the presence of the acoustic resonances in the lamp at the same
time. The stabilization of the arc discharge is achieved by means
of the inductance of the ignition circuit, and the acoustic reso-
nances are minimized by applying low-frequency quasi-square
waveforms in the voltage and the current of the lamp, which
was presented in [20].

The diagram of the proposed ballast is shown in Fig. 2. As can
be seen in this figure, the stabilization and the ignition stages are
integrated into a single stage. The proposed integration elimi-
nates one processing stage of the electrical energy, which allows
areduction in the energy processing increasing the electrical ef-
ficiency and reducing the number of components.

This paper is organized as follows. In Section II, the character-
istic frequencies of the acoustic-resonances of the high-pressure
sodium (HPS) lamp LU-70 from Lucalox were calculated.
Based on this analysis, a relatively low switching frequency
is proposed to reduce the presence of the acoustic resonances
phenomenon. In Section III, the analysis of the proposed igniter
plus the ballast circuit is presented. In Section IV, the prototype
design is shown. In Section V, the experimental results are dis-
cussed; and, finally, in Section VI, the conclusions are presented.

II. IMPACT OF THE ACOUSTIC RESONANCES IN AN HPS LAMP

To avoid the presence of acoustic resonances in HID lamps
it is recommended that they must be operated in a range of

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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TABLE I
ACOUSTIC RESONANCE FREQUENCIES (kHz) FOR THE LAMP LUCALOX LU-70

Foor | Fioo | Fio1 | F200 | Foo2
5.63 | 153.3] 1534|2544 | 11.26
F201 | Fio2 | Foio | Four | F3o0
2542 | 153.7 | 319.3 | 3194 | 350
F202 | F3z01 | Foos | Foiz | Fio3
2544 | 350 | 16.89 | 319.5 | 154.3
F3o2 | Faoo | F110 | Fa01 | Fin1
350.2 | 443.1 | 444.3 | 443.2 | 4443
F203 | Fo13 | Fao2 | Fi12 | Foos
254.7 | 319.8 | 443.2 | 444.4 | 22.52

where:

Fi00= acoustic resonance frequency, azimuthal component.
Fo10= acoustic resonance frequency, radial component.
Foo1= acoustic resonance frequency, longitudinal component.

low frequencies (200-400 Hz), this is because this phenomenon
does not appear at these frequencies.

To determine a proper operating frequency of the ballast, a
theoretical analysis to find the eigen frequencies of the lamp
Lucalox LU-70 is shown. This lamp has the following dimen-
sions: tube discharge ratio equal to 3 mm, and a length of
44.4 mm. The calculation is done by using the following equa-
tion [6]:

fimn = 02\/(2)2 + (agl)g withn=0,1,2... (1)

where

fimn 1s the natural frequency of a cylindrical tube, at this
frequency the acoustic resonances may appear and can be ex-
pressed in function of the angular frequency w by fi,, =

w/2m;

Cs is the velocity of the sound, which propagates inside in
the lamp (5007 );

Qpm, 18 the m-esimo zero of .J;, which is the first derivate of
the first-order Bessel function J; ;

R is the ratio of the arc tube;

n is the number of nodal circles;

L is the length of the arc tube.

Using the dimensions of the lamp and based on the analysis
done in [21], Table I was obtained, which shows the values of
the acoustic resonance power frequencies (longitudinal, radial,
and azimuthal), in a range of 5-155 kHz frequencies.

The frequencies presented in Table I are related to the wave-
form of the lamp power. As can be seen, the lowest frequency
for the eigen frequencies is Fpp; = 5.63 kHz. Therefore, ac-
cording to this theoretical analysis, the appearance of acoustic
resonances below this frequency is improbable. Therefore, the
switching frequency was established at f; = 2 kHz in order to
avoid the presence of acoustic resonances in the lamp Lucalox
LU-70, this condition do not guarantee the total elimination of
the acoustic resonances, but the probability of their presence is
significantly reduced. The effect of the impedance of the passive
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Fig. 4. Equivalent circuit of the proposed ballast during the ignition stage.

element is low at low frequencies (2 kHz), and the size of these
elements is acceptable at 2 kHz.

III. ANALYSIS OF THE PROPOSED BALLAST

As aforementioned in the introduction, the main contribution
of this paper is the use of an igniter circuit not only to start the
lamp, but also for stabilizing the arc discharge and for reducing
the acoustic resonance phenomenon. The proposed ballast is
shown in Fig. 3, it consists of a dc regulated voltage, which could
be provided by a previous stage (power factor corrector). The
dc voltage is supplied to a half-bridge inverter with a resonant
igniter, which is formed by a transformer (L, and Lg) and a
capacitor (Cie). The magnetizing inductance of the primary
inductor (L)) is connected in series with the capacitor Cis, and
the secondary inductor (L) is connected in series with the lamp.

The operation of the ballast has two states, which are de-
scribed as follows.

1) Ignition stage: The equivalent circuit of the ballast dur-
ing this stage is shown in Fig. 4, where Vj,(t) is the
voltage that could be supplied by a power factor cor-
rector. The half-bridge inverter operates at high frequency
(fs > 100kHz), and its main function is to feed the ig-
niter (the series connection of the resonant tank L,, — Cies)
with square waveforms. If the resonant tank formed
by L, — Crs is in resonance, a high current circulates
through the resonant tank. This current produces a high
voltage in the primary of the transformer formed by L,
and L,,. Therefore, due to the transformer operation, a high
voltage is also applied to the lamp. The igniter provides,



7916

Ls

—ryvn

in(l)

+

Vin ( 0 @ R lamp

_M_

=

Fig. 5. Equivalent circuit during the steady-state stage.

for a short time, pulses of high voltage for the ignition of
the lamp. The duration of this stage is about only 1-3 ms.
2) Steady-state stage: During this stage, the lamp is modeled
as a constant resistance. The switching frequency of the
inverter is changed to the minimum value (fs = fiow =
2kHz), with the objective of increasing the impedance
of the capacitor Cle, which causes the value of the
lamp current to decrease. This current could be neglected
with respect to the lamp current, so that the impedance
of the capacitor could be considered high (open circuit).
At the new switching frequency, the secondary winding of
the transformer (L) limits the current through the lamp
and apply a quasi-square waveform in the current and the
voltage in the lamp. The equivalent circuit of the proposed
ballast during this stage is shown in Fig. 5.
When the current in the resonant capacitor is almost zero
with respect to the lamp current, the transformer (L, and Lg)
behaves like a simple inductor L.

A. Analysis of the Equivalent Circuit During the
Steady-State Stage

To simplify the analysis of the circuit shown in Fig. 5, the
following conditions are assumed.
1) The switches of the half-bridge inverter are considered as
ideals.
2) The behavior of the lamps is like a constant resistance
(RLamp)~
3) The half-bridge inverter supplies a symmetrical square
voltage waveform without death time and with a duty
cycle D of 50%.
Under the previous conditions, the Kirchhoff voltage law can
be used to analyze the circuit given in Fig. 1. The following
differential equation is obtained:

dig, (t .
Ls ijt( ) + RlampZLg (t) — Uin (t) =0 (2)
where Vi, () is
Vi 0<t<T/2
Vin (t) - (3)
0 T2<t<T.

Equation (2) has the following solution:

RL amp
—Vin
Ryamp

Vi {176%} —leFo<t<Z
ir, (t) = ¥

[1—6’5] —|—Ioe’$ g§t<T
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Fig. 6. Normalized current in the lamp i1, s (¢) for several time constants (k).
where Vj, is the maximum value of vi,(t), T is the period at
steady state, [ is the value of the current during the transition
from positive to negative of the voltage vi,(¢) and it is the
maximum value of the current i, 5 (t), therefore

T
Iy =i (2> . 5)

— LS
Rlamp .
It is better to express the time as a function of the constant

7 with the purpose of simplifying the expression of the current.
Therefore, the half of the period is defined as follows:

T is given by

T

where k is a constant, the previous equation indicated that the
half period is reached at k times of the constant 7.

Substituting (5) and (6) into (4), the following expression for
I is obtained:

Vin

Iy=c (7
0 RLamp
where the constant ¢ is as follows:
1—e "
= —. 8
T iqek ®

Normalizing the values of Vi, = 1, Rpamp = 1, and plotting
in function of the time ¢’ = ;. the plot shown in Fig. 6 was
obtained.

Based on Fig. 6, the current iy, (¢) through the circuit has an
exponential evolution and it tries to reach the value of Vi, / Riamp-
However, the current only will reach the value of I, = 1, which
is the initial condition of the next stage. f ¥ > 5and ¢ ~ 1 in
(8), then Iy ~ Vi,/ Ryamp = 1. While the value of k continues
to increase, the waveform of the lamp current is squarer.

If the lamp had a constant resistive behavior, then the voltage
waveform in the lamp would be similar to the current waveform
shown in Fig. 6. Therefore, the normalized instant power wave-
form p(t) = v(t)i(t) will be proportional to iz, (t)? and will
have the waveform shown in Fig. 7.

As can be seen in Fig. 7 for values of k£ > 1, the instant
power in the lamp p(t) becomes more constant, except for the
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Fig. 7. Normalized instant power waveform delivery to the lamp p(t) during
the steady-state operation for several values of the constant k.

“hollow” corresponding to the zero crossing of the current and
voltage waveforms in the lamp. Constant power in the lamp
reduces the harmonic content, and the possibility of occurrence
of the acoustic resonances is also reduced. Thus, to significantly
reduce the presence of the acoustic resonances, it is important to
consider that the following condition must be fulfilled: k£ > 1.

B. Power Delivered to the Lamp

Considering a constant resistive behavior of the lamp, the
average power delivered to the lamp could be expressed as
follows:

P = ILsrms2Rlamp (9)

where I, sms 18 the RMS value of the current in the lamp i, (¢).
Since the current waveform is symmetric, then the term I7
can be evaluated with the following expression:

T

92 [T
Ipowms? = = / (I (1)) 2. (10)
0
Substituting (4) in (10), the following equation is
obtained:
L e [Freagh (o5 o)
Lsrms — .~ 9
TRlamp2 _2Rfl:mp (1 + 0)2 (te_,g — 1)

(11)
And substituting (6) in (11), the following equation is ob-
tained:

1+ 2(1+c¢) Gik 1
1 y ( 2 721 - (42
—5e(1+¢)? (e7?F —1)
To simplify the analysis, a variable auxiliary a = f(c.k),

which is only in function of the constants ¢ and k is
considered:

2
2 _ ‘/in
- 2
Rlamp

ILsrms

_ (1 A+ N 2 ok
a= f(c7k)—[2+ (=)= (4o (-1
(13)
Therefore
)
ILsrms2 - L [a] . (14)

- 2
Rlamp
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An expression for the value of V, can be obtained by substi-
tuting (14) into (9) as follows:

i 2 R am P
podwa Ly VLD (15)
RLamp \/af
The inductor L, can be calculated by using (6)
am T am
L, = Hem T Hromy (16)

2k 2kfiow

where fj,, is the switching frequency of the half-bridge inverter
during the steady-state operation.

C. Analysis of the Starter Circuit

The equivalent circuit during the ignition stage is shown in
Fig. 4, as can be seen in this figure, the lamp behaves like an
open circuit, and the transformer behaves like a single inductor
L, this inductor represents the self-inductance of the trans-
former, which is the sum of the magnetizing inductance (L)
and the leakage inductance (L;,) of the transformer primary.
The starting circuit is designed with the aim that the switching
frequency during this stage (fsnign) be very close to the resonant
frequency of the resonant tank formed by the self-inductance L,
and the capacitor Cis. Thus, the current through the resonant
circuit will be large, which produces a high voltage across the
transformer primary vz, (¢). In the secondary side of the trans-
former, this voltage will rise further due to the turns ratio of the
transformer vy, (t) = n vz, (t), which causes the turn-on of the
lamp. Once the lamp is turned on, the switching frequency is
changed from the starting frequency (fsnigh = 150kHz) to the
minimum frequency (fyow = 2kHz) for the steady-state oper-
ation. The ignition state occurs in a short time, in the order of
milliseconds. Nevertheless, it is important to limit the current in
the primary side of the transformer to prevent its saturation.

The analysis of the circuit of Fig. 4 can be done by considering
only the fundamental component of the lamp voltage. Therefore,
the following assumptions must be considered in the analysis.

1) For the ignition stage, the switching frequency (f, =
fhign) s very high compared with the steady-state switch-
ing frequency (fs = fiow)s fhigh > fiow-

2) The quality factor (Q) of the circuit during the ignition
state is very high, @ > 1. Therefore, the current through
the inductor L,, and the capacitor Cy, is almost sinusoidal.

3) The starting circuit must be deactivated automatically
after the turn-on of the lamp. Therefore, the switch-
ing frequency (fs; = fiow) must have a value such as
the reactance (X; = X, — Xjcres) formed by the self-
inductance L, (X, ) of the primary and the impedance of
the resonant capacitor Cles (X)¢ e ) be much greater than

\/m ) formed by the

self-inductance L (X1 ) of the transformer secondary
and the equivalent resistance of the lamp (Fjamp). So that
the reactance X; behaves as an open circuit compared
with the impedance Z, this condition is accomplished if

fhigh > fiow-

the impedance (Z =
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TABLE II
SPECIFICATIONS FOR THE ANALYSIS OF THE IGNITION STATE
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TABLE III
DESIGN METHODOLOGY

Symbol Description
Vini Fundamental component of Vi,(t)
Iy Peak value of the current in the side primary
of the transformer, 7,,=MaX[inzp(?)]
Ve Suggested voltage to ignite the lamp
Jhiah Switching frequency
Wh Angular frequency, w; = 2afhian
Xizp Reactance of L, during this state. Xy, = wnl,
XiCres Reactance of Ci.s during this state. Xjcres =
/(@i Cres)
X Equivalent reactance of the resonant tank

formed by Lp and Cre. X = Xth- XiCres

For the steady-state analysis of the circuit shown in
Fig. 4 (fs = fuign), the following specifications are defined (see
Table II).

From (3)
2Viy
Vin = —. )
The maximum voltage in L, is given by the following:
Xth
V - V;n “—~ 18
Lp 1 Xh ( )
If “2 =n, f—; = n?, then
Iy Xhis
Vi~ Vp, = 220 (1)
n
Ihpwh Ls
— ApTRTs 19
n . (19)
From Fig. 4
Vin
Xy = == (20)
Ihp
Substituting (17) into (20), the following equation is obtained:
2Vin
XhCrs = Xth - (21)

7TI},,p

IV. DESIGN OF THE PROPOSED BALLAST

According to the analysis performed in the steady and ignition
states, the design equations were obtained, shown in Table III,
which presents the design methodology of the Lamp LU-70 from
Lucalox company.

The design was done for a half-bridge inverter with
the following data: k = 5, Riamp = 77 Q, Pamp = T0W, fiow =
2kHz, Vi = 6kV, I}, = 15A and fygn = 150kHz.

V. EXPERIMENTAL RESULTS

To validate the performance of the proposed ballast, a pro-
totype was implemented. The transformer was designed using
the geometric constant K, method [21]. The transformer was
considered as two coupled inductors, each inductor was de-
signed separately. A maximum current of 20 A in the primary

Parameter Equation Calculated
value
c 1—e_k 0.986
1+e
0.6053
a 1 (1 _ 1 _
l:f+( *) (e k —1)——(1+c)2 (e 2k —1):|
2k 4k
f 188.6 V
Vin RlampPlamp
Ja
2k~flow
3.85 mH
LS TRlamp
ILS”"S @ 0.95A
Rlamp
9
n 1, 0,L,
n=— —
Ve
Ls
L P — 46.8uH
n
c 1 29.4nF
@y X
Transformer
+
resonanttank __

0 ge
inverter

Fig. 8. Implemented prototype.

inductor was proposed to assess the total gap and to avoid the
core saturation. First, it was obtained the Kg constant for each
inductor (KgLs and KgLp) to obtain the total KgT total as the
sum of both KgLs and KgLp constants of each inductor. The
selected core and material were the ETD39-3C85. To minimize
the skin effect, a braided wire was used, for the primary in-
ductor, 19 braided wires of AWG #30 was considered, and for
the secondary inductor only 1 wire with AWG #24 was used.
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Fig. 10. Current in the lamp during the ignition state. Vertical: 2 A/div,

horizontal: 40 ps/div.

Fig. 8 shows the implemented prototype, where the transformer,
control circuit, and half-bridge plus resonant tank are shown.

The MOSFETs used were IRF640s and the driver was the
IR2153. Also, for the measurements, an oscilloscope Tek-
tronix TDS3054B with the probes P6015A, TCP202, P5210A
and P2220 was used. In the next sections, the results in both
operation conditions, ignition, and steady-state operation are
presented.

A. Ignition State Results

Fig. 9 shows the plot of the lamp voltage. In this figure, a peak-
to-peak voltage of 3.9 kV is observed, which occurs before the
steady-state operation.

Fig. 10 shows the current on the lamp during the ignition
state, where a peak-to-peak current of 17 A is observed.

The theoretical ignition voltage and current previously pro-
posed and the real values obtained in the experimental results
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500 mA/div.

are not exactly the same because there are parasitic elements in
the transformer and in the resonant capacitor. However, the igni-
tion voltage obtained in the experimental prototype was enough
to turn-ON the lamp.

B. Steady-State Results

In Fig. 11 are shown the instant current, the voltage, and
the power in the lamp during the steady-state operation. These
waveforms are similar to a quasi-square waveform in the lamp,
which is shown in Figs. 6 and 7, the difference between both is
caused by the non-linear behavior of the lamp.

In Fig. 12 is observed the instant current versus the voltage
in the lamp. According to these graphics, it was concluded that
the lamp does not present a resistive behavior (linear behav-
ior), because of this, the current and voltage waveforms are not
completely square.

In Fig. 13, the current, voltage, and power signals in one
MOSFET are shown, according to these plots there is a loss of
0.2012 W in each MOSFET.

Fig. 14 shows the harmonic content of the lamp power. The
value of the magnitude of each component is obtained through
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TABLE IV
HARMONIC CONTENT OF THE LAMP POWER

Harmonic  Frequency = Power
number (kHz) (W)
1 0 62.4
2 2 9
3 4 32
4 8 13
5 12 4.5
6 16 2
7 20 1.15

the oscilloscope cursor. As can be seen in this figure, the am-
plitude of the harmonics is reduced when the frequency of each
harmonic goes higher. Therefore, the probability to excite acous-
tic resonances presented above of 5 kHz is lower.

In Table IV is shown the frequency of each harmonic and
its amplitude. According to this table, the power supplied to
the lamp by the fifth harmonic is very small compared with the
power supplied by the fundamental. Therefore, it can be said
that the probability of the other higher frequency harmonics
which excite the acoustic resonances is very low.
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Fig. 15.

Arc discharge of the lamp LU-70 fed with the proposed ballast.
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Fig. 16. Normalized losses in the MOSFET vs. dimming level.

To verify the absence or presence of acoustic resonances in
the discharge arc of the lamp, a photograph of the form of the
arc discharge operated with the proposed ballast is shown in
Fig. 15. As can be observed in Fig. 15, the form of the arc is
straight, therefore, for this lamp and for this test, the acoustic
resonances were not observed.

C. Experimental Behavior of the Ballast With Dimming

In this section, the performance of the ballast with dimming is
presented. The observed variables are the losses in the MOSFET,
the electrical efficiency, and the crest factor.

Fig. 16 shows the losses in one MOSFET when a dimming test
is performed, these results are normalized. According to this
figure, the losses are reduced up to 40% at the lowest dimming
level.

Fig. 17 shows the efficiency of the ballast versus the dimming
level; the efficiency varies between 93% and 95% when the
dimming level varies from 50% to 100%. As can be seen in this
plot, the efficiency has little variations. The lower efficiency
(87.7%) was obtained with a dimming level of 39%.

Fig. 18 shows the crest factor in the lamp current versus the
dimming level. As can be seen in this plot, the crest factor does
not present a significant variation during the dimming test. The
crest factor affects the lifespan of the lamp. At the nominal

power, the crest factor is about 1.41, which is the same value
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Fig. 18.  Crest factor vs. dimming level.
for the sinusoidal waveforms obtained with a typical resonant
electronic ballast [22].

VI. CONCLUSION

Power LEDs are increasing their presence in street lighting
applications. However, HID lamps, and specifically, sodium va-
por lamps continue to be a good option and are being used in
many cities. This paper presents a ballast for HID lamps, whose
principal contribution is to be used in a very simple and cheap
resonant tank to ignite, to stabilize, and to significantly reduce
the presence of the acoustic resonances by applying quasi-square
waveforms in the lamp voltage and the current. An HPS lamp
is fed with this kind of waveforms at a low frequency of 2 kHz,
these conditions cause a reduction in the amplitude of the higher
frequencies power harmonics and no acoustic resonances were
observed in the tested lamp.

The proposed ballast was implemented, and the theoretical
calculus was validated experimentally. The designed resonant
tank achieves to ignite, to stabilize, and to reduce acoustic reso-
nances in a high-pressure sodium vapor lamp. The resonant tank
integrates the stabilizer and igniter circuit in one stage obtaining
an efficiency of 94%; the ballast does not require protection for
the absence of lamp. Finally, the proposed topology and the pre-
sented design methodology can be used to drive other discharge
lamps.
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