Analysis and Design of a HID Lamp Ballast with Sinusoidal Waveform
Superposed with 3rd Harmonic

J. M. Alonso, A. J. Calleja, E. Lopez, J. Cardesin and J. Garcia

Universidad de Qviedo
DIEECS - Tecnologia Electronica

Campus Viesques, Edificio 3, 33204 - Gijén, Spain
Phone: +34 985 18 20 87 FAX:+ 34985 18 21 38 E-mail: marcos@ieee.org

Abstract.- This paper deals with the supply of HID lamps
at high frequency avoiding acoustic resonances in the arc
discharge. With the proposed ballast the lamp is supplied
with a sinusoidal waveform superposed with third har-
monic, thus approximating to the square waveform but
reducing the harmonic content. The proposed topelogy is
based on two half bridges operating at frequencies equal
to the fundamental and third harmonics, plus a simple
LLC resonant tank. In this way, the two harmonics, fun-
damental and third, are superposed in the lamp current.
The complete analysis of this new power topology is also
performed in the paper, obtaining both output voltage
and switch currents. A design procedure for a 35W metal
halide lamp is also presented. The experimental results
obtained from the prototype probe that lamp operation is
stable at frequencies where acoustic resonances were pre-
viously observed supplying with pure sinusoidal wave-
forms.

1. INTRODUCTION

The use of high intensity discharge (HID) lamps in lighting
applications has increased greatly in the last decades, mainly
due to their good features as high luminous efficacy, high life,
reduced size and good color rendering. Particularly, metal
halide (MH}) lamps exhibit the best color properties of ail HID
lamps, thanks to the use of adequate metals for the discharge
gas [1]. In addition, with the use of new ceramic materials for
the discharge tube instead of previous quartz tubes, their color
temperature remains nearly constant during their entire life.

The main limitation when supplying HID lamps at non-
audible frequencies is the rising of standing pressure waves in
the plasma. These waves are called acoustic resonances. The
conditions that must be fulfilled for the acoustic resonances to
appear are: (a) the frequency of the lamp power is equal to
certain eigenvalues of the lamp and (b) the mean lamp power
is higher than a certain threshold value. Unfortunately, these
two conditions are easily fulfilled when supplying the lamp a
typical non-audible frequencies and near to the nominal lamp
power, As a consequence, the standing pressure waves will
appear and the electric arc will fluctuate, snake and sometitmes
extinguish. The lamp light is bighly distorted and results in-
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adequate for normal lighting purposes. The lamp resonance
frequencies depend on lamp geometry, lamp gas and operat-
ing conditions, and can be theoretically obtained by solving
the acoustic wave equation [2][3]. However, theoretical reso-
nance frequencies greatly differ from the actual values for
each lamp due to manufacturing tolerances.

In the last years, several techniques have been investigated
by researches order to obtain a stable operation of HID lamps
at high frequency. The following techniques have been re-
ported in the literature:

a. Selection of a free-resonance frequency window to supply
the lamp [S5][6][7]. This is difficult to achieve, especially
in MH lamps, due to manufacturing tolerances. Usually,
the free-resonance window will change from lamp to lamp
or even for the same lamp during lamp aging.

b. Selection of the operating frequency above all or below all
the resonance frequencies [4][5][6][8][9][10]. This solu-
tion conducts to low frequency operation (about 500 Hz)
or extra high frequency operation (about 700 kHz). The
low frequency operation increases size and weight,
whereas a very high frequency produces higher switching
losses and EML

.c. Operation of the lamp with constant power [8][9][10][11].

This can be performed by operating the lamp with bath dc
current or square waveforms. De current presents the dis-
advantage of aging only one of the two lamp electrodes,
reducing the lamp life to half. Square waveforms is an in-
teresting solution but only at low frequencies, since at high
frequencies a high EMI is generated and especially the
RFI emitted by the discharge itself is high [13].

d. Use of suitable frequency modulated waves following
different modulation patterns [4][12]. Recent studies show
limitations of this technique when it is applied in a free-
resonance frequency window [4].

The technique investigated in this paper consists on the op-
eration of the lamp with sinusoidal waveform superposed with
third harmonic. This technique has been firstly reported as a
feasible solution by Koshimura et al in [5][6]. It consists on
supplying the lamp with a sinusoidal waveform plus its third
harmonic in phase. The idea is to approximate the lamp cur-
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rent and voltage waveforms to the square waveform, but using
only two harmonics. The main advantages are that EMI and
RFI emitted by the discharge are much lower than those for
the pure square waveform.

In the following, section II presents the topelogy proposed in
this paper. The topology is analyzed in detail in section III,
obtaining the important design characteristics. Section IV
presents a design example based on the performed analysis.
Experimental results are provided in section V. Finally, some
conclusions are given in section VI

I1. PROPOSED TOPOLOGY

Fig. 1 illustrates the proposed topology for supplying the
lamp with sinusoidal waveform plus third harmonic. It is
based on the use of two half bridges, one operates with a
switching frequency equal to the fundamental frequency and
the other one operates with a switching frequency equal to
three times the fundamental frequency. Two LC resonant
circuits are used to supply the lamp from each branch. Capaci-
tors Cpy and Cg; are used to block the de component. There-
fore, two LC resonant circuits are employed to supply the
lamp from each branch, L, and C from leg 1 and L; and the
same capacitor C from leg 3.

When operating the proposed inverter, two resonant tanks
will introduce different phase delays to the lamp voltage and
current. Therefore, the phase of the gate signals of one leg
should be adjusted in a value ¢ in order to give the same
phase delay for the fundamental and the third harmonic.

Fig. 2a shows the output voltages V, and V5 , showing the
delay ¢ between them. Fig. 2b shows the voltage across the
lamp and its two harmonic components in phase. Fig. 3 shows
the instantaneous lamp power waveform and its harmonic
content whetl using harmonics first and third. As can be seen,
the instantaneous lamp power presents only three significant
harmonics: second, fourth and sixth, apart from the mean
value. The rest of harmonics have a negligible amplitude.

Fig. 1.

Proposed power stage for sinusoidal plus third harmonic lamp
supply.
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Fig. 2. (a) Output voltage of legs 1 (V) and 3 (V3), (b) Lamp voltage and
harrnonic content.
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The basic idea in the proposed topology to avoid acoustic
resonances is that if the amplitude of ali of these harmonics is
lower than the threshold value needed for acoustic resonance
to raise, the operation of the lamp will be stable.

When the lamp is supplied with a pure sinusoidal waveform,
the instantaneous lamp power presents only one harmonic at a
frequency double of the current frequency and with an ampli-
tude 50% the mean value. However, in the proposed topology
the maximum harmonic content in the lamp power is only
equal to 30% the mean value, thus reducing the possibilities
of acoustic¢ resonances to appear.

Fig. 4 shows the simplified block diagram of the control cir-
cuit used to generate the gate signals for the two legs. The
control circuit is based on the UC3875 integrated circuit. This
device is used to generate the gate signals in full-bridge to-
pologies with phase-shift control. As shown in Fig. 4, cne of
the output signals is used to directly command leg 3. The
control signals of leg 1 are cbtained by dividing the other
output of the UC3875 by three. Two switches S1 and S2 are
used to select the different outputs of the UC3875, thus hav-
ing ail the combinations for the phase delay between leg 1 and
3.

II1. ANALYSIS OF THE POWER TOPOLOGY

The equivalent circuit of the power stage is shown in Fig. 5.
Leg 1 generates a square waveform V, of frequency f and
amplitude equal to half the bus voltage. Leg 3 generates a
square waveform V; with the same amplitude, frequency 3f
and with a delay angle equal to ¢ in relation to V,. The effect
of blocking capacitors has been neglected, because they are
selected to have an equivalent impedance negligible compared
to that of the other resonant elements. Since sources V), and
V3 has different frequencies, the superposition law is used in
order to analyze the circuit. Per unit values are employed in
the analysis in order to obtain more general results. The base
values and parameters used for normalizing are the following:

Fig. 6a shows the normalized equivalent circuit for a per unit
switching frequency n€2 when considering only the effect of
the voltage source V. The voltage source V; is then replaced
by a short circuit. By analyzing this circuit, the per unit lamp
voltage is obtained as foliows:

1/n

(1

2

My, = n=1357..

1+a—(nQ)2+j£
)

For design purposes, it is also important to know the input
current to the resonant tank. From the circuit of Fig. 6a the per
unit currents through each inductor can be obtained as fol-
lows:

Toleg3
OutA f———» 3f | GateDriver [
$1 =" Rty I —»
outg f—e .
Phase
snm'—’| ~
UcC3s7s
' YToleg1
Frequarcy ::
—™ owte L—c Frequency [f | Gat Driver
s2 - Divider IR21
out o f——umu %3 " >
_ .

Fig. 4. Simplified control circuit block diagram

Fig. 5. Equivalent circuit of the power stage
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Fig. 6. Equivalent circuits using superposition law.
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The second subscript “1” in equations (2)-{4) indicates that
these components are obtained considering only the harmon-
ics of voltage source V.

Fig. 6b illustrates the_ equivalent circuit when considering
only the effect of the third harmonic given by the voltage
source Vj. The voltage source V, corresponding te the first
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harmonic is replaced by a short circuit. The lamp voltage
obtained from this circuit is the following:

B l/n (5}
Lddn T z
TREC +j3nQ
o o Qo

and currents through the inductors L1 and L3 due to the third
harmonic have the following expressions:

M
Jo. =M (6)
Ll3,n j3nQ
1-jof - —3n0
1 R e @

Jimn=—
, Q 2
"Q(Hi_iw_)}j@
o o o

The second subscript “3” in equations (2)-(4) indicates that
these components are obtained considering only the harmon-
ics of voitage source V;.

By combining equations (2)-(4) with equations (5)-(7) using
the superposition law, the different voltages and currents of
the circuit can be obtained.

The per unit lamp voltage can be approximated from (2) and
(5) by using the fundamental hanmonics, as shown in the fol-
lowing expression:

Mo = Mo |

Fig. 7 illustrates the output voltage characteristics as a func-
tion of the per unit switching frequency () for different val-
ues of the per unit load (Q), for a particular case with a=1.5.
This characteristic is obtained by plotting equation (8). As can
be seen, two natural resonant frequencies appear in this type
of topologies, due to the double nature of the power supply.
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Fig. 7. RMS lamp voltage of the proposed topology as a function of the per
unit switching frequency (£2) and load (Q) for o=1.5.

These natural resonant frequencies can be obtained from
equations (2) and (5), by equaling the denominators to zero
with Q=e0 and solving for Q, the following values are ob-
tained for the natural resonant frequencies:

®)
(10)

Qo =1+a
1

Q, = VTra

o =73

where Qo and op are the highest and lowest natural reso-
nant frequency respectively.

IV. DESIGN EXAMPLE

The aim of the proposed topology is to supply the lamp with
a sinusoidal waveform with superimposed third harmonic, in
order to approximate the lamp voltage and current to the
square waveform but with a minimum harmonic content.
Therefore, the following conditions should be satisfied:

1.- The amplitude of the fundamental component should be
equal io three times the amplitude of the third harmonic:

[ |= 3

2.- The fundamemtal component and the third harmonic
showld be in phase:

arg(M Mt.l) = arg(M L143,1 ) (12)

The first condition should be fulfilled by a proper design of
the converter. The second condition is fulfilled by varying the
phase shift between legs 1 and 3 using the control circuit
previously shown in Fig. 4.

(1n

Fig. 8 represents the ratio of the fundamental component to
the third harmonic as a function of the per unit switching
frequency (€2) for different values of the per unit load (Q), for
the particular case of o=1.43. A ratio of 3 1s obtained for =1
and Q=1.4. In this operating point the per unit lamp voltage
arc M[_A1=0.6237, Mw=02079 and MLA=0.6574.
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Fig. 8 Fundamental to third hanmonic ratio as a function of the per unit
switching frequency (£2) and load (Q) for o=1.43.
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The MH lamp used for this first prototype is a 35W HCI-T
from OSRAM. As reported in [4], it is very difficult to obtain
any stable operation of this lamp between 20kHz and 40kHz,
due to the high density of acoustic resonances in this fre-
quency range. Therefore, the selected switching frequency
will be 30 kHz for the fundamental component.

For this lamp, the voltage and current measured at high fre-

quency were 87.7 Vrms and 0.512 Arms. The equivalent
resistance at high frequency is then 171 Q. The selected
switching frequencies are 30kHz for leg 1 and 90kHz for leg
3.

The base voltage can be then calculated as follows:

=t 81T g4y (13)
M,, 06574
and the bus voltage needed is obtained from (1):
2V,
v, = s o6y (14)

2

In order to calculate the resonant elements, the first step is to
obtain the base impedance and natural resonant frequency as
follows:

R 171

Z, ="t =" -12210hm. (15)
0 14
. 3
f;=§=3°m = 30kH: (16)

The resonant elements can now be calculated from simple
equations:

, = Zy = 1221 = 0.648 mH a7
2z f, 273010
L, L _ 068 o as3mu (18)
o 143
! 1 =434 nF (19)

C: =
mZ, [, 2r12213010°

V. EXPERIMENTAL RESULTS

Fig. 9 shows the electrical diagram of the control circuit. The
UC3875 is used to generate the basic drive signals with the
corresponding phase shift. Several digital gates together with
a 4518 counter are used to divide one of the phase-shifted
signals by three, IR211} circuits are then used to drive the
two half bridges,
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Fig. 9.

Electric diagram of the control circuit.

From the design results obtained in previous section, a labo-
ratory prototype has been built. MOSFETs IRF840 from In-
ternational Rectifier were used as power switches. Blocking
capacitors are selected to have a small impedance at switching
frequency, a value of 2.2uF and rated 250V were used.

Fig. 10 illustrates the operating waveforms of the lamp at the
nominal power. The measured mms lamp voltage and current
were 89.6V and 0.464A. The measured average lamp power
was 41.2W, very close to the nominal power. Presence of
acoustic resonances is determined by measuring lamp electric
and photometric parameters, this is, voltage, current, power
and light intensity using an photodiode detector. At this oper-
ating point and even at lower power levels acoustic reso-
nances were not detected.
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Fig. 10.  Measured lamp voltage, current and power waveforms from the

lab prototype. (30V/div, 1A/div, 10ps/div)

Fig. 11 illustrates the voltage and current at the input of leg
1. As can be seen zero voltage switching is obtained for the
switches in this leg. Finally, Fig. 12 shows the voltage and
current at the input of leg 3. For this leg, different commuta-
tions modes are obtained, what could make necessary the use
of fast recovery diodes,

!

)
N Vaul

1

Fig. 1i.  Measured voltage and current waveforms in leg 1.
(50V/div, 0.5A/div, 10ps/div)
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Measured voltage and current waveforms in leg 3. (100V/div,
1AAdiv, Sps/div)

Fig. 12.

VI. CONCLUSIONS
In this paper a new topology for supplying HID lamps with
sinusoidal waveform with superposed third harmonic has been
proposed. By using the proposed technique, the lamp is sup-
plied with an approximated square waveform, but reducing

the harmonic content and therefore EMI and RFL. The pro-
posed topology could be expanded to inject the fifth or more
harmonics, achieving a higher approximation to the square
waveform. A design procedure has been also proposed in
order to have the adequate amplitude and phase of each har-
monic component. A laboratory prototype was developed for
a 35W MH lamp with ceramic discharge tube. Experimental
results probe that lamp operation is stable at operating fre-
quencies where acoustic resonances were previously observed
when supplied with pure sinusoidal waveforms. As conclu-
sion, the proposed technique could be a feasible solution for
stable operation of HID lamps.
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