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Abstract— This paper proposes a Metal Halide (MH)
lamp electronic ballast based on the integration of Zeta
and Flyback converters working in discontinuous
conduction mode, in order to provide the ballast power
factor correction and to stabilize the lamp current,
respectively. The proposed integration besides to reduce
the number of ballast components, presents no additional
current stress in the shared switch. The lamp is supplied
with a low frequency square waveform (400Hz) to avoid
the acoustic resonance phenomenon. The proposed
topology has been implemented for an input voltage of
110V, 50Hz, in order to supply a 35W MH lamp.

Keywords — Acoustic resonance, electronic ballast, HID
lamps, integrated circuits.

I. INTRODUCTION

Metal Halide (MH) lamps have proven to be suitable for
indoor applications due to their characteristics of high color
rendering index (CRI) and high luminous efficacy (around
100 Im/W). Besides, in order to achieve good efficiency, no
light flicker, audible noise absence, and compact size, these
lamps must be supplied by electronic ballasts. However, the
operation of these lamps under high frequency current
waveforms is susceptible to the occurrence of the acoustic
resonance (AR) phenomenon. When the frequency imposed
to the lamp is increased and an eigenfrequency is approached,
pressure waves become propagational and disturb the
discharge path [1]. So, supplying these lamps with a high-
frequency (20 to 100 kHz) sinusoidal waveform, as it is done
usually with low pressure discharge lamps, such as
fluorescent lamps is a difficult task.

Many alternatives have been proposed to avoid the AR,
e.g.. avoiding the frequencies where the AR appears by
means at low-frequency square-waveform (LFSW) ballasts
[2] or extra-high-frequency ballasts [3]; lamp operation in a
free-resonance window [4]; high-frequency square-waveform
supply [5]; lamp operation with suitable frequency modulated
waves, where the threshold value to excite the AR is not
achieved [6]; and lamp operation with sinusoidal waveform
superposed with third harmonic [7].

The use of a low frequency square waveform (LFSW) to
supply the lamp is an option adopted by many researchers in
order to deliver constant power to the lamp and avoid the AR
occurrence. Conventionally, in this way, a three stages
electronic ballast is needed, where: 1) Power factor correction
stage (PFC); 2) Lamp power control stage (LPC); and 3)
Inverter stage. So, as can be seen, this solution leads to a
complex circuit that requires a high number of components,
what increases the power losses and the ballast final cost. One
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of the ideas proposed in the literature to solve the problem is
the integration of power stages in order to reduce the number
of components of the electronic ballast, thus becoming more
attractive to the industry [8-11].

In this way, a single-stage electronic ballast is presented,
which consists of integrating a Zeta converter to provide the
PFC and a Flyback converter to control the lamp power,
without additional current stress in the main switch. The
Flyback inductor includes two secondary windings that work
complementary to supply the lamp with a LFSW current.

II. PROPOSED INTEGRATION

When two converters are integrated some disadvantages
have to be faced. For example, in the integrated topologies
proposed in [8], the current handled by the shared switch is
the addition of the current of each integrated stage. On the
other hand, even though the integration proposed in [9]
avoids this effect, the design of this topology for low-voltage
mains (90-110V) is very difficult due to the high dependence
of the power factor (PF) on the difference between the main
voltage and bus voltage.

The solution proposed in this work is the integration of a
Zeta and a Flyback converter working in a discontinuous
conduction mode (DCM). The shared switch handles only
one of the converter currents instead of their addition.
Moreover, the input characteristics of the Zeta converter
allow it to be used to all range of input voltages (90V —
220V).

The proposed topology is shown in Figure 1, which
excludes the rectifier stage that is formed by D;-D4 diodes
arranged in a single-phase bridge.

The Zeta converter is implemented in the PFC stage, and
the Flyback converter is used to guarantee the lamp desired
operation.

The use of the Flyback converter in the LPC stage allows
the employment of a Half-Bridge inverter to provide the
alternating lamp current (square waveform).
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Fig. 1. Proposed electronic ballast topology.
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To understand how the current is distributed among the
main switch (S;) and diodes Ds and Dg, the equivalent circuit
shown in Figure 2 can be depicted.

In this circuit, it can be seen that switch S; will handle only
the highest current between the two integrated converters (igiy
or ip;+ip,). The diode in parallel with the highest current will
be open, whereas the diode in parallel with the lowest current
will be close. Since the operation is in DCM, the two Zeta
and Flyback currents are ramp waveforms starting at the same
instant. During one line half period the switch can handle
either the Flyback or the Zeta current, because in a specific
operation point the Flyback current ramp is nearly constant
and will be affected only by the dc bus voltage ripple, and the
Zeta current ramp will depend on the instantaneous line
voltage value. Therefore, the conclusion is that the current
through switch S, will be either igy or ip,+iL,, whichever is
higher, but not the addition of the two currents.

iL; iL, D, S,

Fig. 2. Equivalent circuit during conduction of S;.
III. OPERATION MODES

The operation modes of the proposed integration are
analyzed through the theoretical waveforms in Figure 3 and
illustrated in Figure 4. Both converters operate in a DCM and
the load of the integrated stages is considered to be the
inverter + lamp.

A, Modelorll

These modes begin when the main switch S, in turned on.
The voltage V3 is equal to V. So, the input voltage is applied
to the both inductors of Zeta converter (L; and L,).

Currents ip; and i, increase linearly. At the same time,
voltage Vg is applied to Lgy ; charging the Flyback coupled
inductors. When (i;+ir2) > ipy the mode I shown in Figure4
takes place. On the other hand, when (iL;+i,) < imy the
converter operation is in mode II.

These cases can be better analyzed through the theoretical
waveforms shown in Figure 3. In the case that (ip,+i2) > iy
the shared switch (S;) handle (i, +i;,) current. It occurs when
the input voltage is near to its highest value. On the other
hand, when (i.;+iL,) < ipy the current handled by the shared
switch is ipy. So, depending on the operation point along to
the variation of the input voltage mode I or II can takes place.

The lamp during these modes is supplied by the energy
stored in capacitor Cy_,.

B. Modelll
In this mode switch S, is turned off. The currents through
inductors L; and L, decrease linearly through diode D, as can
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be seen in the theoretical waveforms in Figure 3. The value of
inductance L, is projected to be lower than L,. So, as they are
submitted to the same discharge voltage (Vg=V3), the current
through inductor L, reaches zero faster than that through L,,
and then it becomes negative until ij,=-i ;. At this instant D,
stops conducting and mode IV begins.

In the LPC stage, the energy stored in the coupled inductors
of Flyback converter is now discharged to capacitor C;, and
inverter + lamp.

C. ModelV

This is a freewheeling mode. When i ,=-i;; diode D5 is out
of conduction and as V5;=Vj the current in both inductors
remains constant. During this stage the load is supplied by the
energy stored in Cy_,.
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Fig. 3. Theoretical waveforms for both cases: (iL;+i12)>ipy and
(i1 +Hip)<ipy-
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Fig. 4. Electronic ballast operation modes.

IV. DESIGN OF THE PROPOSED INTEGRATED
CONVERTER

Figure 5 illustrates the low frequency equivalent circuit of
the proposed converter for an idealized situation (efficiency
equal to 100%). This circuit is used to analyze the
characteristic of the bulk capacitor voltage (Vg), which is the
common voltage of PFC and LPC stages. In this way, as both
converters operate in DCM, they can be represented by their
equivalent input resistances Rpy and Rz, which can be
expressed, according [9], as follows:

2Lpy
Rery =D27_y|_‘ (1)
'S
2.L
Rzeta Zﬁ 2)
'S

where D is the duty cycle, T is the switching period, Lgyy ; is
the primary Flyback inductance and L. is the Zeta equivalent
inductance (L,//L,).

The output current of the Zeta converter ig(t) can be
calculated by equaling input and output powers. The
following expression is obtained:

o ) V,’.D*T,

ip(t) =——-—

2T VL
where V, is the input voltage peak value.

The dc component of this current, Iz, can be obtained by
integration, as follows:

Ig =;.J'iB(t).dt=
0

(sinwt) 3)

2 2
1Vg DTy .

—. “)
4" VgL,
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Finally, the bulk capacitor voltage can be derived.
Assuming negligible voltage ripple, it can be approximated
by its dc component, as shown in the following equation:

VyoL
1 g "=Fly_1
2 VgL

The following parameters are defined for simplification:

\

9
m=— 6
Vs (6)
and
Le
a= (7
I-Fly71 )

Using (6) and (7) in (5), the following expression is
obtained:

®)

Therefore, as shown by (8), the operation of the integrated
stages in DCM makes the dc bus voltage (Vg) independent
on load, duty ratio and switching frequency; it only depends
on the ac input voltage and the ratio between the Zeta and
Flyback inductances (o).
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Fig. 5. Low frequency equivalent circuit of the proposed ballast.
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Equation (8) has been plotted in Figure 6, which is the main
characteristic to carry out the design of the proposed
converter.
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Fig. 6. Voltage ratio m as a function of the inductance ratio a.

The Flyback inductances need to be designed to guarantee
the operation of the converter in a DCM, and are calculated
according to the procedure presented in [9]. After that, Zeta
equivalent inductance L, can be calculated from (7).

Now, to calculate the value of L; and L, inductances of
Zeta converter a maximum peak to peak current ripple (Aig)
in L, must be chosen. It is defined by the following equation:

V, DT
. g s
Alg = 9
B L, ©)
Representing equation (3) as:
ig®=1g psinat) (10)

where lg p is the ig(t) current peak value. The current
ripple factor () is defined as follows:
Aig

0= .
lg_p

(11

Therefore, using, (3), (9), (10) and (11), the L, value can
be calculated:

2L,
~smD (12)

L,

And, consequently, as L, = L//L,,
2L,

T 2-5mD a3)

1

Another important issue that must be analyzed before a
complete design can be performed is the voltage ripple
across the bulk capacitor (AVg), which must be limited to an
appropriate value. The peak-to-peak voltage ripple across the
bulk capacitor can be calculated as follows:

AQ 1 ).
AVp =—= ig(t)—Ig| dt
B Cs  20Cy I0|B() 8 (14)

The bus voltage ripple factor (1) is defined below:
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Then, according to a desired bus voltage ripple, the
capacitor Cp value can be calculated:

_m?D?T,
8zle fr’
where f'is the line frequency.

(16)

B

V. DESIGN EXAMPLE AND EXPERIMENTAL
RESULTS

Considering the previously described analysis and
equations, an electronic ballast is projected and implemented
for an input voltage of 110V, 50Hz, in order to supply a 35W
MH lamp. The electronic ballast was designed to have a
voltage ratio of m = 1.55, resulting in the relation between
the inductances o = 1.2, as can be obtained from the graphic
in Figure 6.

The Flyback inductances, designed according to [9], to
guarantee the operation in a DCM are: Lpy ;= 223puH and
LFly72: LF1y73: 5 IZHH

Considering (12) and (13) the Zeta inductances L; and L,
are calculated to be 362uH and 1mH, respectively. The
converters switching frequency is 80 kHz and the duty cycle
for the steady state operation is around 37%.

The projected values and employed components are
presented in table I.

TABLE |
Commercial Components

Ds, Dg, D7, Dg and Dg UF4007
Electrolytic capacitor

Cs 250 uF / 250V
S IRFPES0
S, and S3 IRF840
C1=C, Polypropylene capacitor
220nF /630 V
Cs Polypropylene capacitor
100 nF /630 V

Some experimental results are illustrated in Figures. 7, 8,
9, 10, 11 and 12. Figure 7 shows the input line voltage and
current, where an input power factor of 0.998 is obtained.
Figure 8 shows the lamp voltage and current (400Hz). As
previously described the lamp is operated with a LFSW to
avoid the acoustic resonance phenomenon.

Figure 9 presents the current handled by the shared switch.
As can be seen this current is not the addition of the two
stages current but the highest current of each stage. The
shared switch peak voltage and current is shown in detail in
Figure 10.

Figure 11 presents the inductors current of Zeta converter.
The maximum output current ripple (Aig) in L, is calculated
to be 800mA. As can be seen, the L; inductor value is able to
guarantee the DCM of the converter.

The bus capacitor voltage is shown in Figure 12. It is
calculated to a voltage ripple (r) of approximately 5%. Its
value is 220puF.
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Fig. 9. Shared switch current (top trace — 1A/div) and primary
Flyback current (bottom trace — 1A/div), Ims/div.
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Fig. 10. Shared switch voltage (CH1-250V/div) and current (CH2-
1A/div), Sus/div.
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Fig. 11. Zeta converter inductors current: L; (top trace - 1A/div) and
L, (bottom trace - 500mA/div), Sms/div.
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Fig. 12. Bus capacitor voltage (50V/div), Sms/div.

VI. CONCLUSION

The integration of power stages to supply MH lamps is
pointed as a solution to reduce the ballast final cost and to
increase its efficiency. Considering the integration of the
PFC and LPC stages, an electronic ballast based on the Zeta
converter is proposed where the shared switch does not
handle the addition of the both stages currents, thus reducing
losses and increasing the ballast efficiency. The experimental
results validate the proposed configuration, and demonstrate
that the proposed electronic ballast is able to provide the
desired lamp operation waveforms, while the input current
harmonics are in agreement with IEC-61000-3-2 standard.
The efficiency of the proposed electronic ballast is around
83% in steady state operation.

Experimental results for this configuration are obtained in
[12] for a mains of 220 Vrms / 60 Hz to supply an OSRAM
Vialox 70W HPS lamp. The efficiency obtained in that case
is 86% employing a COOLMOS SPW17N80C?2 in the shared
switch. The results show that increasing the input voltage and
the output power the efficiency increase. However, the high
number of magnetic components of zeta converter penalty
the electronic ballast efficiency.
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