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Abstract—Electronic ballasts are implemented for obtaining a
high power factor and a good operation of the lamp; these goals
are reached traditionally by implementing multiple stages. On the
first stage, a unity power factor is obtained and the second stage is
designed in order to feed properly the lamp. Different topologies
have been studied not only for decreasing the number of employed
controllers and stages, but also reducing the number of compo-
nents and active switches. Electronic ballasts, which are based on
the “Z” and “qZ” source inverters, are considered in this paper,
where the proposed systems have a single stage. Two topologies are
illustrated: the first one for the fluorescent lamps and the second
one for the high intensity discharge lamps, where electronic ballasts
with a high power factor are obtained. The operation, analysis, and
experimental results are shown.

Index Terms—Electronic ballast, impedance inverter, power
factor correction.

1. INTRODUCTION

LECTRONIC ballasts are widely used by the fluorescent
E and high intensity discharge (HID) lamps due to its good
performance such as high efficiency, high power factor (PF),
and light weight. Different topologies are found published in
the literature [1]-[21] for each type of lamp, traditionally a two
stage topology applies for the fluorescent lamps, as shown in
Fig. 1(a), while a three-stage topology is found implemented for
the HID lamps, as illustrated in Fig. 1(b).

Both the power quality and the proper lamp operation have
become the requirements to be fulfilled by the electronic ballast.
Particularly in a two-stage approach, each requirement is sep-
arately fulfilled in every stage. However, this scheme requires
a considerable amount of semiconductors, which diminish the
efficiency. Different choices have been proposed in order to re-
duce the drawbacks for the two-stage approach in each type of
the lamp.
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Fig. 1. Electronic ballast. (a) Two-stage approach for fluorescent lamp.
(b) Three-stage approach for HID lamp.

There exist a variety on the proposed topologies for the fluo-
rescent lamps; there are integrated topologies [1]-[7], some are
based on the charge pump technique [8]-[10], some others are
made magnetically [11]-[13], and also some other proposals
[14], [15] suggest a self-oscillating converter.

Itis also normally found in the literature [16]-[21] three-stage
ballast circuit for HID lamps. It consists of a boost converter for
PFC, a buck converter for regulating lamp power, and a full-
bridge inverter. There also exists a two-stage low-frequency
square-wave-driven ballast circuit [16], [17].

Electronic ballasts based on “Z” and “qZ” source inverters, for
a fluorescent lamp and an HID lamp, respectively, are proposed
in this paper. The described systems in this paper offer a good
PF and a proper lamp operation.

Both “Z” and “qZ” source inverters have a higher amount of
switching states than conventional inverters; this extra configu-
ration is called shoot-through state. Thus, it is used in this paper
not only to boost the input voltage as traditionally is employed
[22]-[26], but also to correct the PF. Neither more stages nor
the converter integration is required in order to achieve both
functions: the high PF correction and proper lamp operation.

On one side, it is proposed to operate the inductor for the “Z”
source inverter in a similar way to discontinuous conduction
mode (DCM), so that, a high PF is obtained in natural form. On
the other side, it is proposed to operate the inductor for the “qZ”
topology in a continuous conduction mode (CCM), as conse-
quence a resistance emulator controller is required, therefore,
both lower current stress and the output power may be increased.

The conduction mode selected for each topology is due to the
natural operating mode, this means that, the first topology de-
mands a discontinuous current and the second one a continuous
current, so that, this was considered for selecting the conduction
mode for both the converters, and the shoot-through state is not
only employed just for the purpose of boosting.
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Fig. 2.  Electronic ballast based on “Z” source inverter.

This paper is organized as follows: proposed converters are
addressed in Section II, where, it is described not only operation
and waveforms but also analysis about the proposals is included.
Experimental results are discussed in Section III, and the final
conclusion is given.

II. “Z” AND “QZ” ELECTRONIC BALLAST

Voltage and current source inverters (VSI and CSI, respec-
tively,) are the inverters normally found in the literature [1]-[21],
which are employed in the electronic ballast. The “Z” source
inverter (ZSI) found is also considered in the literature [22].

ZS1, in comparison with both the CSI and VSI, allows blank-
ing time and overlapping time in one inverter leg; particularly,
this feature allows us to operate this inverter with more switching
states, therefore, the possibilities in its functionality are better.

This advantage has been applied in this paper in order to
satisfy the two requirements (power quality standard and cur-
rent crest factor) by the electronic ballast with a single stage.
While some switching states are used in order to control the
lamp output voltage, some other states are used for satisfying
specifications for the input current; all of these together make
the lamp operate properly.

Although, the “Z” source topology is used for a fluorescent
lamp, and the “qZ” source converter for an HID lamp, they may
be used indistinctly, with their own respective considerations.

A. Electronic Ballast Based on ZSI

The converter consists of two active semiconductors, the pas-
sive elements, and the full-bridge rectifier, as shown in Fig. 2.
It is easily seen that just one leg is considered of an inverter.
The output voltage is a square waveform, which is filtered by
a series—parallel resonant tank and applied to the fluorescent
lamp.

The converter may also be seen as a combination of a half-
bridge resonant inverter and the Z-source; this allows us to have
more switching states, so that, it gives more possibilities in the
inverter functionality, as for example, the PF correction without
the integration of other converter or stages.

According to Fig. 3, the converter operates as follows:

1) During to—t;. S; and Sy are turned ON, the equivalent
subcircuit is shown in Fig. 4(a), and then a zero voltage is
applied to the resonant tank; it should be noticed that the
full bridge diode is not conducting, and then the current
of the ac mains is zero.

2) During t;—t». Sy is maintained ON, S5 is turned OFF, the
equivalent subcircuit is shown in Fig. 4(b), and then a
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Fig. 3. Output waveform of the ZST at one switching period.

positive output voltage is delivered to the resonant tank;
the full-bridge diode is conducting until the input current
reaches the zero current and then the full bridge diode is
open; after that finishes this stage.

3) During to—t3. S; is still ON, but also S» is OFF, the equiv-
alent subcircuit is shown in Fig. 4(c), a positive output
voltage is still delivered to the resonant tank; the current
of the “Z” inductor is the half of the resonant tank inductor
current.

4) During t3—t4. Sy is turned ON and S» is turned OFF, the
equivalent subcircuit is shown in Fig. 4(d), and then a
zero voltage is applied to the resonant tank. The current
of the “Z” inductor is discharged to the capacitor through
the full-bridge diodes, and then a current appears at the ac
mains. This stage finishes until this current reach the zero
value.

5) During ty—t5. S; is maintained ON and also Sy is main-
tained OFF, the equivalent subcircuit is shown in Fig. 4(e),
and then a zero voltage is applied to the resonant tank. No
current at “Z” inductor and ac mains.

6) After t5. The switching sequences are being repeated since
this time.

It should be noticed that the waveforms illustrated in Fig. 3

are at high frequency and does not include the electromagnetic
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Fig. 4. Subcircuits of the first proposed converter.

interference filter at the ac mains, which it is required for this
type of operation. This is explained because the converter is
operated in a DCM.

Different switching states for producing the required output
voltage are summarized in Table 1. The reader should be aware
that there exist more switching states than those for the tra-
ditional inverter in order to generate zero output voltage; this
redundancy is used to correct the PF.

The current for the two switches is shown at the bottom of
Fig. 3, it should be noticed that when they are turned “ON,” the
current starts from zero or from a negative value, so that, a soft
switching is performed in both switches; however, it does not
occur when they are turned “OFF.”
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TABLE I
SWITCHING STATES OF THE Z CONVERTER

Output voltage Switches
M S “1” means “ON”
Zero 1 1 “0” means “OFF”
0 1
Positive 1 0

1) Output Characteristics: The output for this proposed in-
verter stage is a square output voltage, so that, in order to obtain
an ac output voltage, a series—parallel resonant tank is consid-
ered.

The resonant tank is made with C,, L,, and C,.. Since the
resonance, between L, and C,., does not change, C; is selected
typically ten times higher than C), [18], as a result C is used
only to suppress the CD component. Therefore, the following
equation may be used for the design:

1.1

= — 1

Wy T (1)
()

Pop =~ 1 2)

2R

where L, and C, are the inductance and capacitance of the
resonant tank, R is the lamp resistance in steady state, and wy is
the desired output voltage frequency.

2) Input Characteristics: The inverter input is the “Z” array
and also the full-bridge rectifier. A high PF is obtained due to
inductors Lz, which are operated as in a DCM.

According to the input current waveform, this converter op-
erates very similar as it is done by a parallel active input current
shaper found in the literature [27]; however, its topology is com-
pletely different.

Related equations to the input are obtained during #;—t». Par-
ticularly, for the analysis, it is considered that the capacitor
voltages and the ac mains are almost constant in a switching
period.

The voltage applied to the L, inductor [see Fig. 4(b)] is
determined by

vz = |vs| —voz 3)
where: vz is the capacitor voltage of C'z;
|vg| is the rectified ac mains.
Also from the same figure the input current is
lis| = 2iLz —iz (4)

where: 77, 7 is the inductor current of L ;
1z is the current demanded by the inverter.
By considering expression (4), then for the instant #;, the
input current may be approximated to

)

where iz, is the inductor current of Ly at the time #;, i, is
the current demanded by rectified ac mains at the time #,, and
1741 1s the current demanded by the inverter at the time #; .

ipk = 2ink - 7:Ztl
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Fig. 5. Theoretical waveform of the input current.

From the Fig. 4(b), the basic equation for the inductor may
be obtained as

izi2 —liLpk _ ULz ©)

ty —t Ly
where 7740 is the current demanded by the inverter at the
time fs.
The following equations may be deduced by assuming that
the current demanded by the inverter is smaller in comparison
to the peak of the input or inductor currents:

ipk = Qink (7)
—iLpk VL7
= - = 8
to — 11 Ly ®)
Then, by using (3), (7), and (8):
L
ty — 1, = _ wkbz )

~ 2(Jvs| —vez)

The average current at the high frequency is obtained as

1/ iph
<¢S>=7/ _ kg
Ts J-(ty-v) t2—t

(10)

Substituting (9) in (10) and solving, we obtain

. 1 /O 2(|US| —’Ucz)

ig) = — e T ar

< > T;,- 7<t27t1) LZ

. 1 2(vey — |v

(is) = iw(tfz —t)?. (11)

Substituting (9) in (11) we obtain

i) =+ 02
1§) = 77 .
Ts 2 (vez — |vsl)
If the time #;—; is maintained constant, then 4, is constant,
so that, the evolution of the average current (ig) depends on
the variations of the ac mains. The waveform shown in Fig. 5 is
obtained by graphing expression (12), the result is similar to this
obtained by the parallel active input current shaper [27], which
offers a good PF, however, not equal to the unity.

12)
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Fig. 6. (a) Electronic ballast based on “qZ” source inverter (a), and (b) the

auxiliary combinational circuit.

3) Controller for the Proposed Z Converter: Once the con-
verter is designed and the shoot-through state is adjusted, the
gate control signals are maintained constant, even during the
ignition. Before the ignition, the fluorescent lamp has high
impedance, and during this one, the resonant tank provides the
needed voltage to turn the lamp ON [21]. The use of an external
igniter is not required because the desired output voltage fre-
quency is selected slightly higher than the resonance frequency
according to (1).

A microcontroller (PIC16HV616) was employed for the sys-
tem implementation, which operates at a constant pulse pattern
in order to guaranty its performance, as illustrated in Fig. 3.

B. Electronic Ballast Based on “qZ” Source Inverter

Fig. 6(a) illustrates the proposed “qZ” converter, where a
full-bridge inverter is implemented and an HID lamp is fed. It
consists of four active semiconductors, one diode, the passive
elements, and the full-bridge rectifier. An external igniter is used
for the lamp ignition.

A circuit UC3854 aids the proposed converter in order to be
able to control the input current in CCM to guaranty a high PF.
Also, another controller to regulate the output current at low
frequency for avoiding acoustic resonance is considered.

The converter operates with a combinational logical circuit as
an auxiliary, as shown in Fig. 6(b); S; and S not only regulate
the output current, but also correct the PF, the auxiliary circuit
allows us to uncouple each controller; Sy and S, establish the
output frequency at which the lamp is operating, which is a
square waveform at low frequency.

According to Fig. 7, the converter operates as follows:

1) During t, — t,(tsr). S1, S3, and S, are turned ON, the

equivalent subcircuit is shown in Fig. 8(a), and then a
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zero voltage is applied to the lamp, the inverter input volt-
age is zero (Vz); in this state diode D, is not conducting,
moreover, in this state the inductor L; current is increas-
ing, this state let us to control the input current and correct
the input PF.

During t, —t.(ta). S; and S, are maintained ON, So
is turned OFF, and the equivalent subcircuit is shown in
Fig. 8(b), and then a positive output voltage is delivered
to the lamp; the diode is conducting now and the inductor
L, current is decreasing, this state allows controlling the
output current and regulating the output power, for the
positive semicycle of the output.

During t. — t4(tz). Sq is maintained ON, Sy is turned OFF,
the equivalent subcircuit is shown in Fig. 8(c), and then a
zero voltage is applied to the output filter, the inverter input
voltage is zero, the freewheeling diode of S5 is conducting
and the inductor L; current is decreasing.

4) After ty. The switching sequences are repeated from this
stage until the negative semicycle of the output occurs.
During t. —ty(tsr). S1, S2, and Ss are turned ON, Sy
is turned OFF, and the equivalent subcircuit is shown in
Fig. 8(d), then a zero voltage is still applied to the lamp,
D is not conducting, and the inductor L; current is in-
creasing, this state is also used to PF correction.

During t; —t,(ta). So and S3 are maintained ON, and
S1 is turned OFF, the equivalent subcircuit is shown in
Fig. 8(e), and then a negative voltage is applied to the
lamp. This state allows controlling the output current and

2)

3)

5)

6)

“Z" AND “QZ" SOURCE INVERTERS AS ELECTRONIC BALLAST

Vs

Vs

Vs

Fig. 8.
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regulating the output power for the negative semicycle of
the output.
During t, — t;,(tz). Only S» is maintained ON, the equiv-
alent subcircuit is shown in Fig. 8(f), then a zero voltage
is applied to the output filter, the freewheeling diode of S
is conducting and the inductor L; current is decreasing.
8) Aftert;. The switching sequences are being repeated since
this time, until the negative positive of the output occurs.
Table IT summarizes the different switching states of the

converter.

at

1) Output Characteristics: For avoiding acoustic resonance
the lamp, the output for the proposed inverter is a
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TABLE II
SWITCHING STATES OF THE QZ CONVERTER

Positive Cycle Negative Cycle

Switch tsT ta t t

~+

z tsr A z

HF M 1 1 0 1 0 0
Ss 1 0 0 1 1 0

LF Sy 0 0 0 1 1 1
M 1 1 1 0 0 0

HF and LF = High/Low Frequency, 0 = Off, | = On.

low-frequency square output. A classical controller is employed.
The filter is designed taking into account that the ballast operates
in high/low-frequency square-wave. This inverter filter is com-
posed by Ly and Cgyek, [28], [29], which may be calculated
with

VLamp (1 - tA)

Lk = 13
Buek AI]&IIII)FSVVitCh ( )
AIlamp
wok = o 14
CB ) 8stitchAVLamp ( )
VLamp
ta = . 15
4 VBus ( )

where: Lp,k inductance of the output filter;
Cpuck capacitance of the filter;
VLamp lamp voltage with the filter;
Tywiteh SWitching period;
It amp lamp current ripple;
Fiwictn switching frequencys;
VLamp lamp ripple voltage.
The value for the capacitors C; and C, are selected to be
equal according to [29]-[31], and may be calculated by

\/i'PiH 1

Cl = * tSTmaxﬂwitch (16)
UJVACmin OO5VC1 max
. — _Vei1-Viy
where: Lgrmax = JS5pET

Veo1max maximum voltage in the capacitor Cy;
P, input power of the electronic ballast;
VAcmin minimum input voltage;

ts7max Maximum shoot through state;

Tswiten SWitching period.

The selection of the inductors L; and L, is based on [28]-[30],
and the next equation is used

_ VClmax
0-2\/§P111/VACmin

2) Input Characteristics: The “qZ” array is the inverter in-
put, which is controlled by full bridge inverter. For this particular
case, the input inductor L, is operated in CCM and controlled by
the commercial IC UC3854 [32]. This is a specific purpose IC,
which allows controlling the converter as a resistance emulator,
so that, a PF closer to unity is obtained.

3) Controller for the Proposed qZ Converter: Due to the
shoot-through state, two controllers, which operate on the same

Ly =Ly (17)

tSTmax Tswitch .
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full-bridge inverter, are employed for this converter. An auxil-
iary circuit is employed in order to uncouple the operation of
each controller; as a result, every controller is independent of
each other.

The output current operates under a traditional controller, as
shown in Fig. 9. It is composed of a rectifier, a PI controller, and
a pulse width modulator (PWM). Due to the output ac current,
the rectifier is needed.

The input current has a traditional controller with a specific
purpose IC; this is known as UC 3854, as illustrated in Fig. 9. The
circuit is based on a multiplier and a traditional compensator in
order to be able to generate the rectified input current, a current
controller, and a PWM, which controls the inductor L; current.
This figure also shows the expected waveform in each point for
this controller.

For this converter a traditional external igniter, based on a
spark gap, was considered. It was connected in series with the
lamp by using a transformer, as shown in Fig. 9.

III. EXPERIMENTAL RESULTS

The functionality for the proposed systems was experimen-
tally evaluated by a prototype, so that, the proposed ideas were
validated.

A. Electronic Ballast Based on ZSI

Experimental results are shown in Figs. 10-13, these were
obtained for a 75-W fluorescent lamp (OSRAM S068 SL75W),
the switching frequency is 50 kHz, the resonant tank composed
of L, is2.17 mH, C is 100 nF, and C,. is 5.6 nF, the “Z” inductor
Ly is 190 pF, and “Z” capacitor C'z is 47 pF. A microcontroller
PIC16HV616 was used in order to be able to generate the fixed
control signals.

Input voltage and current are illustrated in Fig. 10, it is also
easily seen that the obtained PF is 0.97 and the total harmonic
distortion (THD) of the input current is 14%.

Output waveforms of current and voltage from the lamp are
illustrated inFig. 11. It is shown that the output voltage is sinu-
soidal in spite of being applied a quasi-square output voltage,
so that, the lamp is properly fed.

Waveforms from the converter at the switching frequency are
illustrated in Fig. 12. It is also shown the inverter input voltage
V., rectified ac mains voltage, and rectified ac mains current. By
the time when the capacitor C, voltage is applied through the
inductor L. to the load, it should be noticed that an oscillation
waveform is observed in V, when the full bridge rectifier is not
conducting.

Input waveforms at low frequency from the converter are
shown in Fig. 13. This figure also illustrates how the input
voltage, rectified ac mains voltage, and inductor current I1,7 are
in good agreement with the theoretical analysis.

B. Electronic Ballast Based on “qZ” Source Inverter

A laboratory prototype has been designed, built, and tested
for an HID lamp of 250 W (OSRAM HQI-T 250 W/N PLUS),
the switching frequency is 50 kHz, the output elements Lp
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is 750 pH and Cpyex is 500 nF, the “qZ” inductors L; is 1.2 mF,
and “qZ” capacitor C; is 22 uF. The IC UC3854 and a logic
gates are used in the implementation.

The experimental results are shown in Figs. 14-17. Fig. 14
illustrates the gate signal of the semiconductors which drives the
proposed electronic ballast. It also shows the operation under
the zero crossing of the output voltage.

The measured waveforms regarding the input current and
input voltage are shown in Fig. 15, where the obtained PF is
0.98 and the THD is 12%.

The output waveforms applied to the lamp with a low-
frequency square-wave current source are illustrated in Fig. 16.

. |
>fdprc | dauck Lref
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circuit } Low
$,S; S,S,
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VAN A AR A A A A
.-EI.VIE i-\é.ll-:-_ b \VV L 2 ill‘fjli
@
=250V “TP[20.0us A Chi S —15.0V
Chd4] 1.00AQ
1[37.60 % |
Fig. 11.

Voltage and current lamp (from top to bottom, respectively).

The lamp is driven at low frequency, it is not only free of acous-
tic resonance and stable, but also the instantaneous power is
constant at the lamp.

The startup of the HID lamp is shown in Fig. 17, its waveform
has a typical behavior for this loads.

IV. CONCLUSION

Different electronic ballasts for lamps are discussed in this
paper. The proposal is based on the “Z” and the “qZ” source
inverters. Converters offer good input and output characteristics
in spite of being used a single stage, which is not an integrated
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Fig. 16. Waveforms at the lamp. From top to bottom: power lamp (100 W/div),

input voltage (100 V/div), lamp current (5 A/div). Time scale: 10 ms/div.
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Fig. 17.  Start up of the HID lamp.

one. A high PF is obtained and the proper output voltage is
applied to the lamp in each case.

Although the “Z” converter inductors are operated in DCM,
the “qZ” inductors are operated in CCM; however, these condi-
tions may be switched with its own implications.

The demanded current to the ac mains is similar to that from
the converters based on the active input current shaper tech-
niques when operated in DCM, and the current is closer to a
sinusoidal waveform when operated in CCM.

The shoot-through state is used not only for boosting the
input voltage as typically implemented, but also for obtaining
a high PF. The switching states redundancy for the impedance
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source converter is used; this enables that two functions may be
performed by the same converter.

The operation, analysis, and finally the experimental results
were also illustrated.
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