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Resumen

Este articulo presenta un disefio de un balastro electronico para lamparas fluorescentes. Un balastro
electrénico auto-oscilante de bajo costo y alta eficiencia con un alto factor de potencia y baja distorsion
armonica total.

Parte de esta alta eficiencia es obtenida por medio de un convertidor conformador de corriente el cual
procesa parte de la energia entregada a la lampara de manera directa, por lo tanto la eficiencia de este
convertidor es mas alta que las topologias convencionales. Para obtener mas eficiencia un convertidor
Clase D trabaja en conmutacién de corriente cero durante el encendido y el apagado es propuesto.

El convertidor Clase D y el conformador de corriente son controlados por medio de un circuito de auto-
oscilacion, de esta manera el balastro propuesto no emplea circuitos integrados. Finalmente la condicion
de estabilizacion obtiene a través del analisis del capacitor de salida (Co) del convertidor.

Palabras clave: Balastro electrénico, correccién del factor de potencia, lamparas fluorescentes.

Abstract

This paper presents the design guidelines of electronic ballast for fluorescent lamps. Low-cost high-
efficient self-oscillating electronic ballast with high power factor and low THD (total harmonic distortion) is
presented.

Part of this high efficiency is obtained through input current shaper converter which only process part of
the energy delivered to the lamp; therefore, the efficiency is higher than the conventional topologies. In
order to get the highest efficiency a class-D converter working under both ON-OFF zero current
switching is proposed.

The Class-D converter and input current shaper converter are controlled by an extra winding in the self-
oscillating circuit. So, there are no integrated circuits in the proposed electronic ballast. Finally, a
necessary and sufficient condition for the system stability is obtained through the analysis of the output
capacitor Co.

Key words: electronics ballast, fluorescents lamps, power factor correction.
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I. - Introduction

Nowadays, the use of electronic ballast is very common due to their well know excellent
advantages; in fact, they still are investigated for getting more efficiency and lower costs. The
self-oscillating electronic ballasts (SOEB) are characterized by circuit simplicity, low cost, and
robustness [1], [2]. The traditional way for supplying self-oscillating electronic ballast is through a
rectifier followed by a bulk capacitor; however, this structure drains a current waveform with high
harmonic content and low power factor.

Currently, international regulations regarding harmonics pollution demand lower limits in the
harmonic currents. So, it is hecessary to use an extra power conversion stages to improve the
total harmonic distortion on the input current. However, extra stages mean lower efficiency,
higher complexity, and more components; consequently, higher costs. Many researches have
proposed alternatives to improve the harmonic content on the input current but they have the
same aforementioned drawbacks.

Normally, resonant tank of SOEB is designed in so way that it represents inductive impedance
in series with the lamp. This inductive impedance limits the current in the lamp [2]. In the
inductive impedance zone the inverter switches reach ZVS commutation in natural way.
However, the turn-off is in hard switching, which decreases efficiency. The only way to improve
the efficiency in the Class D inverter is working both ON-OFF zero current switching ZCS. But
this means to work at the resonance switching where the resonant tank has close to zero
impedance. So there is no way for limiting the lamp current.

In reference [3] proposed the input current shaper for both lamp current stabilization as well as
to improve the power factor. Therefore, to limit lamp current and provide a stable operating
point, the input DC-DC converter must control the current through the lamp accordingly to its
dynamic characteristics. For example, if the input converter behaves as a voltage source the
lamp will be supplied with a constant voltage AC square wave and the operating point will not
be stable due to the dynamic negative impedance of the lamp [4].

An essential part of the study of lighting systems resides on the analysis of the lamp-ballast
system interaction as a function of the stability [4]-[5]-[6]-[7]. To carry out this analysis it is
necessary to know the dynamic behaviour of the lamp.

This paper presents the analysis and design of very efficient self-oscillating electronic ballast
with power factor correction. As power factor corrector an input current shaper is used. The
class D converter is working under both ON-OFF ZCS increasing the efficiency. The use of the
input current shaper converters commonly used like power factor correctors [3], as stabilizer
circuits of the discharge arc in self-oscillating electronic ballast working both ON-OFF ZCS is
proposed in this paper. The analysis, simulation and experimental results of the lamp-ballast set
together with an input current shaper converter are presented.

I. Description of the proposed ballast

Figure 1 shows the self-oscillating electronic ballast proposed. As can be seen, there are not
integrated circuit. All the power switches are commanded through the self- oscillating circuit. The
input stage is an input current shaper based on the fly-back converter. The output stage is a
self-oscillating class D inverter working at resonance.
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A. Analysis of the LCC resonant tank with ON-OFF ZCS

Traditionally, in resonant inverters for electronic ballasts the natural resonant frequency is lower
than the switching frequency [8]. Under this condition, the resonant tank exhibits inductive
impedance necessary for limiting the lamp current [9]. There is some draw backs in using
inductive impedance for limiting the lamp current.
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Fig. 1. Proposed Self-Oscillating electronic ballast.

For example, the load power factor is different to zero. So, there is higher circulating rms
current which get higher both conduction and switching losses. In order to get the highest
efficiency, it is desirable to work under ZCS during both switching ON and OFF. For the analysis,
the fundamental approach is used considering a resistive behavior of the lamp and unitary load
power factor [8] (figure 2).

Lr Cs
A8 i

iconv

U

X, — Xce—= Xcs=0
iconv
Vi TR

Fig. 2. Resonant tank ZCS ON-OFF

Table | summarizes the main design equations of the resonant tank.
TABLE |. DESIGN EQUATIONS FOR RESONANT TANK ZCS ON-OFF

Cp (Parallel ViZ Vg
; Xep = ———=m9 1
capacitor) P P [2-Vimg (1)
Ce (Equivalent Xep <R
. Xce=— 2
Capacitance) * Xep® — R? (2)
Cs (Series Xes= X, — Xce
- 3
capacitance)
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Lr (inductive X, =Q- Xce
4)
resonant)
Q ( Factor of AJ2Vi? va?
L Q>+——— (5)
quality) Va

C. Self-Oscillating Class D Converter

The self-oscillating converters do not use integrated circuit in the control stage, so they have few
components count resulting the cheapest ballast.

The analysis of the inverter is carried out using the describing function method [2]. Figure 3
shows the block diagram of the system. This method is effective due very close to sinusoidal
waveforms are presented. This is because of resonance operation.
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Fig. 3. Block diagram of the system

The resonant tank (resonance point) shows low-pass filter characteristics, resulting dominant
first harmonic component (fundamental analysis is a good approach). The input of the system
(I2) is the magnetizing current minus the scaled sinusoidal current of the resonant tank. So, the
zener current Iz is sinusoidal. Under these conditions linearization is possible based of the
describing function. In our case, the describing function N is given by:

N:;—l£0°:4M _4v,

X -, (6)

Manipulating the block diagram of Figure 2 in order to reduce it to a single loop diagram block
and reorganizing the equations, the final expression for Ly is:

Ls «°-bw'+a’ew*-av’c-bo'+b’w® —can’ +c* )
Lm = ’ 5 4 2 4 2
Cy-n o’ -bw' +a’w" —awc
Where:
a=_* (8) pof L 1 (10)
R-Cp Cs-L Cp-L
I S o) o E (11)
R-Cp-Cs-L 2Vz

This equation is function of the resonant elements, the voltage gain and the zener voltage.
D. Input current shaper design

The input current shaper is a highly efficient converter which get high power factor. Figure 4
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shows the equivalent circuit of the input current shaper supplying a resonant inverter. Table Il

summarizes the main design equations.

ICS Converter
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Fig. 4. Simplified equivalent circuit for ICS converter

TABLE Il. DESIGN EQUATIONS FOR THE INPUT CURRENT SHAPER
05 g vy |2
LFR (Loss free
resistor)
Lp= RS D? (13
2-Fs )
Lp (Parallel
inductive)
. Vo@-D) (14
(Vg -Vo)D )
n
[Vinp,CG jz (15
Ls = -1 -Ls
Vout )
Ls (Secondary
inductive)

Figure 5 shows the diagram of the power flow in a typical system with two stages, the ICSC and the

inverter, connected in cascade. In this system (figure 5(a)), the total efficiency is:

PLamp _ _
) = Thotal = Meonv * inv
total (16)

Where P is the input power delivered to the system, Piamp is the lamp power, Nt is the

efficiency of the system, and nconv is the efficiency of the inverter.
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Fig. 5 Power distribution in the ICS converter

Fig. 5(b) represents the diagram of the flow power in the ICS converter. In this system the
total efficiency is

n= Uinv[(l_ m)(nconv _1) +1]
(17)

The efficiency of the proposed ballast will always be greater than the traditional configuration of
two stages connected in cascade

I. Stability criterion

In order to determine the stability of the system, certain conditions must be considered. In
figure 6 can be observed that the lamp current is stabilized with an external impedance

ZT(s) [10].

Fig. 6 Current limiter impedance in series with
electronic ballast.

The external impedance Z(s) is connected in serie with the resonant tank impedance Z4(s).
The current transference function is:

. _V((s) 1
NS A
T 1+
Z.(s) (18)
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According to the Nyquist criterion, the system is stable because the necessary stability condition
(1+(Zs(s)/Z7(s))<0) is fulfilled:

Z,(5) _,
Z:(s) (19)

In this case, Z(s) corresponds a loss free resistor (LFR) of the input current shaper and, Z4(s) is
ballast working in resonance, therefore, Zg(s) it only corresponds to the equivalent resistance of
lamp Z,(s).

However, it is clear that a lamp cannot operate with a high capacitance in parallel. This
capacitance would act as a voltage source, making the lamp operation unstable [7]. Assuming
a filter capacitor high enough to make the current ripple negligible, the converter can
dynamically be modeled by a dc current source with a parallel capacitance, as show in Fig. 7.

JanY
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NI —>
dc current source iL
From iCS converter ¢
IC

C ZL

Fig. 7 Equivalent circuit ICS converter and lamp.

The output current of the ICS converter is determined by

Vi®-d?

iconv T a—
2L, fv,

(20)

The circuit of Fig. 6 can be expressed by the following differential equation:

cdv v vi-d?
at  z, 2L, fyv,

(21)

By applying small-signal perturbations, the following expression is obtained:

v, Y V?-D i V?-D?

C— = -V,
dt z, L,fV, 2L, fV]

(22)

By using the Laplace Transform in (22):
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0 VDV, -2(s)
d  (v2D? +2CL, fV72s)-2(s) + 2L, f,V2 (23)
In a previous work [10], a small-signal lamp model has been presented:
S+2Z
ZL(S) =k—
S+p
(24)

Substituting (24) in (23) and applying the Routh-Hurwitz criterion, the following expression is
obtained:

(V2D?R,,,, +2L, f.V2)
(2LpfsvizR,,,,)

(25)

These are important conditions that must be fulfilled by the ballast in order to be stable.

The equation (24) can be used for characterizing a fluorescent lamp [11]. From (24), it is
obtained the incremental impedance at low frequency (26) and high frequency (27). These can
be expressed as:

2, (s=0)=-r, =k%Z (26)
p

and
z,(s=w)=R, =k (27)

The value of ry, ¥ Ria can be obtained through the step response method. In Fig. 8, it is shown
the lamp response when a power step is applied.

la (D4 / 0.632 Al

v, () A

(0) t

Fig 8. Measuring lamp parameters
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In this case, the response curve V-l a change of power during the step response method is
graphed (Fig. 9).

y “X >
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Fig.9 Response curve V-l a chance of power

The Ra is the impedance lamp in steady stable, the values of v,,, and i, are obtained

according to Fig. 2 and Fig. 3

v‘Iamp _ AV”

R T 00
Ilamp Al (28)

k:

lamp =

Another equation that can be obtained from Fig. 2

_ vlamp _ AV™
r, = =

i‘Iamp Al (29)

The negative incremental impedance (rq) is due to these small disturbances, which are result of
small change in lamp impedance. Equalling equation (26) and (29) gives the next expression:

vlamp k -z
rp=—_"r=—
IIamp p (30)
Thus, using (30), it is possible to determine the value of z (zero)
7—_ Vlamf P
K Tiamp (31)

The gas thermal constant is the dominant constant in the lamp dynamic, which is extracted from
the lamp current [11]. The pole is:

p = __
4 (32)

The lamp time constant (t) is measured (current) since the step is applied until the response
reaches 63% of the step magnitude (Fig. 8)

II. Design example
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This section shows a design example and some experimental results of a laboratory prototype
for 32 watts circular lamp.

A. Desigh example.

The input voltage is the American line (120 Vims, 60 Hz). The minimum bus voltages permitted for
the standard IEC1000-3-2 norm is 76 volts, and then 60 volts is considered. Also, the
switching frequency is 50 KHz.

1) Resonant elements design

By using the equations of Table | and considering a quality factor of 2.5 are obtained the next
values: Lr (Inductive resonant)= 221uH, C,=47nF and, Cs=330nF. For the self-oscillating circuit a
V=12 volts and n=6 are considered. So, the magnetizing inductance (equation 7) is
Lms=262uH and Imp (primary) is 7.28uH.

2) Input current shaper converter

As the input current shaper switch is commanded by an extra winding of the self-oscillating, the
switching frequency is also 50 kHz. According equations 12-15 (Table Il), the ICS converter
values are: Rs=295 Q, L,=738uH, and Ls=148 pH.

3) Stability of the system

In order to evaluate the lamp parameters, a power step is applied to the lamp. The experiments
were done a power step on interval from 70% to 100% of nominal power. In the Figs. 10 and 11
experimental waveforms during the step response are shown.

Voltage [V]

3

-0.01-8-10 Z6-10 -4-10 -2.0 0 0 210 410 610 8107 0.01

Time [sec]

Fig. 10. Lamp voltage response to step
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Fig.11. Lamp current response to step
The corresponding values of the lamp parameters are shown in the Table Ill.

TABLE Ill. LAMP PARAMETERS

Data from lamp Data from lamp
voltage current
v,gmp:76.1v ilgmp=0.439A
AV~ =72.9V Al =0.127A

t=1.2ms

Substituting parameters in (28), (29) and (32), Riamp= 179.04Q, ry=-25.2 and p= 820. The
maximum value of the capacitor that ensures stable operation is C, < 446uF (equation 25)

|. Experimental results

Figure 12 shows the ON-OFF ZCS condition. The load power factor is unitary and minimum
circulating currents are presented. The resonant tank is working under ON-OFF ZCS increasing
the efficiency. The efficiency at this stage is 98%.
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Fig. 12. ON-OFF ZCS commutation

Innovacién & Sustentabilidad Tecnolégica | Instituto Tecnoldgico Superior de Misantla | Afo1 | No.1|  Pag. 101



Figure 13 shows lamp voltage and current waveforms in the lamp, additionally observed
stable system behavior.
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Fig. 13 Lamp voltage and current waveforms

The total efficiency of the circuit is determined by the following expression:

Thot = _% - ninv(l_ k) + 77inv7700nvk
ent

(33)

Where, nconv=83 (ICS converter), ninv =0.98 (resonant inverter) and k=0.5 (duty cycle). Therefore,
the total efficiency is n=90.

Figure 14 shows input voltage and current waveforms. The input current waveform fulfills the
IEC1000-3-2 norm. The THD was 28% and the power factor 97%.
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Fig.14 Input voltage and current waveform
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. Conclusions

This paper presents a low-cost high-efficient self- oscillating electronic ballast with high power
factor. The power factor correction is realized by an input current shaper where the power switch
is commanded by an extra winding in the self-oscillating circuit. Besides, the input current
shaper works as lamp current limiter stabilizing the lamp. So, there are not any integrated
circuits.

The analysis of the self-oscillating circuit is carried out using the describing function. The
experimental results show a very good performance on power factor, THD, and efficiency.
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