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ABSTRACT

This paper explores the characteristic of the fluorescent lamp operating in high-frequency range. The
fluorescent lamp actually characterizes an impedance consisting of resistance and capacitance,
which is seriously dependent on the lamp current, operating frequency, and lamp voltage. A novel
soft-starting strategy for pre-heating and igniting the fluorescent lamp is proposed. A half-bridge
series-resonant inverter (HB-SRI) is employed as the electronic ballast to verify the system
performance. A soft-starting controller (SSC) is implemented to realize zero-voltage switching for the
power switches and lower igniting voltage for the lamp. Mathematical model for the lamp before and
after firing is built. A design example realized by the HB-SRI is conducted, and the expetimental result
and the simulation one are close to the theoretical predictions.

1. Introduction

The advent of the high-frequency electronic ballast has
contributed great energy saves in our life. Accordingly, the
efficiency of fluorescent lamps operating at frequencies
above 25kHz is 10-15% more than that at 60Hz". Besides,
the electronic ballast also offers numerous advantages better
than the magnetic ballast, such as reduced flicker, low
audible noise, small size, high power factor, and dimming
capability®. Generally, the description of the fluorescent
lamp is always modeled as a pure resistance after firing"?.
In fact, this assumption is not true when the fluorescent
lamp operates in the high-frequency range® . Furthermore,
the starting operation is still the most important task for
firing the fluorescent lamp, because it can generate
considerable destroy at firing instant to shorten the lamp
life. To raise the lamp life, researchers suggest lots of soft
starting methods including supplying a low voltage (about
3.5V) for the filament or shorting the starting capacitor on
the lamp to heat the filaments approximately at 850 °C in
1.1 seconds”. The objective of this paper is to develop a
pre-heating control strategy and find a complete model of
the fluorescent lamp in high-frequency operation.

The important feature of the lamp under nominal
operating conditions is also outlined. The proposed new
soft-starting strategy for pre-heating the filament can soft-
start the fluorescent lamp and reduce its starting voltage.
The pre-heating strategy is realized by a high-frequency
resonant inverter driven by a variable frequency train from
high to low. The organization of this paper is as follow.
Section II presents the modeling of the fluorescent lamp.
Section III analyses the half-bridge series-resonant inverter

for the fluorescent lamp. The pre-heating strategy of the
soft-starting is outlined in section IV. In section V, a design
example is conducted, and its experimental results are
compared with the computer simulations with the
aforementioned model of the fluorescent lamp in section VI
The final section summarizes the conclusion.

2. Modeling the Fluorescent Lamp

The construction of the fluorescent lamp is formed by
plasma fulfilled in the tube as shown in Fig. 1. With gas-
discharging phenomenon, plasma ionization is built between
the two electrodes of the lamp and then achieves luminance
in the fluorescent lamp'®*",

The lamp in normal operation (full luminance) behaviors
almost a pure resistor; but its impedance is seriously
changed out of full luminance due to the operation
frequency changed.

Due to the physical similarity as a capacitor, the
fluorescent lamp inherently includes capacitance and is
significant in the high-frequency range”™. In this paper, a
half-bridge series-resonant inverter (HB-SRI) is used as the
ballast to explore the characteristic of the fluorescent lamp
in high-frequency operation. The lamp is parallel-loaded in
the HB-SRI. The series resonant tank in HB-SRI consists of
a starting capacitor C, across the lamp and a inductor L,. The
circuit of the presented ballast is configured in Fig. 2. The
test scheme for finding the relative parameters of the lamp
characteristics is outlined in Fig. 3, in which a universal
power analyzer is used to measure the resistance and
reactance (R+jX) in the fluorescent lamp. The capacitance of
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the lamp can then be acquired from the measured X.
Typically important parameters of the lamp are measured in
Fig. 4, in which the lamp resistance and lamp capacitance,
lamp voltage and lamp current versus switching frequency
are explored. From the test data in Figs. 4a and 4b, we have
the description for R,

Rxp(f,\-)=3.96*]0'14ﬂ_4_6.23*10—914;3 0
+3.64%107 £ -9.38, +8.98*10"

and Cy, as

C,(f,)=-2.01* 107 £4 4+2.94%107 £} @

-1.56*107° 2 +3.33f, —-1.76¥10°*

Remarkably, the lamp capacitance C,, is seriously
dependent on the operating point of the lamp and is a
function of the lamp current, operating frequency, and lamp
voltage. Thus, the impedance of the fluorescent lamp is
really frequency- and current-dependent after firing. The
explored capacitive behavior in the lamp will affect the
generating ignition voltage across the two electrodes of the
lamp by changing the parallel capacitance (combining with
C,) on the lamp. The proposed model is then of advantage in
high-frequency application.

clectrode 1 electrode 2

The configuration of gas-discharging lamp.

Fig. 1

Soft-starting and
pre-heating controller

Fig. 2 Circuit topology of HB-SRI electronic ballast with
soft-starting and pre-heating controller.
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f,=30kHz~55kHz

Fig. 3 Test scheme for finding the impedance of
the fluorescent lamp.
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Fig. 4 Measured characteristics of a typical FL 40D-
EX/38 fluorescent lamp with respect to the
operating frequency, (a) lamp impedance, (b)
lamp capacitance, (c) lamp voltage, and (d) lamp
current (measurement: xxx, simulation: 000).

The equivalent circuits of the electronic ballast before and
after firing are respectively depicted in Fig. 5. In Fig. 5,
the driving voltage v,(t) from the switching devices (S; and
S,) can be defined as

T
< —_—
Ve 0Si< 3)
Vi (t) =
-V, <r<

§ §

8|:1
8|,_,z
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Before firing, the lamp behaves high impedance and only
the lamp filament resistance r, is considered in series with
C.. The equivalent circuit in Fig. 5a has the input impedance
Zil’

{or, -1 4)
Z,=R L, ———
il f+~]((’0 ) (DC }

where R, =2r, C, = starting capacitor. In this case, the
resonant frequency ®,, before firing can be given by

N (%)
LC

TS

(Drl =

The circuit quality factor Q, is given by
0 = _ulrﬁ - # (6)
1

R, o,CR,

Fig. 5 The equivalent circuit models of the fluorescent
lamp (a) before firing, (b) after firing with R,//C,,
model and (c) after firing with R,.-C,, model.

The peak voltage V,, of the lamp starting voltage v,, (t)on
the starting capacitance C, can be estimated as V=0,V at
resonance, in which V=(4/m)(V,/2). Remarkably, the
maximum starting voltage for firing the lamp is seriously
dependent on the physical geometry of the lamp. The
normalized magnitude of the lamp starting voltage v,(¢) to a
constant amplitude driving voltage v(f) can be given by

EOIE
Is le(ﬁ__@i]

0, ©

|V(1(jw)I:| 1 I:
|Vd (jm)l I(I—(DZL, C, )+ijsz [

After firing, the equivalent circuit of the fluorescent lamp
can be described as either a series form of R -C, or a
parallel form of R,//C,, as shown in Figs. 5b and 5c,
respectively. For parallel combination, the input impedance
Z,, in Fig. 5b can be described as

Z,=joL, +R, //—_—]—
jo(C, +C)) (8)
R
= joL, + i
1+ ju)R(,,C“'_
where
R/p = Rl’s + 2—12—- (9)
0‘) cl‘s R/s
C, (10)

p= T 2
" 14+0’C'R,

C: =C.V+C[p (11)
The resonant frequency ®, after firing can then be

expressed as
; (12)

L | +o'R, (€, +C )
1 o’r(C,+C,)

O‘)r2 =
ip 7 s

Since the lamp equivalent R, and C,, are frequency-
dependent, the resonant frequency w,, would be a variable
and not a constant. Fig. 6 shows the relation of the resonant
frequency versus the switching frequency, in which the
resonant frequency is not constant at luminance and varies
in proportion to the switching frequency. The circuit quality
factor Q, in nominal luminance is then given by

oL e’ (C,+C, Y]
R,

_’R,(C,+C,)

o,

(13)

&
(0,. 2

In this case, the normalized magnitude of the lamp voltage

v(t) in steady state to a constant amplitude driving voltage
v(t) can be described as

IV, Go)| 1 l

ey b 14
|V4(J“))| [1‘032[«,-(0:,,"'0\)]"']'911 (14)
R,
-1
. o
1+0’R} (C,, +C,)’
B ., @ Qz
+ j(—)——
](Lt),.z) 1+w’R} (C,, +C"_)3]
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The lamp voltages of the HB-SRI electronic ballast in
frequency domain before and after firing are shown in Fig.
7a and 7b, respectively. Fig. 7a is for pre-heating the lamp
filament. The pre-heating frequency can be set in the high-
frequency range such as from 120kHz near to 40kHz, where
is the resonant frequency. But for Fig. 7b is for nominal
operation, the switching frequency is always set larger than
the resonant frequency ®,,.

*
ES
35 %
; #
S0 .
z #®
g 251+ w %
2 #
« *
4 * *
30 35 40 45 50 55
Switching Frequency (kHz)
Fig.6 The switching frequency versus resonant

frequency after firing.
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Fig. 7 Normalized frequency responses of the HB-SRI
electronic ballast (a) before firing and (b) after
firing.
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3. Half-Bridge Series-Resonant Inverter for the
Fluorescent Lamp

The presented HB-SRI in nominal luminance has four
resonant modes including two charging states and two zero-
voltage transition states during one switching cycle. The
HB-SRI is operated at continuous-conduction mode (CCM)
with the switching frequency higher than the resonant one
®, "?. The equivalent circuits and resonant states are
depicted in Fig. 8. Their waveforms with respect to the four
modes are shown in Fig. 9. The steady-state resonant
behaviors to the four equivalent circuits are respectively
described in the following.

(d

Fig. 8 Four equivalent circuits of HB-SRI electronic
ballast for (a) mode 1 [t, t,], forward charging
state, (b) mode 2 [t,, t,], zero-voltage transition
state, (c) mode 3 [t,, t;], reverse charging state,
(d) mode 4 [t,, t,], zero-voltage transition statee
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Fig. 9 The simulated resonant waveforms of wsand i,

1) Mode 1 [¢,,t,]: Forward charging state

As shown in Fig. 8a, when S, is on and S, is off, the
ballast current i,(t) is charging through the lamp and the
starting capacitor C,. The ballast current i,(f), lamp current
i(?), and lamp voltage v,,(t) across the lamp are given by

. vV v,
lu(t) = Rd +|:—E—+lu(t0):| Cosm,f (15)

&p &p

(XV — Ve (t )
+ ——+och,(t0)+——~L—— ———smcodt
d

p ) r

p

i (t)—R" +20[R, Copiy () + Cove: (t) =V, C. b cos, (16)

&
+B,e™ sinw,z
where

] 0‘)() Cfp (V vC’ (to)) (17)
v (od +20 [ (to )Rc’p (ZC_‘ - Cl'p )_ C.VVC; (t()) - Vd C)]
and ‘
VoM =ve )=V, + [—Vd +ve (t(,)]e"" cosm ¢ (18)

ACY sm(o o
C.v o,

where the damped frequency o, =+m,’-a?, corner
frequency @, = 1/ \ LC. and the damping factor
oa=1/2R

{ oV, —oWe (ty) +2-+

p x

2) Mode 2 [¢,,t, ]: Zero-voltage transition state

Since the switching frequency of the ballast is designed to
operate at the frequency higher than the resonant one, S,
turns off when i,,(t) reaches to a nominal value as shown in
Fig. 9. During the turn-off interval of both two switches S,

and S,, the inductor current i, (f) will then free-wheel
through the body diode D, as shown in Fig. 8b. It provides a
zero voltage across switch S, before its turn-on while the
i,,(1), i,(t), and v,,(t) can be described as

\%
i () =—4< Va +[ o +iL,.(t,)}e*” cosw,f
R, |R, (19)
oV ~V, —Ve, (t) le
+| —L4ou, (t, )4 7 —smu)dt
p T d

i, = 20R, C,piy, 0) + Cve () cosot (20)
+B,e™ sinw,t
where
2|, R,C.ve(t)
B, =w—{lu(tl)"’i_lL—q_l— ( o L,,ZL, (t)+C, Ve (t, ))} 2D

d r

and

V==V, +V,+v. (t,) ™ cosw ¢
2 a M e J? a 22)

K}

+HoV, —owe (t)+F i) e smu)dt
C md
3) Mode 3 [¢,,t,]: Reverse charging state
During the mentioned free-wheeling state, S, turns on at
zero-voltage switching. The ballast current i,(f) is then

reversely charging through the lamp and the starting
capacitor C,. The i,(f), i(f), and v,,(¢) can be given by

iL,(t) = —%-+l:1‘:4+il_l.(t2):1€_m cosm,! (23)

& o

=V, =ve (t,)
+{%+aiu(t2)+ Lc }%sma)dt

p r (D(I

R v, 0o
0=+ 20[R, i 1)+ Co () +V,CF 7 cosmyr (24)
tp
+B.e™ sinw,¢
where
5ol 0:C, (V, —ve 1)) 25)
’ @y |+ 20‘ [Lr (tz )RC[) (2C\ - CU]) )— C,\'vC; (tl) - Vd Cs ]
and
Vo) =~V + h/d +ve (t, )k*” cosm, 26)

{av,, —owe, (t, )+l”(t 2) | }»—smm,,t
c’ [V

. d
§

4) Mode 4 [1,,t,]: Zero-voltage transition state

When S, turns off at ¢ = t,, the ballast current i, () is free-
wheeling again through the body diode D, as shown in Fig.
8d. The i,,(1), i.(f) and v,(¢) can be expressed as

Vv -V
i, ()= =%+ | —44i, (t cosm,t
Lr() Rw [RZIJ IL'( 3):|e ! (27)
oV, . v, Ve ty) [e
+| =0, (t,)+ ——-L———~ —smu)dt
op r d
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i.(t) =20 [RE[,C,.I,iL,, t,)+Cye (t, )]e’“‘ cosm,t (28)

+B,e™ sinw, ¢
where

B —&{l (t )_R«"[)CI’I)VC; (t?)
4= Lr\'3

d

—(X(Rm Cl’lliLt' (tﬁ) + CA‘ vC_[ (t3 ))} (29)

and

Vo ® =V, + |V ve @) cosw,z
‘ (30)

C. i

i(t) {e™ .
{—OW{, —owe (t1)+&:,v sinw,
s -
s

Substituting (1)-(2) into (15)-(30), we have the simulation
results of lamp voltage v,,(f) and lamp current I,(f)

versus operating frequency as shown in Figs. 4c and 4d.
Accordingly, the complete resonant waveforms of v,, (t) and
i, (t) are simulated and displayed in Fig. 9.

4. Pre-Heating Strategy for HB-SRI Fluorescent
Lamp

Generally, the electronic ballast system so far requires a
higher starting voltage to ignite the fluorescent lamp. It then
results in high voltage stress, higher EMI to shorten the life
of the lamp®®. To reduce the highly impact upon the lamp,
a soft-starting controller (SSC) for gradually firing the
fluorescent lamp is proposed. The system diagram of the
control strategy is shown in Fig 10. The presented SSC
consists of a voltage-in ramp generator (VIRG), a voltage-
controlled oscillator (VCO), a pre-heating and firing control
timer, and a driver with dead-time control. The realization
circuit of the SSC is shown in Fig. 11a, in which the
voltage-in ramp wave from VIRG is applied to the VCO to
produce a triangular wave with variable frequency from
high to low, as shown in Fig. 11b. The output of the VCO
then splits into two control signals with proper dead-time
for gating the power switches as shown in Figs. 11a and
11b, whose truth table is shown in Fig. 11c. The variable
voltage Vj in Fig. 11b is used to adjust a proper dead-time
between the two control signals formed by a D Filp-Flop.
The strategy of the SSC is to initiate the lamp with a
variable frequency from high to low, which assures that the
pre-heating process is gradually achieved. As the operating
frequency of the SSC is close to the resonant frequency m,,,
the lamp voltage will then rise up to the igniting level to fire
the fluorescent lamp. The required igniting voltage for the
lamp is strictly dependent the pre-heating profile from the
SSC.

Driver with| G
| VCO |—| dead-time
control

Voltage-in ramp 1

generator

i

Preheating and
firing control
timer

G,

Fig. 10 The structure of the soft-starting controller (SSC).
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Fig. 11 (a) The realized circuit of the SSC, (b) gate pulses
for the power switches, and (c) truth table of the
dead time control.

5. Design considerations

According to the aforementioned analysis, we can find the
relative parameters from Fig. 4 with the considerations of
the required lamp current, lamp voltage, and switching
frequency. In this paper, a prototype of a 40W electronic
ballast with soft-starting control is designed and realized.
We use a fluorescent lamp FL-40D/38 produced from China
Electric Mfg. Corp. as the experimental target. From the
data sheets, we find that the lamp current is 410mA at rated
power of 38W. In this design, we preset the rated output
power is 35W and from Figs. 4c and 4d, the relative data are
lamp rms current /,=330mA, lamp rms voltage V=105V,
and operating frequency f=39kHz. The specifications are
given in the following: input dc voltage V,,=380V from a
PFC with power factor2=0.95, operating frequency of the
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SSC initiating from 100kHz—50kHz, starting voltage
550V,,, nominal operating frequency 39kHz, temperature
rise below 30°C, current crest factor <1.7, total harmonic
distortion < 15%. Firstly, we preset the switching frequency
for firing the lamp is at f=50kHz and we let the required
starting voltage be 550V, The filament resistance r,=4~6£2
and would be 4~5 times after heating, and we presume R,
=50Q. From (7), we have, in starting state,

Vu(jo) - (D
Vv, (jo)

_5s0/2 o, 1
4 380 Ji-orc,F+[or,c.}
After firing and in normal operation, we have found the

equivalent parallel impedance R,=344C), and C,=3.14nF.
From (14), we have, in steady state,

(32)

10542 /

iﬁQ 0.62 = - =
T 2 J[] -o’L(c,+C,)f + [%]
p

Vnum)l
V,(jo)

Combining (31) and (32), the derived parameters for this
design are given by L=2.11 mH (use 2.05SmH) and C= 8.6
nF (use 8.2nF).

6. Simulation and experimentation

In this paper, a 40W ballast with pre-heating strategy is
realized to estimate the performance of the fluorescent lamp
and to assess the proposed model. Based on ANSI C82.11,
the pre-heating time ¢, for a rapid-start ballast should be
greater than 500msec. In this design, we assume the
required starting time #, =1 second and use the model of Fig.
5a for evaluating the proposed pre-heating strategy. The
frequency for pre-heating the lamp filament is designed
changing from 100kHz to 50kHz. Since the filament
resistance r, will increase with the temperature rise, we

assume the final filament resistance R, =4 X 2r. The

simulation response of the lamp voltage by Fig. 5a before
firing is clearly shown between 0 and 1 second in Fig. 12a.
When the lamp fires at t =1 second, by Fig. 5b, the
simulation response of the lamp voltage is shown after ¢ >1
second in Fig. 12a. The soft-starting lamp voltage is
measured in Fig. 12b. The simulation and experiment results
are quite the same each other. The actual pre-heating time
measured is 1.04 seconds and the starting voltage is only
550V,,. By computation, the resonant frequency is
38.82kHz, the circuit quality factor Q, = 41.74 when R,
=50Q. The lamp current is also measured and shown in Fig.
12c. Due to properly pre-heating, no high current spike
occurs at the ignition point.

Furthermore, the proposed ballast can operate in the
frequency range from 30kHz—55kHz, in which the
corresponding output power changes from 40—12W, the
equivalent parallel resistance R, from 225Q—1.6kQ, and

the  equivalent parallel capacitance = C,,  from

5.24nF—0.61nF. With the model of Fig. 5b and the
estimated parameters Rnp=672£2 and C,=1.57TnF at
f=50kHz, v,(t) and i(f) are simulated with (15)-(30) and
shown in Fig. 13b. The waveforms of i.(¢), v,(¢), and i,,(¢) at
f=50kHz are measured in Fig. 13c and 13d, respectively. It
is clearly seen that the simulation result with the proposed
lamp model in Fig. 13b is more close to the measured one in
Fig. 13c. There is only small phase difference between v,(¢)
and i,(?); but for v,,(¢) and i,,(¢), an obvious phase difference
exists. Besides, the simulation by the resistive lamp model is
also shown in Fig. 13a for comparison and its reality is so
different from those shown in Figs. 13b and 13c.

Fluorescent Lamp Starting Waveform
T T T

Lamp Voltage (volt)

igniting

igniting

©

Fig. 12 Starting voltages of the lamp under SSC mode,
(a) simulation and (b) experiment, (Ver: 100V/div;
Hor: 0.2 sec/div); (c) experimental lamp current
(Ver: 200mA/div; Hor : 0.2 sec/div).
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(Voltage, Ver: 50/div; Current, Ver: 200mA/div,
Hor: Susec /div).

7.  Conclusion

TRONy In this paper, a complete model of the fluorescent lamp

before and after igniting is proposed. The lamp
characterizes an impedance consisting of the resistance and
capacitance when operating in high frequency range. A soft-
starting strategy is presented for reducing the ignition
voltage of the fluorescent lamp. A zero-voltage switching
technique is applied to raise the ballast power efficiency. In
this paper, a design example realized by the HB-SRI is
presented to assess the ballast performance. Due to the pre-
heating strategy, the fluorescent lamp can be ignited
smoothly under lower starting voltage below 550V ,, which
can reduce discoloration of the lamp.

pp?
—GND
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