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Abstract - Design and analysis of a new single-switch
soft-switching class E electronic ballast with high
input power factor is presented. Design equations for
the gptimum operating condition are derived and
complete computer analysis is performed. It is shown
that low duty cycle control of the class E ballast cap
reduce the voliage stress of the comtrolied swilch. A
40-W flnorescent lamp ballast is implemented and the
experimental recordings verify the analytical resuits.

I INTRODUCTION

High-frequency electronic ballasts have attractzd much
attention in recent years. Electronic ballasting for
fluorescent lamps greatly improves efficacy, efficiency and
compaciness. Moreover with the geal of alleviating
problems of noises , line-voltage distortion, and
enforcement of new harmonic regulations on the utility
line, there is a growing need for electronic ballasts with
high input power factor. For this purpose, an input
cutrent shaper, power factor corrector (PFC), can e used
in the input stage in place of the usual diode rectifier
followed by a bulk capacitor. This sotution, however, may
result in unacceptable cost for ballast applications.

Single switch high input power factor electronic
ballasts have been proposed[1,2] to improve efficiency,
reliability, s1ze, and weight. The input current shaper and
the output high-frequency inverter are combined into one
stage. Only one active switch is used. Yet, the single-
switch ballast presented by Licitra, etc. {1] would dim
when the input sinuscidal voltage crosses zero. Flickering
of twice line frequency might appear. Deng and Cuk
presented a family of class-E ballasts [2]. Simple
structure and high performance are achieved. However
with fixed 50% duty cycle control, the maximem voltage
stress on the controlled semiconductor switch is 3.56
times the peak AC input voltage [3,4]. This peak stress
would reach 604/1108V for 120/220V AC input.
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In this paper, a new single-swiich soft-switching
electronic ballagt with  high input power factor is
presented. Low duty cycle control is proposed for this
class E ballast to reduce the maximum switch voltage
stress. Design equations for the optimum operating
condition to facilitate soft switching are derived and
complete computer analysis is performed.

II. CIRCUIT DESCRIPTION

The proposed circuit topology is shown in Fig. 1. The
basic functions of the sub-circuits are:

BD1 bridge rectifier, converting line-frequency AC
power into DC;

L¢-Cp EMI filter, filtering high-frequency noises;

L4-Dy:current shaper, shaping the input current wave

form;

8y :controlled active switch, controiling charging/
discharging of Ly;

Cy-Dyisoft  switching components, facilitating  soft
switching of Sy;

C,  :energy storage capacitor, reducing output ripples;

Tz transformer, isolating the lamp load from the

source;
L,~C, :resonant tank, the correct load angle [5] for soft

switching must under proper design of L, and Cy;

Cy  start-up capacitor, preheating the lamp filament
and starting up the lamp;
le‘p :equivalent resistor of the lamp.

. ANALYSIS

1) Equivalent circuit: For convenience, the ballast can
be studied as the equivalent circuits shown in Fig. 2(a).
V) Tepresents the rectified and filtered DC voltage before
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Fig. 1. The circuit diagram of a class E electronic baliast
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(a) Equivalent circuit.

(b) Simplified equivalent circuit.

Fig. 2 The equivlent circuit of the ballast.
Ly. Ly, is the magnetizing inductance of Tx. Since the
voltage source ¥y is shorted at high frequency analysis.
To simplify analysis, we can make a dummy inductor Ly’
which is equivalent to Lj paralleling Ly, in the high
frequency circuit model. R represents the equivalent lamp

resistance R!amp, The bulk capacitor C, does not affect

the high frequency operation, so it is shorted in the

simplified equivalent circuit, Fig. 2(b). It is exactly a

class E inverter. Before the analysis, the basic conditions

must be mentioned:

1. Assume the main switch and all other components of
the circuit are all ideal without any loss, so the efficiency
of the converter is 100%.

2. The load quality factor of the resonant tank must be
high enough to generate a pure sinusoidal output current
[6-8].

3. The damping ratio of the circuit is small enough so
that the damping of the switching wave forms can be
neglected.

4. The inductor Ly' need not to be infinity to act as a
constant current source. The inverter can be operated
with a finite dc-feed inductor [9,10].

2) Circuit Operation: There are two stages of
operations in the class E simplified equivalent circuit :

Stage 1) S; is furned off, L' discharged. The
equivalent circuit of this stage is depicted in Fig. 3(a).
The supply current Iy and the output current I, pass
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Fig. 4 The waveforms of the class E inverter.

through C;. The voltage across Cy, Vo, forms a tilted

sine wave as shown in Fig, 4.
Stage 2.)S; on, L}’ charged: The equivalent circuit of

this stage is depicted in Fig. 3(b). In this stage the supply
current Ipc and the output current I pass through Sj.
The current across §y form a tilted sine wave as shown in
Fig. 4.

3) Circuit analysis: Two differential equations can be
used to describe the wave form of Vi~ and iy p in stage 1:

dle
Vi = Viyp~Ly'—L
C, = 'DCTM Ty
dve
C Lo 1 sin{@t+ @)
1Tg Ly o €5

With the boundary conditions for V, :

Where 0=2rfg and f; is the switching frequency. @ is the

legged load angle when the output current passes through
the resonant network Lr-Cr-R. t,,=(1-D)T, T and D are

Vv LY y LT~ Cn) '—L
R
QL= =

(b) stage 2 - S1 on

Fig. 3 Equivalent circuits representing circuit operations
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the switching period and duty cycie, respectively.
The V¢ wave form can then be solved as:

VC1 () =K sin(o; t) + ky cos(wy t) +
@

I, cos{wt+ @)+ V,
(@ - ° De ©)

The load angle @ can be found numerically from (4) when
the duty cycle is not 50%:

(1-D)sin(wt,, + @) +—21—n[cos(a)ton+ @)—cosp}=0

)]
The output current I, can be calculated by solving
£ sin(at . +9)~(1 DZWDC) 0, 120
sinet . + @)~ —-—) =0, 2
) on DC 2L, (v} )

The output lamp resistor R can be determined from the
assumption of input/output power equality, as a first-cut
estimate.

2
V), RI
- =00 __""0

P=Vpc*lpc=—5 =~ (6)

ra

Cy can be found by observing no DC voltage across Ly’

1.t _

Once the circuit parameter has been determined, the
voltage stress of S; can be found by solving the instant

when the maximum V; occurs.

dVCl
T =0, 0< tvmax <ton
t = ﬁv 8)

Then the peak voltage stress is derived:

Vo, =V ]
Imax 1 t=tvmax (9)

In the second stage, the current passes through S1 can be
mathematically expressed as:

v
D (1~ ton) - Ipsin(0t+ ¢)
1 (10)

The instant when the maximum switch current occurs is
obtained by solving:

<T
max

iax (in

—aE_* =0 ﬁon <

or the maximum current occur at =t,, when (11) has no
solution. Thus the maximum current is;

I =i |
S S1l,
lmax 1 hg_tﬁm a2

Fig. 5 shows an electronic ballast design for 110VAC
input. The switch stresses versus duty cycle I from 0.5 to

0.2 when L' is infinite and 0.9mH, respectively. We can

see that the low duty cycle operation of the circuit can
reduce the voltage stress and increase the current stress.
In low power electronic ballasts design, there is a slight
voltage safety margin but a large current safety margin for
the switch, For example, the voltage and current rating of
IRF740 is 400V/5 SA. If the output power is 40W, usually
the peak current of the switch is 1A, much lower than
5.5A. Thus in class E ballasts we can transfer the voltage
stress to the current stress by low duty cycle operation.

IV. POWER FACTOR CORRECTION

For single-stage electronic ballasts, a front-ended
discontinuous inductor current mode (DICM) power factor
correction is needed. The discontinuous inductor can be
considered as L in the class E electronic ballast in Fig. 1.
The inductor L has a critical value when operating at the

boundary of continuous and discontinuous mode:

DTVg
cr=—1 » hi<ler
13)
The voltage conversion ratio:
M= VbOOSt
Vs
m 14)

where Vg, is the maximum value of input AC voltage.
Vpoost 15 the boost power factor corrector output DC
voltage. In this circuit Voot is the DC component of

Vcj in stage 1.

I .t 1
Vi =—[ePn Ve, dt =——Vp
boost ton 0 Cl 1-D C (15)

then

Vpc =M(1-D)Vg (16)
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Fig. 5 The voltage and current waveforms of S1 versus D.

In Fig. 1 C4 blocks the DC component of Vg, so

tr
C, must be large enough to hold up the power while input
power decrease.
determined by:

The minimum value of V¢ can be

Co= P
270 Ve AV
L7C, (18)
where AV is the peak to peak ripple of V~y and oy, is
the AC source angular frequency. Fig. 6 and Fig, 7 shows

the ballast output current with large C) and small Cy

respectively. Obviously, a large Co can avoid the twice

line-frequency flickers which cause the low quality
lighting and shorten lifetime of the lamps.

At the discontinuous operation, neglecting the high
order terms, the approximate average input current can be
expressed as:

i, =Ilg sin(wyt)
SL~ Sm L M- sin(th) (19)

where Iy, is the maximum value of input current Ig. The

plot of average input current versus duty cycle is shown in
Fig. 8. The power factor varies with duty cycle is given in
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Fig. 9. The low duty cycle slightly deteriorates the power
factor, but still higher thar 0.95.

V. EXPERIMENT AL RESULTS

A 40W fluorescent lamp ballast adopting the proposed

circuit is developed.

Circuit parameters of the

experimental ballast are:

L= 0.9mH, Cy= 14.7¢F,

Ly =2mH, L= 4mH,

C=100nF, Rlampzzs 00,
Cg=3.3nF, Cy= 68uF,

Tx turn ratio=1:1.25, Vs= 110VAC,
§1:IRF830, f=50kHz,

D=0.3.

The recorded voltage and current wave forms of Sj are

shown in Fig. 10(a). The discontinuous current wave
form of inductor L is shown in Fig, 10(b). The input and
output voltage/current wave forms of the baliast are shown
in Fig. 10(c) and 10(d), respectively. The maximum
voltage stress for S; is about 400V. The measured input

power factor is 0.97.

0.8

0.6

0.4

Nornmnalized input cuxvent

0.2

Ry
0 : A
0 0.002 0.004 0.006 0.008 0.01
time (sec)
Fig. 8. The mput current versus D
0.68} e
e
f’/
n o
§ 0.98 7
™ ) yd
; -
S 087 /
7
0.96 /
02 025 03 035 04 045 05
duty cycle D

Fig. 9. The power factor versus D

V1. CONCLUSIONS

A single-stage single-switch high-power-factor electronic
ballast is presented. It has no line flickers by adding the
energy storage element. The major problem of class E
type ballasts is the high voltage stress. The probiem can
be relieved by the low duty cycle operation of the switch.
While the duty cycle is not 0.5, Circuit parameters are
difficult to be determined due to nonlinearity of the circuit
operations. This paper proposes the design equations and
rules to determine the circuit parameters.
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Fig. 10(a) The voltage and current waveform of S1.
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Fig. 10(b) The discontinuous current of L1.
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Fig. 10(c) The input voltage and current of the ballast.

5.008/ Snglfi STOP

1 50.0v_ 2 10.00

s 0.00s
f SOV/div

o 05A/d1v

e




