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Design of Fluorescent Lamp Ballast With PFC
Using a Power Piezoelectric Transformer

Sung-Jin Choi, Student Member, IEEE, Kyu-Chan Lee, Student Member, IEEE, and
Bo Hyung Cho, Senior Member, IEEE

Abstract—An investigation of a high-power piezoelectric trans-
former (PT) as a potential component for a fluorescent lamp
(FL) ballast with power factor correction (PFC) is discussed.
The attractiveness of the PT is primarily the simplicity of the
resulting circuit, and it is easy to be produced in mass with a
low cost. A single-stage charge-pump PFC ballast using a PT is
proposed. The proposed ballast circuit improved the drawbacks of
the conventional voltage-source charge-pump PFC (VS-CPPFC)
scheme. Empirical PT modeling based on power level excitation
is performed to design the proposed circuit, and the experimental
and simulation results are provided to verify theoretical analysis.

Index Terms—Ballast, charge pump, piezoelectric transformer
(PT), power factor correction (PFC).

I. INTRODUCTION

HE PIEZOELECTRIC transformer (PT) is an electro-

mechanical device that transfers electrical energy through
a mechanical vibration. It features high voltage gain, high
power density, compact size, and no electromagnetic noise.
Since proposed by Rosen in the 1950s, quite a few papers have
proposed the applications with different PTs [1], [2]. Recently,
the applications of the PT have extended to the power level of
more than 20 W in direct current (dc)—dc converters [3]-[6].

In this paper, a PT operating in the contour vibration mode
is introduced for the application to the fluorescent lamp (FL)
ballast. Utilizing its inherent resonant characteristic and a high
voltage gain to ignite the lamp in light load condition, an FL
ballast using the PT, to eliminate the magnetic component,
is suggested. The PT is easy to be produced in mass, which
reduces the cost of the ballast. When the PT is integrated into
a single-stage power factor correction (PFC) FL ballast—the
charge-pump PFC circuit [7], the scheme reduces the number
of components of the ballast circuit.

In Section II, modeling of the PT, taking into account the
power level excitation, is discussed. In Section III, various
ballast schemes employing the PT are presented. Experimental
results are presented in Section IV.
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II. MODELING AND ANALYSIS OF PT

Fig. 1(a) shows the structure of the PT used in this paper.
The piezoelectric material is lead zirconate titanate (PZT), and
it has a primary electrode in the center and a secondary in the
outer part. It operates in the contour vibration mode, and the
mechanical resonant frequency is around 75 kHz. The square
plate PT sample vibrates laterally, which is perpendicular to
the applied electric field, thus, it is referred to as operating in
contour extensional vibration mode as defined in [16], and its
vibration mode and direction are shown in Fig. 1(b). The turns
ratio of the PT is determined mainly by the ratio of the area
formed by the primary electrodes to that of the secondary elec-
trodes and also by the dielectric, mechanical, and piezoelectric
constants of the material [14]. The gain curve of the PT shows
resonant bandpass characteristics, which is dependent on the
load condition and is usually provided by the vendor of the PT.
It provides a high voltage gain in the light load condition.

An electrical equivalent circuit of the PT around the fre-
quency range of interest can be represented by a resonant
bandpass circuitry, as shown in Fig. 2. Its circuit parame-
ter values are calculated through several two-port measure-
ment techniques—admittance circle measurements [9] and
s-parameter measurements [10], which may be performed in
the signal level. The circuit parameters in the model for the
PT are measured and calculated as follows: L, = 103.8 mH;
C, =429 pF; C; =0.593 nF; C5 = 1.98 nF; and n = 0.44.
The parameter n represents the electromechanical coupling
factor. For the remaining parameter I?,, the empirical determi-
nation of the value will be discussed later in this section.

To design the ballast circuit, the electrical equivalent circuit
for the PT, which calculates both the steady state and the start-
ing voltage gain, is needed. The electrical circuit model of the
PT is established in several papers [8]-[11], but these models
did not consider the mechanical quality factor decrement at the
power level. Especially in the light load condition, there is too
large of an error between the measured and simulated data when
signal level measurement is used.

The mechanical part can be modeled by a series resonant
branch as in Fig. 3 [8]. Past researchers on piezoelectric ma-
terials have reported that, in the power level driving, with an
increased mechanical velocity of particles in the piezoelectric
structure, the mechanical quality factor decreases [17], and,
thus, the PT gain decreases. The mechanical velocity is mod-
eled by the resonant current (i,,) through the branch, and the
decrement in the mechanical quality factor can be modeled by
an increment of the series resistance R,,. Therefore, R, is an

0278-0046/$20.00 © 2005 IEEE
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Fig. 3. Modified electrical equivalent model of PT.

increasing function of the internal current flow i, in Fig. 3.
Because the impedance of the C'; branch is usually higher than
the series resonant branch, R,, can be assumed to be a nonlinear
increasing function of the PT input current 4; as in (1)

With this assumption, the value of the internal equivalent
resistance of the model can be measured by the following
method. Once the load is open, the input impedance of the PT
is measured with an operating frequency tuned to the resonant
frequency. Using fundamental approximations in the equivalent
circuit at the resonance frequency as shown in Fig. 4, the
measured input impedance Zj, is given by

Vlrms

Ilrms

1

Zin = ‘
| Zin G

| Rol. 2

400
Rv

(ohms)
300

200

200 250 300 350
11,rms(mA)

0 50 100 150 400

Fig. 5. Curve fitting for R, .

Then, the internal resistance R, is calculated by

1

J1 = (] ZulC1)?

This calculation is repeated through several input current lev-
els of 7;. Using a curve-fitting algorithm, (1) is approximated as
a third-order polynomial as in Fig. 5, and it is incorporated into
a circuit model block of commercial circuit analysis programs
such as PSPICE behavioral circuit model of the PT. The flow
chart for the model derivation sequence is summarized in Fig. 6.

Fig. 7 compares the measured and simulated open load
voltage gain curves of the PT using the constructed circuit
model. Fig. 8 shows the voltage gain of the PT as the resistive

Rv = |Zin| (3)
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Fig. 7. Open load voltage gain at several current levels.

load varies. It is shown that the simulation model can be used
in the voltage gain calculation for the design of the ballast.

III. ELECTRONIC BALLAST USING PTSs

Generally, a half-bridge series—parallel resonant inverter, as
shown in Fig. 9, is used in the electronic FL ballasts. The
inductor (L,) limits the current and resonates with the shunt
capacitor (C,) to provide a sufficient starting voltage to the
lamp. However, this inductor raises the cost and size of the
electronic ballast. In this paper, to eliminate the magnetic
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component, FL. ballasts using the PT in place of the inductor
are suggested.

A. Low-Power PT Ballast

In Fig. 10, a low-power PT ballast circuit is presented. As
mentioned in the previous section, the PT has a high voltage
gain in the light load and a low voltage gain in the heavy load.
This characteristic matches well with FL load. Before ignition,
the FL has no current path and is modeled by an open circuit.
When it ignites, it behaves like a resistor [12]. Cex¢ provides the
preheating current path to the rapid-start FL. In order to provide
a sufficient preheating current, Ceyy = 2.2 nF is used.

When a square voltage waveform is applied to the primary
part of the PT, from the inherent resonant characteristics, the
output waveform of the PT is sinusoidal, as in Fig. 11. Fur-
thermore, the output voltage is dependent on the load im-
pedance. Using the model developed in the previous section,
the voltage gain curve is generated as shown in Fig. 12. For
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the steady-state operating condition, a 12 W equivalent lamp
load of 800 [€2] is used for the simulation. The ignition voltage
should be about 500V},cak, Whereas a steady state voltage of
100V;ps is needed. The required voltage gain of the PT is
calculated as 2.5 for an ignition and 0.71 for a steady state,
which are derived in Appendix A. Therefore, in Fig. 12, an
operating frequency of 77.2 kHz is chosen.

Fig. 13 shows the steady state lamp current and voltage
waveforms. Because of the high-@) characteristics of the PT,
the waveforms are near sinusoidal, and the crest factor of the
lamp current is very low.

B. High-Power PT Ballast With Charge-Pump PFC

Nowadays, the increasing demand for the input line current
regulation to meet the total harmonic distortion (THD) spec-
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Fig. 12. Voltage gain curve of the PT with Cext = 2.2 nF.
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Fig. 13.  12.5 W PT compact FL ballast.

ification such as IEC61000-3-2 is an important issue in the
power electronics field. As the operating power increases, the
electronic ballast may require a PFC.

Due to the input capacitance C; of the PT, when the square
voltage waveform is directly applied to the PT, the high peak
current flows through the switches, and for the reduction of
this current, a small inductor (L,) is needed. This is espe-
cially necessary for the high-power ballast for which a mul-
tilayer structure is adopted for the higher power capacity of
the PT. The inductor resonates with the PT input capaci-
tor to produce a sinusoidal voltage waveform in the primary
part of the PT. However, if the input voltage of the PT in-
creases too much, the isolation between the primary and sec-
ondary electrodes may be broken. For the sample used for
this design, it is necessary to limit the driving voltage to Vi,
about 400 V, by the diode clamps (D; and Ds) as shown in
Fig. 14. The voltage waveforms of the driving circuit are shown
in Fig. 15.

Fig. 16(b) shows the diode-clamped PT ballast imple-
mented to the charge-pump PFC [7]. From the derivations in
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Appendix A, the unity power factor condition in the charge-
pump PFC circuit is
2Vp,mag = Ve “4)
In this condition, the average input current follows the line
voltage as
|iin‘ = iimavg = fsCin|‘/in| 08 |V;n| (5)

By adopting clamping diodes in the PT primary, condition (4)
is achieved. The average input current is directly proportional
to line input voltage as in (5). This implies that the proposed
circuit shows a good power factor.

The conventional basic voltage-source charge-pump PFC
(VS-CPPEC) ballast in Fig. 16(a), which was originally pro-
posed in [7], has two drawbacks, namely: 1) a charge capacitor
Ci, modulation effect; and 2) a high dc bus voltage in the lamp
preheat and start-up phase. The former is due to the fact that
Ciy, is in parallel with the shunt capacitor C,. when the bridge
diode Dp or the discharging diode D, is on, and the equivalent
resonant capacitor changes over one line cycle, which directly
deteriorates the lamp crest factor. In the start-up phase, the lamp
voltage is more than three times the normal operating voltage
and increases dc bus voltage up to 900 V [15].

However, in the proposed PT ballast, Cj, is not a factor
directly determining the PT output, because the lamp voltage
is developed by the PT gain. Though the C}, modulation
affects the PT primary voltage V,, the PT output is a pure sine
waveform, which lowers the lamp crest factor. Moreover, an
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Fig. 16. Charge-pump PFC ballasts for higher lamp power. (a) Conventional
VS-CPPFC ballast. (b) Proposed fluorescent lamp ballast with PFC using PT.

inherent high gain of the PT maintains a low primary voltage
even in the light load of the lamp start-up phase, in which the
dc bus voltage does not increase above 400 V.

The design equations for Cj, and L, are derived using the
power balance condition in Appendix A and are obtained as

FPous
Cin = fV+ (6)
(1 — cos 27 Degr)
e @

IV. EXPERIMENTAL RESULTS

The hardware experiments were carried out with the pro-
posed charge-pump PFC ballast for a compact FL (OSRAM
Dulux EL 20W/21). The input line is from 220 V mains
and the operating frequency is fixed to 77.2 kHz. Substitut-
ing fs =77.2KkHz, Deg = 0.25, P, =18 W, n = 70%, and
Vp,mag = V2 x 220 V in the design equation, we calculated
Cin = 6.72 nF and L, = 644 pH using (6) and (7) and imple-
mented the hardware with Cy, = 6.8 nF and L,, = 650 uH.

Fig. 17 shows the experimental waveforms. Fig. 18 shows
the waveforms of the line input current and voltage of the
ballast. A power factor of 0.99 and THD of 10% was obtained.
The starting behavior of the lamp is in Fig. 19, where the
current crest factor is very low. It operates in the fixed operating
frequency, and it does not provide the optimal preheat time
condition [13]. It is, however, possible to change the preheat
time by adopting the frequency control described in Appen-
dix B. The steady state lamp voltage and current are shown
in Fig. 20. Overall efficiency from the input line to the output
lamp is 70% with an 18 W output power. This is mainly due to
the fact that the efficiency of the current PT sample is about
85%. The structure of a square shape shows some spurious
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vibration modes, which generates additional loss in the PT.
The efficiency can be improved by adopting a disk-shaped PT,
which is currently under development and is analyzed in [14].

V. CONCLUSION

The equivalent model of a piezoelectric transformer (PT)
considering power level excitation is derived for the design of a
fluorescent lamp (FL) ballast. This model describes the voltage
gain of the PT in wide load variations with power applications.
Two kinds of FL ballasts using the PT are presented. The PT
reduces the number of magnetic components and, thus, the
cost. For low-power ballasts, direct replacement of the resonant
components by the PT is possible. For high-power ballasts, the
charge-pump power factor correction (PFC) FL ballast circuit is
presented. The proposed circuit improved the drawbacks of the
conventional charge-pump circuit by adding the PT. The power

currently under investigation. It is also possible to parallel the
PT for higher power processing.

APPENDIX A
Formula to Calculate R, for Curve Fitting

Assume an empirical relation of
Ry, oCipy,. (A1)
This is further simplified in the equivalent circuit in Fig. 3 as

io =N Xim

R, =—
v n%

(A2)

where n; is the electromechanical coupling factor in the pri-
mary electrode.

When the sinusoidal current source tuned to the series res-
onance of the mechanical branch of the equivalent circuit is
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applied to the PT samples, the admittance of the capacitance
(' is much less than that of the mechanical resonance path, and,
thus, most of the input current ¢; flows into the resonant path.
Therefore, the current through C is negligible by approxima-
tion. Therefore, (A1) can be reduced to (1).

Using a fundamental approximation in the equivalent circuit
at the resonance frequency shown in Fig. 4, the input impedance
is directly given by the parallel combination of C; and the
resonant branch. The measured input impedance Z;,, with open
load is given by (2)

‘/lrm:a

Ilrms

| Zin| = (A3)

‘ch

Equation (3) for R, is obtained by rearranging the above
equation. From measured Vi, I1rms, resonant frequency, and
(1, the value of R, can be calculated.

Required Voltage Gain in the Ballast Design

Let the ac line be 220 V,. and 220 x +/2 is the dc-link
voltage (Vgclink). From the harmonic approximation analysis,
the fundamental rms value of the PT input voltage is given by

2

1
‘/p,fund,rms = Vdclink X ; X

V2

For an ignition of the lamp, the minimum start-up voltage
should be about 500V},¢ak. From the minimum starting voltage
condition, the minimum required voltage gain of the PT during
the ignition phase is obtained as

(A4)

500

V2
Vgain,starting ~ =2.5.

N (AS5)
V;),fund,rms

Once the lamp is ignited, a steady state voltage of 100V}, is
needed to sustain the lamp operation, thus, the steady state gain
of the PT should be

1
00 =0.71.

A6
Vp,fund,rms ( )

. ~
Vgam,ss ~

PFC Condition

For a VS-CPPFC circuit, active PFC is accomplished by the
charging and discharging of the charge-pump capacitor Cjy,.
From [15], the capacitor is charged to

= ‘/p,mag + ‘Uin| (A7)

%in,max

where V), nag is the peak voltage of the primary side of the PT
and V. is the dc bus voltage and is discharged to
(A8)

Vcin,min = Vdec — Vp,mag-

The charging current through Cj, is supplied by the ac
line and the discharge current is delivered to the dc bus ca-
pacitor. Therefore, the average ac current over one switching
cycle equals the average charging current of Cj,. The charge
variation is

AQ =

- V;:in,min)' (A9)

Cln( ClIl max

OF FLUORESCENT LAMP BALLAST WITH PFC USING A POWER PT
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By substituting Viin max and Viin min into the above equa-
tion, the average rectified line current in a switching cycle is
given by

Oin.fs (|Uin‘ + zvp,mag - Vdc) .

(A10)

|iin| = Z‘in,avg

In order to achieve unity power factor, it is required that the line
input current is directly proportional to the input voltage. From
(A10), if the circuit is designed such that

2V mag = Vac (A11)
then the rectified line current is
|Zm| - Zm ,avg — fsCm|V;n| X ‘V;n| (Alz)

Thus, the input current follows the line voltage, so the unity
power factor can be obtained.

Derivation of the Design Equation for Cy, and L,

The design equations are derived using the power balance
equation. The input power during the half line cycle has to be
equal to the output power. From (A12), the input power during
the half cycle is given by

2 2
2 2 Pout
Pinzf/ tin || Vin dt:—/Cin s|Vin 2d = o
7 [ Vi vl = = [ Cufufiaf?de = =2
0 0
(A13)

where 7 is the circuit efficiency and 77, is the period of ac line
input voltage. It can be arranged to be

mfs( in rms)2 = Fout (A14)
Ui
and the design equation for C},, is obtained as
Pout
Cin = fs‘grms (A15)

The current through the charge-pump capacitor ic, , is
shown in Fig. 21. Only the positive charging period in the
current ¢, corresponds to the line input current, thus, it can

be approximated by

in = sin(wot) (0 <t < DeggTs)
o
L,
Zy =
Cin
1
W, (A16)

VL.

where D.g is defined as the charging current duty in the charge-
pump PFC capacitor Cj, and is also shown in Fig. 21.
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Fig. 21. Waveforms of the charge-pump PFC PT ballast.

Thus, the average input current in one switching period is
given by

D Ts
i o 1 "Uin|
in,a — 7
YT, Z,
0

sin wotdt

- |Uin‘

= ﬁ(l — COS 27TDeﬁ').

(A17)

By equating (A15) and (A17), L, is obtained as

(1 — cos 27 Degr)

L, =
47‘(’2 Cin f52

(A18)

APPENDIX B

Control Issues of PT With Respect to Temperature and
Mass Production Tolerance

If the temperature increases, the voltage gain of the PT
slightly increases, and the center frequency of the bell-shaped
gain curve slightly moves to the right. Moreover, the vendor of
the PT sample, Dong-il Tech, reported that there is a tolerance
of about 2% in the peak voltage gain frequency and 10% in
gain in mass production. To handle these problems, a lamp
current control loop should be implemented with the PT ballast
as shown in Fig. 22(a). Deviations in the frequency and gain can
be automatically tracked by changing the gate pulse frequency
to generate the required gain.

Improvement of the Lamp Preheating Scheme

The preheat time can be optimally designed using the fre-
quency control scheme with a timer circuit. As shown in
Fig. 22(b), the soft-start timer circuit maintains the operating
frequency (fpreneat) higher than the lamp ignition frequency
for a recommended preheat time duration, which is specified
by the vendor of the lamp. In this phase, preheat current flows
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Fig. 22. Frequency control scheme to regulate the output current and to
improve the preheat condition.

through the external capacitance Coyy. After a preheat time,
the operating frequency decreases to the ignition frequency
(fnorma1)- Once the lamp is ignited, the current loop begins to
operate.
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