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A Current-Sourced LED Driver Compatible
With Fluorescent Lamp Ballasts
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Abstract—A light-emitting diode (LED) driver compatible with
fluorescent lamp (FL) ballasts is presented for a lamp-only replace-
ment without rewiring the existing lamp fixture. Ballasts have a
common function to regulate the lamp current, despite widely dif-
ferent circuit topologies. In this paper, magnetic and electronic
ballasts are modeled as nonideal current sources and a current-
sourced boost converter, which is derived from the duality, is
adopted for the power conversion from ballasts. A rectifier circuit
with capacitor filaments is proposed to interface the converter with
the four-wire output of the ballast. A digital controller emulates the
high-voltage discharge of the FL and operates adaptively with var-
ious ballasts. A prototype 20- W LED driver for retrofitting T8
36-W FL is evaluated with both magnetic and electronic ballasts.
In addition to wide compatibility, accurate regulation of the LED
current within 0.6% error and high driver efficiency over 89.7%
are obtained.

Index Terms—AC/DC conversion, current-sourced converter,
duality, fluorescent lamp (FL) ballast, light-emitting diode (LED)
driver.

I. INTRODUCTION

THE dramatic depletion of natural resources is giving rise
to the ever-increasing cost of energy [1]. Now consumers

start looking for energy-efficient solutions with a higher price
tag, because they eventually come to less expenditure in the
long term. The replacement of the traditional light sources by
light-emitting diodes (LEDs) is a perfect example of such a
trend. Recent advances in solid-state lighting technologies have
shown epoch-making luminous efficacies, which are higher than
150 lm/W [2]. Long life expectancy and environmental safety
are other advantages that make the LED promising to be the
next generation light source.

The worldwide phase-out of incandescent bulbs has assisted
LEDs to make a successful entry into the bulb application
[3–5]. In contrast, retrofit LED lamps for fluorescent lamps
(FLs) are still struggling to get attention from consumers. The
difference arises from the fact that FLs require a dedicated de-
vice called “ballast.” In an FL fixture, the ballast is installed in
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Fig. 1. Installation of different lamps in the FL fixture. (a) FL. (b) LED
lamp with a separate ac-line LED driver. (c) LED lamp compatible with the
ballast.

between an FL and the ac main supply, as depicted in Fig. 1(a).
A forthright scheme is to replace both ballast and FL with an
ac line LED driver and an LED lamp, as shown in Fig. 1(b)
[6–10]. Another possible scheme is to replace only the FL with
a ballast-compatible LED lamp, which includes a converter to
operate at the ballast output, as shown in Fig. 1(c) [11], [12].
Despite the lower luminous efficacy due to the loss of the ballast,
the compatible solution is still competitive because it is not only
convenient but also safe. Therefore, more recently, lamp man-
ufacturers have introduced ballast-compatible LED lamps even
though they already have ac-line powered LED products [13],
[14]. Several LED drivers have been published as well. In [11],
a passive LED driver based on the phasor transformation theory
was proposed, but it is compatible only with rapid-start mag-
netic ballasts. A phase-shift resonant converter demonstrated
its compatibility with both magnetic and electronic ballasts in
[12]. Nevertheless, the converter circuit is complicated with
many magnetic components.
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To design an LED driver compatible with ballasts, we start
with the observation that FL ballasts can be modeled as non-
ideal current sources. The power drawn from ballasts can be
controlled by loading a converter whose input is assumed
to be a current source. A rectifier circuit with frequency-
dependent filaments offers a full compatibility with both mag-
netic and electronic ballasts. In addition, a digital feedback
controller is designed for adaptive operations with widely dif-
ferent ballast topologies. As a result, high efficiency and ac-
curate current regulation are verified with various commercial
ballasts.

II. REVIEW AND MODELING OF FL BALLASTS

The FL is one of the most widely used gas-discharge lamps,
especially in offices and industrial workspaces. Gas-discharge
lamps are electrically open before they are turned ON. To turn
ON the lamp, a high voltage needs to be applied across fil-
ament electrodes. After the lamp is turned ON, it exhibits a
negative-resistance characteristic due to impact ionization [15].
Therefore, a voltage source such as the ac main supply can-
not drive the FL directly and a ballast should be introduced
between the lamp and the voltage source. Ballasts can be
categorized into two groups: magnetic ballast and electronic
ballast.

A. Magnetic Ballast

The magnetic ballast is literally made up of a large magnetic
coil on the order of a few henries. The large inductance stabilizes
the lamp current despite the decrease in the lamp impedance.
In other words, the ac main supply and the inductor build an ac
current source together. The operating frequency is identical to
the frequency of the ac main supply fAC , which can be either
50 or 60 Hz.

Magnetic ballasts can be classified further by their connec-
tion with lamps. In a lamp fixture with a glow-start magnetic
ballast, a starter is used in parallel with the lamp, as shown
in Fig. 2(a) [16]. This type of ballast is merely an inductor,
and as discussed previously, the fixture is equivalent to a model
shown on the right. The model consists of two paths, ac cur-
rent path and auxiliary path for the connection with the starter.
Another common type is the rapid-start magnetic ballast [17].
This type adopts a transformer, which has additional windings
to heat the filaments on its own. A connection diagram of the
rapid-start magnetic ballast is shown along with the equivalent
model in Fig. 2(b). Again there is main path and auxiliary path,
where only the former has to do with the current-source nature.
Windings for the filament are modeled as dependent voltage
sources vf .

B. Electronic Ballast

Magnetic ballasts are simple and durable, but they suffer from
audible noise and flickering. These nuisances can be eliminated
if the FL is operated by the electronic ballast, whose operating
frequency is high as several tens of kilohertz. Typically, the
electronic ballast consists of two cascaded converters. A power

Fig. 2. Magnetic ballasts and equivalent models. (a) Glow-start magnetic bal-
last with a starter switch. (b) Rapid-start magnetic ballast based on a transformer
to heat filaments.

factor correction (PFC) circuit produces a dc voltage source
from the ac main supply. Both passive and active circuits are
widely adopted for the PFC [18], [19]. Following the PFC circuit
is a resonant inverter, which generates a high frequency from
the PFC output. Half-bridge or push–pull inverters are used
and each of them can be either current fed or voltage fed [20],
[21]. Despite their various topologies, all electronic ballasts
utilize parallel resonant networks. The parallel resonant inverter
behaves like a current source if it is operated at the resonant
frequency [22]. Actually, the output current of the electronic
ballast decreases slowly with increase in the load resistance.
This is because the switching frequency of the inverter is chosen
to be slightly higher than the resonant frequency for the zero-
voltage switching [23]. But after the lamp is lit, the quality
factor becomes lower and the ballast can be regarded as a current
source.

Two popular architectures of electronic ballasts are illustrated
here. A simplified circuit of an instant-start current-fed half-
bridge ballast is shown in Fig. 3(a). The PFC circuit is simpli-
fied to a dc voltage source VPFC . Transformer and capacitor
Cp make the parallel resonant circuit. An equivalent model can
be constructed by substituting the resonant inverter including
voltage-limiting capacitor Cb by an ac current source. The ac
frequency generated by the inverter is denoted by fcarrier . The
other common type is the rapid-start voltage-fed half-bridge bal-
last, whose simplified circuit and equivalent model are shown
together in Fig. 3(b). A half-bridge inverter is directly fed by
VPFC , and a parallel resonant circuit is formed by Cp and
inductor L. The ballast can be modeled as a current source,
which has four output terminals. It is important to note that the
current-source characteristic is maintained only when all four
terminals are in operation, which is different from the case of
magnetic ballasts where two of the terminals form a current
source.
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Fig. 3. Two of the most common electronic ballasts and equivalent models.
(a) Instant-start current-fed half-bridge electronic ballast. (b) Rapid-start
voltage-fed half-bridge electronic ballast.

Fig. 4. Output current waveforms of various ballasts. (a) Magnetic ballast
(b) electronic ballast with a valley-fill PFC (c) electronic ballast with a boost
PFC.

C. Output Current Waveforms in the Steady State

As ballasts differ widely in circuit topology, output current
waveforms also vary considerably. Magnetic ballasts operate at
fAC , and some harmonic components may appear as shown in
Fig. 4(a). Electronic ballasts generate amplitude-modulated sig-
nals whose fcarrier is as high as tens of kilohertz. The envelope
is determined by the PFC circuit in the ballast. If a passive PFC
such as the valley-fill PFC is employed, the envelope changes
slowly with a period of 1/(2 × fAC) as the waveform given in
Fig. 4(b). On the other hand, if an active PFC such as the boost

Fig. 5. Dual converters and their conversion ratios. (a) Voltage-sourced buck.
(b) Current-sourced buck. (c) Voltage-sourced boost. (d) Current-sourced boost.

PFC is employed, the envelope does not change as shown in
Fig. 4(c). In summary, the periodicity differs significantly with
different ballasts. Moreover, fAC differs from region to region as
50 or 60 Hz. This is one of the main challenges in implementing
a ballast-compatible LED driver.

III. CURRENT-SOURCED CONVERTER FOR THE

BALLAST-COMPATIBLE LED LAMP

Voltage sources, such as the ac main supply and batteries,
can be found almost everywhere in our daily lives. Therefore,
general power converters tacitly assume their input to be voltage
sources [24]. These converters are referred to as voltage-sourced
(VS) converters in this paper. In a VS converter, a desired output
power is obtained by drawing a controlled current from a fixed
input voltage. This principle is not applicable when the input is
a current source whose output current cannot be changed. For
the current-sourced (CS) situation, a controlled voltage needs
to be established for a fixed input current. Converters for the
aforementioned function are referred as CS converters, and can
be derived from VS counterparts using the duality principle [25].

Dual converters can be constructed by substituting voltage
sources to current sources, series connections to parallel con-
nections, inductors to capacitors, closed switch to open switch,
and vice versa. Two of the most basic converters, buck and boost
converters, are shown with their dual circuits in Fig. 5(a)–(d).
The CS converters are governed by the principle of capacitor
amp-second balance, whereas VS converters are governed by
the principle of inductor volt-second balance. The conversion
ratio of the CS boost converter in Fig. 5(d) is calculated here.
Source current and load current are denoted as IS and IL , re-
spectively. When the switch is OFF, IS flows into the capacitor.
When the switch is ON, IL − IS flows out of the capacitor. In
the steady state, charge variations during a switching period are
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Fig. 6. Responses to IS increase in VS and CS converters. (a) VS converter
fails to regulate Pload because it tries to adjust Iin (b) CS converter absorbs IS

as it is, and Pload is regulated by adjusting Vin .

balanced and the conversion ratio IL/IS can be derived as

IS toff + (IS − IL )ton = 0 (1)

IL

IS
=

ton + toff

ton
=

1
D

(2)

where toff and ton are durations of off- and on-state, respec-
tively, and D is the duty cycle. Similarly, IL/IS for the CS buck
converter in Fig. 5(b) can be derived as (1–D). Other topologies
of CS converters are described in [26] and [27].

A. Input Current Regulation in VS and CS Converters

The necessity of the CS converter becomes clear when the
line regulation behavior is investigated. The critical difference
between VS and CS converters is that directions of the D control
are opposite to each other. This is because the load power Pload
is proportional to D in VS converters, whereas Pload is inversely
proportional to D in CS converters. Suppose a current source
IS is filtered by a capacitor and a VS converter is adopted, as
shown in Fig. 6(a). If IS is increased for some reason, Pload
increases as a result. The VS converter decreases D, expecting
the converter input current Iin to be decreased. However, this
increases imbalance between incoming and outgoing currents
of the capacitor and only brings a further increase in the input
voltage Vin . The converter will continue to decrease D, and the
capacitor will eventually blow up due to the excess voltage.

On the other hand, the CS converter adjusts the input potential
Vin through which IS flows. The response of the CS converter
to the increase in IS is illustrated in Fig. 6(b). In response to
the increased Pload , the CS converter increases D so that Vin is
decreased. This process does not conflict with the current source.
As a result, the input power into the converter (IS × Vin ) returns
to the original value and Pload remains regulated.

B. Considerations in Choosing a Converter Topology

Nonidealities and application-specific constraints should be
carefully considered in choosing a converter topology. The

Fig. 7. Operations of CS converters with the rapid-start electronic ballast.
(a) Cp discharge loss due to the parallel switching in the buck converter.
(b) Shielding effect in the boost converter.

ballast can have a nonzero output conductance and it may result
in a significant power loss if a switch-first topology, such as
buck or buck–boost converter, is adopted. Suppose the output
of the rapid-start electronic ballast is connected to the CS buck
converter, as shown in Fig. 7(a). The capacitor Cp is discharged
every time the buck switch is closed. The discharging loss can
be calculated as

Discharing Loss with the CS Buck = fswitchCpv
2
C p (3)

where fswitch is the switching frequency and vC p is the voltage
on Cp , which is close to the LED voltage. If we assume typical
values of 5 nF and 40 V for Cp and vC p , then the loss can be
considerable as 1.6 W with 200-kHz switching. On the other
hand, as shown in Fig. 7(b), the input of the CS boost converter
is a parallel capacitor, which shields the converter from nonide-
alities of the current source. Therefore, not only the discharging
loss is avoided but also the ballast is unaffected by the switching.

The CS boost converter is also preferable when safety regula-
tions for the LED lamp are considered. If the output voltage of
an LED driver exceeds dc 60 V, it is considered that a risk of fire
or electric shock exists and safety requirements become more
stringent [28]. The CS boost converter allows the selection of a
low-voltage LED load for the same lamp power.

IV. FOUR-INPUT RECTIFIER CIRCUIT FOR IMPROVING

COMPATIBILITY WITH FL BALLASTS

An FL has four terminals and each two terminals are con-
nected by filament electrodes. The LED lamp does not require
electrodes because it is not a gas-discharge lamp. Nevertheless,
shorting two adjacent terminals induces excess current in the
rapid-start magnetic ballast whose transformer windings drive
filaments. In addition, shorted filaments may disturb startup pro-
cesses of program-start ballasts. On the other hand, the rapid-
start electronic ballast requires low-impedance filaments to pre-
serve the resonant circuit. Previously, a compatible LED driver
implemented the actual impedance of the filament by inductors
[29]. However, it is not appropriate for a full compatibility with
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both low-frequency and high-frequency ballasts. In this paper,
an adaptive rectifier circuit utilizing the difference between mag-
netic and electronic ballast is proposed. For the case of magnetic
ballasts, auxiliary paths are only intended for heating filaments.
They have nothing to do with the current-source operation. On
the other hand, for the case of the rapid-start electronic ballast,
filaments are parts of the resonant network, which is the key for
the current-source operation. Therefore, the rectifier is desired
to allow filament currents only when it is connected to electronic
ballasts.

To implement such a function, capacitive filaments Cf are
inserted in parallel to two full-bridge rectifiers. Output of the
rectifiers are combined and connected to four types of ballasts
in Fig. 8(a)–(d). The frequency-dependent filaments allow cur-
rent flow only when electronic ballasts are connected, by taking
advantage of the thousand-fold difference between operating
frequencies. The redundant starter in the glow-start fixture is
disabled, as shown in Fig. 8(a). Unnecessary filament currents
become negligible with the rapid-start magnetic ballast, as de-
picted in Fig. 8(b). The instant-start electronic ballast is also
not affected by the rectifier, as shown in Fig. 8(c). Finally, the
parallel resonant network in the rapid-start electronic ballast is
maintained, as shown in Fig. 8(d). The value of Cf is chosen to
be sufficiently larger than Cp in the electronic ballast (usually
a few nanofarads), to retain the original resonance. The voltage
on Cf is nonzero with rapid-start ballasts, and the actual volt-
age is determined by the voltage division with Cp . The circuit
achieves the full compatibility, which enables users to retrofit
the LED lamp without identifying the ballast inside the lamp
fixture.

V. DESIGN OF THE PROPOSED LED DRIVER

A detailed circuit diagram of the proposed LED driver is
presented in Fig. 9. A 20-W LED load whose forward voltage
and current are 37 V and 530 mA is chosen to substitute a 36-
W T8 FL. The lamp will reuse the preexisting lighting fixture.
Four output wires of the ballast are connected to diode bridges
D1 − D8 with frequency-dependent filaments. The output cur-
rent of the ballast iballast is rectified and fed to a CS boost
converter. A switch controller senses the switch current iSW
and determines the duty cycle of the gate signal vgate . It also
monitors the voltage at the anode of the LED load vH to manip-
ulate the lamp startup transient. A Schottky diode D10 is used in
the converter to improve the efficiency. The electrolytic capaci-
tor C2 is added to suppress the ripple in the LED current iLED .
The linear FL is much bigger in size than the incandescent bulb,
and the driver circuit can be sparsely placed for a heat manage-
ment. Nevertheless, the temperature inside the package should
be carefully examined to avoid the lifetime shortening due to
the use of an electrolytic capacitor.

A. Lamp Startup Procedure

Some program-start electronic ballasts detect whether the
load is an intact FL. The proposed LED driver emulates the
high-voltage discharge of the FL in order not to disturb normal
operations of ballasts, as shown in Fig. 10. When the ballast

Fig. 8. Proposed rectifier circuit applied to different ballasts. Preheating paths
are selectively connected and disconnected according to the type of ballasts.
Operation with (a) glow-start magnetic ballast (b) rapid-start magnetic ballast
(c) instant-start electronic ballast (d) rapid-start electronic ballast.
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Fig. 9. Circuit diagram of the proposed LED driver shown together with ballast and LED load.

Fig. 10. Emulation of the high-voltage discharge and state transitions of the
switch controller.

is turned ON, the lamp voltage first needs to rise freely until
it reaches a threshold voltage for the discharge. This is sim-
ply achieved by keeping the boost switch SW open, so that the
clamping load is disconnected from the ballast. The controller
monitors vH instead of the voltage on C1(vC 1), because vH

can be also utilized to sense the voltage across the LED vLED
when the switch is closed. At the moment when vH exceeds a
given voltage Vignition , the switch is closed and a sudden volt-
age drop occurs by the charge sharing between C1 and C2 . The
controller waits for a fixed time tstabilization for the ballast to
be stabilized, and then, the feedback control of D is enabled.
The stabilizing state is also a preparation time for the adaptive
controller to identify which type of ballast is used. Values for
Vignition and tstabilization are chosen empirically and denoted in
Fig. 10.

Fig. 11. Block diagram of the switch controller.

B. Adaptive Feedback Controller

A block diagram of the switch controller is shown in Fig. 11.
Core functions are implemented in the digital domain using a
field programmable gate array (FPGA). Digital isolator chips
separate the signal ground from the FPGA ground. The high-
voltage signal vH is divided by resistors R1 and R2 , and a
comparator generates a flag signal for the state transition. Af-
ter the controller enters the normal state, the feedback loop is
enabled to regulate the average of the LED current ILED ,avg .
An 8-bit analog to digital converter (ADC) samples iSW during
the switch is closed, to obtain the inductor current iind . The
sampled iind is periodically averaged to obtain ILED ,avg , and
the averaging period is determined according to the ballast in
use. At the end of each period, ILED ,avg is compared with up-
per and lower limits of the desired LED current IH and IL .
The controller decreases D if ILED ,avg is under the regulation
band (ILED ,avg < IL ), and increases D if ILED ,avg is over the
regulation band (ILED ,avg > IH ). In the case when ILED ,avg is
in the desired band, D is maintained. A digital pulse generator
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Fig. 12. Key waveforms of the CS boost converter. The ADC samples iind at
the middle of ton to accurately sense the instantaneous average of iind .

produces vgate , which has a duty of D, and the pulse is buffered
by a high-voltage gate driver chip in the analog domain. The
analog board is powered by a 12-V adapter and the current
consumption is 20 mA.

Waveforms of the capacitor voltage vC 1 , iind , and iSW are
illustrated in Fig. 12, along with vgate . The switching frequency
is denoted as fswitch . During ton , iind changes with a slope of

diind

dt
=

vC 1 − vLED

L1
(4)

where L1 is the inductance at the converter output. High-
frequency components are suppressed sufficiently to make vC 1
nearly constant within the switching period. Then, iind changes
linearly during ton and the controller can obtain the instanta-
neous average of iind by sampling iSW at the middle of ton .
This scheme requires a continuous conduction in L1 .

A proper choice of passive components removes only high-
frequency components, so that the low-frequency envelope re-
mains in iind . If a magnetic ballast or an electronic ballast with
the passive PFC is in use, the sampled iind changes gradually
with a frequency of 2 × fAC . On the other hand, if an electronic
ballast with the active PFC is used, the sampled iind does not
show such a periodicity. To operate adaptively with different
periodicities, the proposed controller supports two modes of
operation, which are depicted in Fig. 13. While the sampled
iind is averaged, a period detector tracks local minimum and
maximum in a period. A valid transition of the slope is recog-
nized when iind deviates more than a threshold Δth from local
extremes. By choosing an appropriate value for Δth, false de-
tections due to the noise can be minimized without affecting
the period detection. If the sign of the slope changes regularly,
the controller goes into SYNC mode, where the averaging pro-
cess is restarted at the rising edge of the detected slope. On the
other hand, if the slope rarely changes or does not change at
all, the controller goes into ASYNC mode. In ASYNC mode,
since there is not a periodicity with which the controller can

Fig. 13. Two modes of the switch controller. If iind is periodic, SYNC mode
is selected. In the opposite case, ASYNC mode is selected.

synchronize, a predefined periodic pulse is generated internally.
The period for ASYNC mode is chosen as 125 Hz in this study.
The mode selection is done repeatedly even after the target
ILED ,avg is reached. This prevents the controller from operat-
ing in a wrong mode permanently owing to transient or startup
noise.

C. Design Equations and Component Details

Considerations in choosing values for fswitch , C1 , L1 , and
C2 are summarized here. First of all, fswitch is desired to satisfy

fswitch − 2 × fcarrier > 20 kHz (highest audio frequency)
(5)

so that audible noise can be prevented. The multiplication by 2
comes from the rectification of the ballast current. A frequency
of 200 kHz is chosen for fswitch in this study.

The sensing method in the proposed controller requires vC 1
to be nearly constant within the switching period. A ripple of
5% is allowed in this design and the voltage ripple ΔvC 1 can be
calculated as

ΔvC 1 =
Irect,avg × toff

C1
≤ VC 1,avg × 0.05 (6)

where Irect,avg and VC 1,avg are average values of irect and vC 1 ,
respectively. The proposed LED driver adopts the CS boost
converter, where toff and VC 1,avg is related to Irect,avg as

Irect,avg

D
=

1/fswitch

1/fswitch − toff
× Irect,avg = 530mA (7)

Irect,avg × VC 1,avg ∼= 20W (8)

where 530 mA and 20 W are desired LED current and power.
Power losses in the converter are ignored for simplification. If
we assume Irect,avg to be 400 mA, toff and VC 1,avg in the steady
state would be 1.25 μs and 50 V, respectively. Then, C1 needs
to be larger than 200 nF. The value selected in this study is
220 nF.

The output current of the converter iind is desired to contain
only the low-frequency envelope. This is achieved by a proper
choice of L1 . A power converter is equivalent to a canonical
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TABLE I
LIST OF COMPONENTS USED IN THE PROTOTYPE LED DRIVER

Component Part No. Note
D1 − D8 , D9 FR105 600 V diode

D1 0 MBRS3201T3G 200 V Schottky diode

SW IRF830 4.5 A, 500 V, 1.5 Ω N-MOSFET

Gate driver IR4427 -

Comparators TS331 Open-drain comparator

ADC ADS7866 Serial output ADC

Isolators Si8663 Digital isolator

FPGA Xilinx Virtex-6 -

Fig. 14. Measurement setup.

Fig. 15. Open-loop responses of the CS converter with various ballasts.
(a) Average of the rectifier output current, which is the converter input.
(b) Average of the inductor current, which is the converter output.

circuit model, which contains a second-order low-pass filter
[24, p. 253]. In the VS boost converter, the switching action
scales the inductor by 1/(1–D)2. If the duality principle is applied
for the CS boost converter, it is the capacitor at the input, which
is scaled by 1/D2. Then, the cutoff frequency fcutoff is designed

to satisfy

2 × fAC � fcutoff =
D

2π
√

L1C1
� 2 × fcarrier . (9)

Another consideration in choosing L1 value is the current
rating, which decreases as the inductance increase for a package
type. A practical value of 1 mH is chosen considering the desired
output current of 530 mA, and fcutoff is placed at (D × 11 kHz).

The role of C2 is to suppress the low-frequency envelope
in iLED . A value of 680 μF is chosen through measurements
using a number of ballasts. Table I shows details of components
used in the prototype lamp. Ratings for capacitors are denoted
in Fig. 9.

VI. EXPERIMENTAL VERIFICATION

The prototype LED driver is evaluated with nondimmable
36-W ballasts of various types discussed in previous sec-
tions. The list includes rapid-start magnetic ballast Robertson
RN320P, rapid-start electronic ballast with a valley-fill PFC
Sunil KS-F2321, instant-start electronic ballast GE 23671, and
program-start electronic ballast OSRAM QTP8 1 × 36. A pho-
tograph of the measurement setup is given in Fig. 14. An ac
supply powers the ballast under test. The ballast is loaded with
the proposed ac–dc converter, which in turn drives the LED
load. The analog board includes rectifier, converter, and analog-
digital interface circuits. The digital controller is implemented
by the FPGA. A series of measurements was repeated for each
ballast.

A. Open-Loop Responses

The measured Irect,avg is almost constant with D regard-
less of the ballast type, as shown in Fig. 15(a). This confirms
the current-source nature of ballasts, and suggests that the CS
converter can be a proper choice to implement an LED lamp
compatible with ballasts. Meanwhile, the average current at the
converter output Iind,avg increases by the boost function of 1/D.
The desired LED current of 530 mA can be reached by different
D values for different ballasts, as highlighted in Fig. 15(b).

B. Lamp Operation During Startup

The LED lamp starts with the proposed emulation procedure,
and all of the ballasts start normally. The startup waveforms
of the LED lamp with magnetic ballast, instant-start electronic
ballast, and program-start electronic ballast are shown in Fig. 16
(a)–(c), respectively. A slow increase in vC 1 is observed with
the program-start ballast, which is different from immediate
impulses with other ballasts. No overshoot in iLED is observed.
The LED array turns ON within 0.4 s from the moment when
vAC is turned ON, and iLED reaches 95% of the desired value
within 1.6 s.

After the stabilization, the switch controller starts to decrease
D at the end of each period and the output current is increased
in the next period. Adaptive operations with magnetic ballast,
electronic ballast with a valley-fill PFC and electronic ballast
with a boost PFC are shown in Fig. 17(a)–(c), respectively.
High-frequency components at fcarrier and fswitch are



CHOI et al.: CURRENT-SOURCED LED DRIVER COMPATIBLE WITH FLUORESCENT LAMP BALLASTS 4463

Fig. 16. Lamp startup transient waveforms (Timebase: 500 ms/div, Ch1:
100 V/div, Ch2: 1 V/div, Ch3: 20 V/div, Ch4: 100 mA/div) (a) with a mag-
netic ballast (b) with an instant-start electronic ballast (c) with a program-start
electronic ballast.

suppressed by passive components in the converter and the en-
velope of the ballast current is dominant in iind . The slope signal
shows a good synchronization with various waveforms of iind .
The end-of-period flag signal indicates that the controller has se-
lected SYNC mode for periodic-envelope ballasts and ASYNC
mode for the constant-envelope ballast.

C. Lamp Operation in the Steady State

Voltage and current waveforms at input and output of the LED
driver in the steady state are shown in Fig. 18(a)–(d), for each
ballast. It should be noted that the output voltage of the ballast

Fig. 17. Adaptive feedback operation by the period detection (Timebase:
10 ms/div, Ch2&Ch3: 1 V/div) (a) with a magnetic ballast (Ch1: 200 mA/div)
(b) with an electronic ballast which has a valley-fill PFC (Ch1: 200 mA/div)
(c) with an electronic ballast which has a boost PFC (Ch1: 100 mA/div).

vballast ranges from 63.6 to 98.6 Vrms , which is much lower than
the typical voltage swing across the 36-W FL (�140 Vrms). This
means that the LED driver introduces a smaller load resistance
at the ballast output, which results in a smaller power drawn
from the current source. Different ballasts have different output
current levels, but the converter adjusts vC1 to regulate the LED
current closely. The error from the desired value of 530 mA is
only from−0.6% to +0.2%. The low-frequency ripple is mainly
suppressed by C2 and the worst case ripple current is 229 mApp
with the valley-fill electronic ballast.

Switching waveforms of two different electronic ballasts in
the steady state are given in Fig. 19(a) and (b). Recall that
GE 23671 has the smallest output current and OSRAM QTP8
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Fig. 18. Steady-state voltage and current waveforms at input and output of the LED driver (Timebase: 5 ms/div, Ch1: 50 V/div, Ch2: 500 mA/div, Ch3: 10 V/div,
Ch4: 100 mA/div) (a) with the magnetic ballast Robertson RN320P (b) with the valley-fill PFC electronic ballast Sunil KS-F2321 (c) with the electronic ballast
GE 23671 (d) with the electronic ballast OSRAM QTP8 1 × 36.

Fig. 19. Switching waveforms in the steady state (Timebase: 5 μs/div, Ch2: 20 V/div, Ch3: 1 V/div, Ch4: 100 mA/div) (a) with the electronic ballast GE 23671
which has a smallest output current (b) with the electronic ballast OSRAM QTP8 1 × 36, which has the largest output current.

1 × 36 has the largest output current, as shown in Fig. 15(a). To
regulate ILED ,avg , steady-state D values are proportional to the
input current level and vC 1 values are inversely proportional to
them. For all four ballasts, D ranges from 0.38 to 0.57 and the
average of vC 1 ranges from 67.0 to 101 V.

Power factor (PF) and total harmonic distortion (THD) with
the retrofit LED lamp are also measured and compared to those
with the FL. The magnetic ballast RN320P is a normal PF

(<0.9) ballast without a PF correction. Measured PF and THD
were 0.63 and 13.7% with the FL, and changed to 0.52 and 5.6%
with the LED lamp, respectively. Measured PF and THD of the
electronic ballast with a valley-fill PFC were 0.93 and 19.0%,
which degraded to 0.91 and 26.8%, respectively. Nevertheless,
the ballast still can be classified as a high PF (>0.9) ballast.
Ballasts with the active PFC were rather insensitive to the load.
Measured PF and THD of GE 23671 were 0.99 and 7.6% with
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Fig. 20. Total power consumed from the ac supply, converter losses and load
power with FL and LED lamp.

Fig. 21. Comparison of luminous efficacies using FL and retrofit LED lamp.

the FL, and were 0.99 and 8.7% with the LED lamp, respectively.
Measured PF and THD of OSRAM QTP8 1 × 36 were 0.96 and
4.3% with the FL, and were 0.94 and 6.0% with the LED lamp,
respectively.

D. Power Efficiency and Luminous Efficacy

In the retrofit LED system, both ballast and LED driver incur
power losses. Power loss of the ballast LBallast , power loss of the
LED driver LDriver and power consumed in the LED load PLED
are shown in Fig. 20. Lamp power and LBallast with the FL
are provided together for comparison. The loss in the proposed
LED driver LDriver ranges from 1.9 to 2.3 W with different
ballasts, and the efficiency of the driver alone is higher than
89.7%. However, as denoted in Fig. 20, the global efficiency
from the ac supply is lower than that with the FL.

Nonetheless, it does not mean that the retrofit LED lamp is not
useful. For the lighting devices, the luminous efficacy (lm/W)
is usually compared instead of the power efficiency (W/W).
The luminous efficacy of the T8 lamp is typically 90 lm/W and
the efficiency of the ballast is multiplied to calculate the actual
efficacy. Meanwhile, the lumen output of the 20-W LED load
in this study is 2300 lm and it is divided by the input power
from the ac supply to calculate the efficacy. Efficacies with both
lamps are compared in Fig. 21. The luminous efficacy of the
LED lamp is always higher than that of the FL. Furthermore,
the light output of the LED lamp is directional and so called
fixture efficiency is higher than that with the FL [30]. This is
why the rated lumen output of the retrofit LED is only 2300 lm,
whereas that of the FL is larger than 3000 lm. Therefore, even

if the difference in luminous efficacy is only 6.2% in the worst
case, the input power can be saved by 18% with the LED lamp.
The improvements can be less with more efficient FLs, such as
T5 lamps. It should be noted that the aforementioned discussions
are based on assumed luminous fluxes, and lumen outputs need
to be measured for a precise comparison.

The power loss in the LED driver is 2.1 W with the electronic
ballast GE 23671, which exhibits the highest vC 1 among the
ballasts. Measured losses in rectifier and Schottky diode were
0.32 and 0.45 W, respectively. The controller (analog part) con-
sumes 0.24 W. The switch is hard-switching and the total loss
of the switch was measured to be 0.61 W. Finally, the remaining
0.51 W is conduction losses. The driver loss decreases slightly to
1.9 W with the electronic ballast OSRAM QTP8 1 × 36, which
has the lowest vC 1 . Soft-switching techniques may improve the
driver efficiency by a few percent, but their applications are left
as a further work.

VII. CONCLUSION

A ballast-compatible LED driver which adopts a CS boost
converter has been proposed. A prototype 20-W LED driver
is evaluated with T8 36-W FL ballasts. A startup process for
emulating the high-voltage discharge enables the LED driver to
operate normally with program-start ballasts. The LED driver
successfully operates with both magnetic and electronic ballast,
and achieves an accurate current regulation within 0.6% error.
The luminous efficacy can be improved up to 30% with the LED
lamp, even with the additional loss introduced by the ballast. The
CS boost converter does not disturb the ballast operation so that
certified features of the ballast, such as the power factor rating,
are not degraded significantly.
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