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Abstract

A new active LED driver with high power factor (PF) and low total harmonic distortion (THD) compatible with a rapid-start
ballast is proposed. An LC input filter is attached to the ballast to increase PF and reduce THD. A boost converter is then installed to
regulate the LED current, where an unstable operating region has been newly identified. The unstable region is successfully
stabilized by feedback control with two zeroes. The extremely high overall system of the 10th order is completely analyzed by the
newly introduced phasor transformed circuits in static and dynamic analyses. Although a small DC capacitor is utilized, the flicker
percentage of the LED is drastically mitigated to 1% by the fast controller. The proposed LED driver that employs a simple
controller with a start-up circuit is verified by extensive experiments whose results are in good agreement with the design.
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I.  INTRODUCTION

Conventional fluorescent lamps are being replaced with light
emitting diode (LED) lamps to save energy and preserve the
environment [1]-[13]. An LED lamp has higher efficiency than
fluorescent lamps; its lifetime is longer than 50,000 hours,
which is approximately 10 times that of a fluorescent lamp.
Many countries thus promote the use of LED lamps even
though these lamps are expensive. The replacement of
fluorescent lamps with LED lamps in some countries, such as
Japan, is highly impeded by this issue. Rapid-start ballasts are
already firmly installed inside ceilings and are difficult to
replace with new switching converter-type LED drivers. A
practical solution is to attach an LED driver to a rapid-start
ballast instead of removing the ballast from the ceiling
[14]-[16]. A few practical design issues must be considered in
dealing with LED drivers. First, the use of a large DC input
capacitor for the LED driver should be avoided because it
produces a large peak inrush current and may cause occasional
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fires inside the rapid-start ballast [16]. Second, the power factor
(PF) and total harmonic distortion (THD) of the LED lamp
should not be reduced although the power level of an LED
lamp is typically half that of a fluorescent lamp . This problem
can be resolved by attaching an appropriate LC filter to the
rapid-start ballast [16]. Third, accurate static and dynamic
circuit models, including a switching converter and a highly
nonlinear rapid-start ballast, are required for the design of an
LED lamp. This cumbersome problem can be addressed by the
recently proposed unified general phasor transformation [18].

An active LED driver that is compatible with the rapid-start
ballast and meets the three design considerations mentioned
above is proposed in this study. A small DC capacitor with an
LC filter is attached to the ballast, and a boost converter
regulates the LED array (Fig. 1). Unlike a conventional boost
converter, the power source of the converter is not an ideal
voltage source but the small DC capacitor linked to an output
of the ballast whose characteristic is highly nonlinear.
Furthermore, an unstable operating region is identified in this
study; such region can be avoided by selecting an appropriate
duty cycle of the boost converter. The complete DC and AC
phasor transformed circuit models for the 10th order LED lamp
system developed in this study allow for the drastic reduction
in LED ripple current even with a small DC capacitor. This
design is extensively verified by experiments.
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Fig. 1. Proposed boost converter-type LED lamp with a control
circuit that is compatible with a rapid-start ballast..

Il.  STATIC ANALYSIS AND DESIGN OF THE
PROPOSED ACTIVE LED DRIVER

The LED lamp (Fig. 1) operates with a rapid-start ballast and
is composed of an LED array and the proposed LED driver,
which includes an input filter, a rectifier, a boost converter, and
a controller. Regulated current is provided by controlling the
duty cycle of the boost converter for the LED array regardless
of the large rectified ripple voltage of 120 Hz caused by the
small DC input capacitor. This capacitor is where the LED
current obtains the feedback from the source voltage variation
of the rapid-start ballast and other variations, such as
temperature.

A. Selection of the Converter

A DC-DC converter is necessary to make the LED current
constant regardless of the ripple voltage without any power
loss. Galvanic isolation is not required for tubular-type LEDs;
hence, an isolation transformer need not be used. Instead, a
single-stage converter should be utilized considering the
complexity of the gate driver and voltage rating of the LED
array. Among various DC-DC converters, the boost converter
was selected in this study because of the simple driver structure
of its main MOSFET (Fig. 1). Although soft switching
provides high efficiency in general, it is not considered because
the use of high switching frequency to reduce the converter
filter size does not contribute to the overall filter size, where
the input filter is already extremely large for the operating
frequency of 60 Hz. For a buck converter, the n-MOSFET
utilized for a power switch requires a bootstrap gate driver,
such as 1IR2101, which does not work properly when the load
current is small.

The LED employed in this study (e,
DG-82A83C-001-5S-3) has forward voltage drop V gp = 3.0 V
and equivalent series resistance r gp =6.3 Qat 60 mA. The
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(b) Simplified circuit with the transformers removed.

Fig. 2. Static phasor transformed circuits of Fig. 1.

LED array can then be characterized by ry and V; as follows
[10]:

T =M-Tep Vi =m-Vigp )
where m is the number of series-connected LEDs. The output
voltage applied to the LED array (Fig. 1) becomes the
following:
Vo=V +1 1p | )
The voltage drop of an LED at 60 mA is determined from
Eqg. (2) as 3.38 V, and its power becomes 0.20 W. This
condition means that approximately 100 LEDs are required for
an output power of 20 W.

B. Derivation of the Static Models of the LED Lamp

The static behavior of the proposed lighting system (Fig. 1)
was fully analyzed in this study through phasor
transformations [17], [18], which enable us to determine the
amplitude and phase of AC circuit variables such as in a DC
circuit. By applying the transformation, an averaged DC
phasor circuit was obtained (Fig. 2(a)). The imaginary
resistors represent the reactance of inductors and capacitors in
the steady state. The rapid-start ballast is highly nonlinear,
but its parameters are assumed to be fixed at an operating
point. The input filter composed of L. and C. is attached to
this ballast to satisfy PF and THD regulations.

The boost converter and rectifier can be transformed to
equivalent auto-transformers whose turn ratios are the
complementary values of their corresponding switch duty
cycles [19]. The boost converter and rectifier are assumed to
operate in the continuous conduction mode (CCM) so that they
can be replaced with the averaged switched transformers. All
variables, including V and I, are represented as phasors and
the Zener diode voltage V,;. The LED array is modeled as DC
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voltage source V; and dynamic resistance ry. Removing the
complex transformer for the equivalent circuit of the rectifier
(Fig. 2(a)) from the left side is possible with a recently
proposed method [22]. By referring all parameters into the
primary side of the rapid-start ballast while removing all
transformers (Fig. 2(b)), the source current is as follows:

Is:'S‘v‘z‘:OHS‘vs:o
AN v, L L+ joRC,
Joky Ry + jol +— +L Ry + joL +— +L
jaC, 1+ joCRy jaC, 1+ joRC,

From Eq. (3), PF can be derived by identifying its real and
imaginary parts as follows:

PF = Rel) 4)
JRe(1,)? +Im(1,)?
L'= Lbn+2LC C,=n%C, C,=n’C, R, :% (5)
. (1-D)’R..a? . (1-D)V,
Rts:( )Zts a:& Vtz: tz .(6)
n z an

From Eq. (6), the complex transformer is assumed to have a
zero phase for simplicity so that the real part operator of Fig.
2(a) can be neglected; only the real value of equivalent voltage
source \, is provided. Given the nonlinearity of the ballast,

the exact values of L. and C. were determined by experiments,
which will be described in the succeeding section.

C. Determination of Stable Operating Points Using a
Simplified Model

As described in the previous section, a detailed analysis of
the lighting system (Fig. 2(a)) may yield inaccurate results
because of the nonlinearity of the rapid-start ballast and
rectifier. The left part of the rectifier circuit must be simplified
to understand the behavior of the boost converter with the LED
array. The output V-I characteristic of the rectifier in the steady
state was measured as shown in Fig. 3. It was found to be quite
linear for the operating range as shown in Fig. 4; hence, the
system at the output of the rectifier can be characterized as
equivalent resistance R; = 270 Q and voltage source V., = 168
V as follows:

Vi=Veq —Ri-li . (7

The load current of LED array I, versus the duty cycle of
boost converter D in the steady state is derived from Fig. 4 as
follows:

V,, —DV
I, =@1-D)I, =D “

R +D2R, | ®)
1 ts

where
D'=1-D 9
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Fig. 3. Measured static rectifier output characteristic curve.
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Fig. 4. Simplified model of the static rectifier output model and
boost converter.

The critical duty cycle D that maximizes I, is derived from
Eq. (8) as follows:

 VeqRis +VieR — Vie?Ri? + Ve ?ReR, (10)

D, =D|d,_, =
‘ 5_0 Veths

For the LED array of m = 100, the calculated I, from Eq. (8)
is compared with the experimental result as shown in Fig. 5. I,
increases for duty cycle D up to the critical value D, = 0.75
similar to the conventional boost converter; however, it
decreases when D is larger than D.. Load current I, can be
either controlled for the lower region (D < D.) or the higher
region (D > D.). However, the lower region is preferred
because rectifier current li for the higher region increases for
the same load current 1, as shown in Eq. (8). The maximum
duty cycle should thus be restricted to D < D. In this study, the
Zener diode D,, was employed to limit the maximum duty
cycle by clamping control voltage v .

I1l. DYNAMIC ANALYSIS AND DESIGN OF THE
PROPOSED ACTIVE LED DRIVER

A. Derivation of the Dynamic Models of the LED Lamp
Controlling the proposed active LED driver is challenging
because of the highly nonlinear characteristics and the 10th
order complexity of the overall system. As shown in Fig. 1, the
proposed controller includes the differential current sensing
part and frequency compensation circuit components Cr, R,
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Fig. 5. Measured and analyzed static characteristics of 1. vs. D
with the critical value of R, of Eq. (17) that determines the
dynamic stability of the LED driver.

and C, as well as a conventional PWM control circuit. The
dynamic models for the overall LED driver should be derived
to design the proposed controller. As shown in Fig. 6(a), the
models can be regarded as operating in a quasi-steady state; the
same static model used in the steady state (Fig. 4) was thus
adopted. This condition can be justified by the very slow
dynamic response of the rapid-start ballast and input filter. Its
operating frequency of approximately 60 Hz is more than 20
times lower than the bandwidth of the dynamics of the
controller. One difference is rectified current ripple i,, which is
a surge current of 120 Hz that acts as a major disturbance to the
control system. The proposed controller should mitigate these
ripple harmonics by a fairly fast control loop. Considering that
ripple voltage v, that appears in capacitor C; is easy to measure
and analyze, an approximated equivalent circuit can be
obtained as shown in Fig. 6(b) by applying the Thevenin
theorem to the left part of the dotted line of the circuit of Fig.
6(a). The detailed analysis of v, for a given i, is complicated
and avoided in this study. Instead, it will be measured for an
open loop control condition and regarded as an independent
source from here on.

The large signal model of Fig. 6(b) is then perturbed, and an
AC model is obtained in the frequency domain by removing all
DC sources but including the ripple voltage source [19]. The
harmonic ripples and perturbed small signals appear in the
same equivalent circuit; this occurrence is uncommon. Finally,
the most simplified model (where the auto transformer of the
boost converter is removed) is obtained as shown in Fig. 6(d).
A filtered circuit with three independent voltage sources
appears.

B. Transfer Function of Load Voltage vs. Duty cycle:
Gy (s)
For the AC analysis, DC operating point |; is calculated from
Fig. 4 as follows:
Ii :VL _Vtz . (11)
D'Ry
The input side impedance is derived from Fig. 6(c) as follows:
Z.(5) =R, //i+sLi _S’LRCi+sLi +R
sC; 1+sR,C;
The small signal transfer function of boost converter output

(12)

VAL(S) in CCM as a function of duty cycle 6(3) of the
switch can be derived from Fig. 6(d) for the two small
signal-independent sources ';'3(5) and v, 6(3).

From Fig. 6(d), the transfer function from E)(S) to VAL(s)

when |, p(s) s zero is as follows:

Gyy(s) =+ . (13)

Vi DR (1+SRC;)

" D' SLRCRC, +S2(LRC; + LRCL) + (L +C ReR, + RgRC,D?) + R, + R,D?

The transfer function from 6(5) to VAL(S) when v, 6(5) is
zero is derived with Eq. (11) as follows:

Gdz(s)z%(s)

D(s)

(14)

v, B(s):o
V-V s2LRiC; +5L; +R;
D' $*LRCiRC, +S2(LiRiC; + LiRCy) +5(L; +C ReR; + RgRiC;D?) +R; + R, D?

From Egs. (13) and (14), transfer function G, (s) from 5(5)

to \fL(s) can be calculated as

+VAL7(S) =Gyy(s)+Gy2(s)

D(s)

Gy =) L6

D(s)  D(s)

. (15)

1,D(5)=0 v, D(5)=0

1 % (Vg ~VOLRCi+5{V, D? RRC; + (Vi =V )Li}+ (¥, -V )R +V, D? Ry

D' SLRCRC, +5%(LRC; + LiRC, ) +5(L; + C_ RgR; + RRiC;D?) + R, +RD?

The zero frequency response is obtained from Eq. (15) as
follows:

1 MVe-VOR+VID?Re Vi R (1)
D' R; +RD? D' R;+RgD"

where R is critical resistance that determines the proposed
system stability as follows:

G4 (0) =

R, = (Y5 _1)R + DZR,. 17)
VL

When the numerator of Eq. (16) is positive (i.e., R, > 0), the
gain is positive and thus corresponds to the positive slope of I,
in Fig. 5. This condition is justified considering that I, is
proportional to V, as follows:

Vi =Vis + 1R (18)
or
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Fig. 6. Derivation of the dynamic models of the proposed LED
driver with the rectified ripple disturbance of the dynamic
stability of the LED driver.
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Critical duty cycle D, that maximizes I_ of Eq. (10) is also
obtained from Eq. (17) when R, = 0 as shown in the lower part
of Fig. 5. Notably, the R, of Eq. (17) should be positive to keep
the proposed system stable. The first term of Eq. (17) is always
negative as can be easily identified from Eq. (18).
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Fig. 7. Overall control block diagram of the proposed LED driver
of Fig. 1.
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Fig. 8. Calculated bode plot of boost converter transfer function
Gy (s) using Eg. (15) when D = 0.65. The diamond-shaped
symbols denote the points of the simulated AC response of Fig.
6(b) to verify this calculation.

A. Transfer Function of Load Voltage vs. Rectified Ripple
Voltage: G, (s)

As discussed in the previous section, ripple voltage V;(s) is
adisturbance, and its transfer function to load voltage

\fL(s) should be obtained to mitigate the effect of this

disturbance on the ripple current of the LED. This transfer
function is easily derived from Fig. 6(d) in a very similar
manner to Eq. (13) as follows:

v . (20)

L
Vi (s)
1 D?R,(1+SRC;) Gy (9)

D SLRCRC, +S2(LRC; + LR.C,) +5(L; + C_RR) + R, + Rg(L+SRC)D? V.

G,(s)=
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B. Transfer Function of Load Current vs. Load
Voltage: G, (s)

The overall configuration of the proposed controller is

redrawn in Fig. 7(a). All the circuit parameters at the LED load

side are highlighted. Fig. 7(a) is modeled for the complete

modeling of the proposed LED driver for use in subsequent
sections. Transfer function G, (s) is defined for perturbed load

current ,“L(s) against perturbed load voltage \fL(s) and
obtained from Fig. 7(a) as follows:

;L(S):
Vi(s)

1+sr;Cq 1 1+s1Cy
It +Rg +sHRsCr 1p 1+5RsCq

6.(9)= 1)

(1 >>Rg)”

C. Transfer Function of the Control Circuit: G_(s)

The transfer function of the control circuit (Fig. 1) from

IAL(s) to 6(5) can be determined as follows:

B(S) V:en (S) . _C/c (S) 6(5) RS RsZ . Imm (1+ Schz) . 1 (22)

Ge() === N TRy+R, 1+s(r +R,)C, V
1L(S)  1L(8) Ven(s) Ve(s) 7 2 mooe s

where g, and r, are the gain and output resistances of the
operational transconductance amplifier (OTA), respectively.
The amplitude of the saw tooth of the PWM is denoted as V.

D. Controller Stability Design

The overall control block diagram of the proposed LED
driver is drawn in Fig. 7(b) by combining the transfer functions
of Eqgs. (13) to (22). The overall transfer function for the
reference current input is derived from Fig. 7(b) with Eq. (15)
as follows:

Hy(g) =L _ GG ()6, 23)
YT e (8) T 14Go(5)Gg (5)Gy (5)

The overall transfer function for the ripple voltage input is
derived from Fig. 7(b) with Eq. (15) again as follows:

H,(s) = I (s) :i. Gy1(5)Gy (5) ) (24)
ZTV(5) VL 14G(5)Gy (5)G, (5)

From Egs. (23) and (24), the proposed LED driver is
determined to have loop gain as follows:

LG(s) =G¢(s)Gq (5)Gy (5) - (25)

To make the system stable, converter transfer function G4 (s)
was examined with Eq. (15) and plotted in Fig. 8 for the circuit
parameters of Table | used in the experiment. For clarity, these
calculation results were verified by the circuit simulator
MMSIM72 (Cadence) using the equivalent circuit in Fig. 6,
which is found to be very accurate. As shown in Eq. (15), three
poles and two zeroes exist in Gq (s), which is rewritten as

follows:

G (s)=i.2(s)_i. bos® +bs+by (26)
T D P(S) D oags®tays’agsta,

From Eg. (26), the first pole and zero (i.e., p; and zy,
respectively) can be approximately obtained by neglecting the
high-order terms at low frequency as follows:

P(s)=a;s° +a,s2 +as+ap = as+ay=a(s—p)=0-p,=—-a,/a, (27)

Z(s) =52 +ys+y =bys+by =y (s—2,) =02, =—by /o, . (28)

As calculated from Eq. (28), the first pole and zero are p,/(2r)
= 47 Hz and z,/(2n) = -13 Hz, respectively, which are mainly
formed by large input capacitance C;. The low-frequency pole
and zero do not reduce the system stability because their values
are negative and only a slight change occurs in the phase of
much less than 90 degrees (Fig. 8).

However, the high-frequency zero, z,, should be positive as far
as R, > 0. This condition can be proved from Eq. (26),
considering z, < 0, as follows:

bO _ VLRC

Z(s)=bys? +bys+hy =b,(s-27)(s-2,) > 77, =2

_7<0(29)
b, - I RsLRC;

Complex poles p, and p3 and positive zero z, are determined
from Eq. (28) and Table I as |p,| /(2w) = |p3| /(27) = 951 Hz and
z,/(2wn) = 27 kHz, respectively. They may affect the system
stability significantly because the phase of Gy (S) approaches
180 degrees because of the poles and even crosses over it
because of the positive zero. The complex poles are mainly
formed by the L; and C, of the boost converter as identified
from the highest-order coefficient of Eq. (27). However, the
dominant pole compensation that allows the high-order
dynamics to be buried cannot be used for the proposed design
because fast response is crucial to eliminate the 120 Hz ripple
caused by the feedback loop control.

Two additional zeroes are thus inserted to the frequency at
the two poles so that they cancel each other out. The first zero
is inserted to the OTA output, and the second one is added at
the current sensing circuit as follows:

| P2 |=| p3 |=1/R,C, (30a)
| P2 |=] p3 |=1/ 1 Cq. (30Db)

From Eq. (30b), Cy is determined as 270 nF for ry =620 Q;
however, the value of R,C, only can be determined from Eq.
(30a) for now.

E. Controller Gain Design to Mitigate the 120 Hz
Ripple

Considering the increased concern over the flicker in LED
lamps and its effect on human health [20], the ripple current of
LEDs is mitigated in this study. The small voltage change
across LEDs causes a large current variation because of the
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Fig. 9. Calculated bode plot of the loop gain of the proposed
LED driver from Eq. (25) after being compensated. The
diamond-shaped symbols denote the simulated AC response of
Fig. 6(b) to verify the calculation.

small dynamic resistance. The flicker percentage (percent
flicker) is defined as follows [21]:

— Amin
+

~100x I max = min ~100x |ripple s (31)
lmax 1

Percent flicker =100x Anax

max min max min “lavg

where A, and A, are the maximum and minimum
brightness, Iy and I, are the maximum and minimum
currents, and Iy and l,,q are the ripple and average currents
of the LED lamp, respectively. In Eq. (31), the brightness of
the LED is assumed to be linearly proportional to its current.
The targeted flicker percentage was set to approximately 1% to
be nearly flicker-free. Given that the average current of the
LED array in this study is 60 mA, e should be less than 1.2
mA to meet the specification in Eq. (31).

From Eq. (24), the ripple current can be obtained for the

ripple frequency of @), (= 2m x 120 rad/s) in the steady state
as follows:

I (Jor)
Vi(jor)

1| Gylio) |, (32)
VL [Ge(j0,)Gq (jo,)|

Ho(jo,)|=

where it has been approximated considering that the loop gain
of Eqg. (25) is much larger than 1 at the ripple frequency.
Applying Egs. (13), (15), and (26) to (32) and neglecting all
poles and zeroes higher than 120 Hz result in the following:

Ha( ~‘ D?Ry(+ jorRC;) ‘ R (33a)
‘ Z(er)‘:&.gim. 1 (jorb, +by) S>> R,
Ry +Ry J0C, Ve "
RsR b + 2
= G = <R + (0r)” ‘Hz(ja)r)‘-(g?)b)

;=
(Rsl + Rsz)a)rvsawD‘2 Rts V1+ (for Rici)2

For the operating conditions in Table I, peak-to-peak ripple
voltage V, is measured to be approximately 13 V when C; is 47

uF. C, can thus be calculated from Eq. (33b) as 330 nF for the
given value of \Hz(jwr)\: 1.2 mA/13 V =-80.7 dB. C, is thus

selected as 250 nF considering a 25% margin. From Egs. (30a)
and (33b), R, is finally determined to be 670 Q as follows:

R, :1/Cz | 53 | - (34)

As shown in Fig. 9, the compensated loop gain and phase
margin at 120 Hz are 34.2 dB and 44° respectively. This
finding confirms the design of fairly high gain and appropriate
margin. This calculation was verified by simulation using the
equivalent circuit of Fig. 6(b); good agreement was observed.

IV. FABRICATIONS AND EXPERIMENTAL
VERIFICATIONS

A. On-board Power Supply for the Controller

For the operation of the proposed LED driver without an
external power supply, a cheap and simple on-board power
supply is required for the controller. A Zener regulator in series
with the LED array was used as shown in Fig. 1. At start-up,
this regulator cannot generate any voltage because the boost
converter does not operate until the regulator activates the
control circuit. A start-up circuit is thus implemented by simply
adopting the diode D connected between v; and an
appropriated intermediate point of the LED array. During
start-up, Ds is turned on to provide the regulator with LED
current directly from v;. Dy is automatically turned off after
start-up because load voltage v, is increased as the boost
converter operates. The point near the center of the array was
carefully selected to meet this condition.

B. Experiments to Determine the Combination of L
and C,

Several design requirements, such as load power of 20 W,
PF higher than 90%, low THD characteristics, and high
efficiency, should be considered for the source voltage variable
range to determine the suitable values of L. and C. of the input
filter (i.e., from 94 Vs to 106 V). The proposed boost
converter-type LED driver is very similar to the passive LED
driver in terms of output power and resonant frequency [16].
Therefore, the inductor of the input filter is considered to be
approximately 0.1 H to 0.3 H. The suitable value of C. that
increases PF to above 0.9 is approximately 2 uF to 4 pF from
Eq. (4). However, determining the exact values of L. and C. is
theoretically impossible because of the non-linearity of the
rapid-start ballast. Eq. (4) is inaccurate because the rectifier
does not always operate in CCM and the elimination of the
complex transformer is approximated and imperfect. The
equations can thus be used as a guideline to select L. and C.,
which were actually determined by experiments. The load
power and PF for different source voltages were measured as
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Fig. 10. Measured output power and input power factor with respect to duty ratio D for the source voltages from 94 Vs to 106 V.

shown in Fig. 10. The results are shown in Table II. The
combination of 0.1 H, 3 uF or 0.1 H, 4 pF cannot satisfy the
operating point of 20 W. The value of L was selected as 0.2 H
in consideration of the THD of the source current and the cost.

Two additional experiments were conducted to determine
the exact value of C. considering the power loss and PF by
changing C. from 2 pF to 4 pF as shown in Fig. 11. As a result,
0.2 H and 2.4 pF were selected as the optimal values of L. and
C., respectively.

C. Experimental Verifications of the Design

The proposed boost converter type LED driver was built
based on the proposed design procedure and verified in the
laboratory. The value of input capacitor C; was set to as small
as 47 UF to decrease the maximum peak voltage across
capacitor C, in the initial transient period [16]. This LED
driver can thus ensure a stable initial start-up.

The experimental results for load voltage V,, load current
I, source power Py, ballast power loss Py, load power P, PF,
and the efficiency for source voltages from 94 V. to 106
V ms are summarized in Table 11l. Compared with a previous
study [16], the load power in the present study is perfectly
regulated within 0.1% offset error without system instability.
Source voltage v, source current i, rectified voltage v;, and
LED current i, were measured in ms (Fig. 12) to verify the
line regulation. The measured rectified ripple voltage v, and

LED ripple current iAL

are approximately 13 V,, and 1
mA,,, respectively. With regard to the ratio of these
peak-to-peak values to that of the 120 Hz ripples,

themeasured loop gain at 120 Hz is 33.2 dB, whereas the

TABLE |
CIRCUIT PARAMETERS OF THE PROPOSED LED LAMP
Parameters | Values | Parameters | Values | Parameters | Values
R; 270 Q M 4 MQ Om 3msS
rr 620 Q L; 4 mH D 0.65
Rs 300 Ci 47 uF Vi 300 V
Ra 82 kQ C. 1 uF Vi 340V
Re 27 kQ Cr 270 nF Vsaw 3V
R, 670 Q C, 250 nF
TABLE Il
EXPERIMENT RESULTS
Parameters PF
L c Vs=94 Vs=100 | V,=106 Re;ungion
¢ ¢ Vims Vrms Vims
2 yF 0.98 0.98 0.89 Unsatisfactory
0.1H | 3puF - 0.98 0.98 Unsatisfactory
4 pF - - 0.98 Unsatisfactory
2 uF 0.98 0.95 0.88 Satisfactory
0.2H | 3puF 0.99 0.99 0.98 Satisfactory
4 pF 0.90 0.97 0.99 Satisfactory
2 uF 0.97 0.99 0.88 Unsatisfactory
0.3H | 3pF 0.99 0.97 0.97 Unsatisfactory
4 uF 0.94 0.98 0.99 Satisfactory

THD regulation IEC61000-3-2 class C standard - 5™ 10%, 7™: 7%, 9™
5%

simulated one (Fig. 9) is 34.2 dB. The discrepancy of 1.0 dB
is of no practical concern; the experiment thus verifies that
the proposed design guarantees the required mitigation of an

LED ripple current of 1.2 mA,,. LED ripple current iAL with
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Fig. 12. Measured waveforms of the proposed LED driver to
verify the line regulation capability for Vs =100 V .

line frequency is substantially decreased compared with that
in a previous study [16].

This experiment also shows that the selected combination of
L. and C, meets the THD regulation for source voltages from
94 Vs t0 106 Vs as shown in Fig. 13. Excluding the power
dissipation of the rapid-start ballast, the efficiency of the
proposed boost converter-type LED driver was measured to be
88.5%, which is decent considering the hard switching.

The switching waveforms of MOSFET drain voltage v,,
inductor current i;, load voltage v, and LED current i, were
measured in ps as shown in Fig. 13; a large reverse recovery
current appeared in i,; as expected. The prototype of the
proposed LED driver is shown in Fig. 15. The prototype is

30 A
A 1EC61000-3-2 class C standard

2
_ MW Measured harmonics (94V,ns source voltage)
s B Measured harmonics (100V,ms source voltage)
S
% B Measured harmonics (106V,ns source voltage)
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=
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Fig. 13. Measured source side harmonic currents for the source
voltage from 94 V s 10 106 V .
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TABLE I
MEASUREMENT RESULTS FOR PF AND EFFICIENCY
Parameters Results for each source voltage
94 Vs | 100V | 106 Vs
I 61.7 mA | 61.8 mA 61.7 mA
Vi 324V 324V 324V
Ps 294W | 29.7W 30.0W
Py 6.9 W 71W 72W
P 200 W 200 W 200 W
PF 0.999 0.983 0.939

compact in size and inexpensive.

V. CONCLUSIONS

The proposed boost converter-type LED driver compatible
with a rapid-start ballast was proven to be very stable with
fairly high PF and low THD characteristics. The very
complicated 10™ order overall system was completely analyzed
for static and dynamic characterizations through reasonably
simplified models. A systematic design procedure was fully
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established and verified by extensive simulations and
experiments as having good agreement. The flicker percentage
was successfully mitigated by the proposed fast feedback
controller to as low as 1% even though a small DC capacitor
was used. The experiments also showed that all the design
requirements and standards were completely satisfied for
source voltages from 94 Vs t0 106 V.
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