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Abstract—The high-brightness white light-emitting diode (LED)
has attracted a lot of attention for its high efficacy, simple to
drive, environmentally friendly, long lifespan, and compact size.
The power supply for LED also requires long life, while maintain-
ing high efficiency, high power factor, and low cost. However, a
typical power supply design employs an electrolytic capacitor as
the storage capacitor, which is not only bulky, but also with a short
lifespan, thus hampering performance improvement of the entire
LED lighting system. In this paper, a novel power factor correction
(PFC) topology is proposed by inserting the valley-fill circuit in
the single-ended primary inductance converter (SEPIC)-derived
converter, which can reduce the voltage stress of the storage ca-
pacitor and output diode under the same power factor condition.
This valley-fill SEPIC-derived topology is then proposed for LED
lighting applications. By allowing a relatively large voltage ripple
in the PFC design and operating in the discontinuous conduction
mode (DCM), the proposed PFC topology is able to eliminate the
electrolytic capacitor, while maintaining high power factor and
high efficiency. Under the electrolytic capacitor-less condition, the
proposed PFC circuit can reduce the capacitance of the storage
capacitor to half for the same power factor and output voltage
ripple as comparing to its original circuit. To further increase the
efficiency of LED driver proposal, a twin-bus buck converter is in-
troduced and employed as the second-stage current regulator with
the PWM dimming function. The basic operating principle and
analysis will be described in detail. A 50-W prototype has been
built and tested in the laboratory, and the experimental results un-
der universal input-voltage operation are presented to verify the
effectiveness and advantages of the proposal.

Index Terms—Electrolytic capacitor, light-emitting diode (LED),
multiple lighting LED lamps, power factor correction (PFC), pulse
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width modulation (PWM) dimming, single-ended primary induc-
tance converter (SEPIC)-derived, valley-fill circuit.

I. INTRODUCTION

‘ ‘ J ITH the potential of high efficacy, long lifetime, en-

vironmental friendliness, and compact size over the
conventional lighting devices, the light-emitting diodes (LEDs)
have emerged as a promising lighting technology to replace the
energy-inefficient incandescent lamps and mercury-based fluo-
rescent lamps [1]-[6]. To promote more energy saving, some
countries have introduced measures to phase out incandescent
lamps [2].

Presently, the power ratings of individual LED devices are a
few watts, and their typical efficacies are about 90 and 75 Im/W
for cool and warm white LEDs, respectively [7], [8]. Hence,
multiple LED lamps have to be connected in parallel or series to
obtain sufficient luminance. The general photo-electro-thermal
(PET) theory also indicates that a distributed LED system based
on a plurality of relatively low-power LEDs can have advantages
over a concentrated system consisting of a small number of high-
power LEDs for the same system power [9], [10]. Therefore,
paralleling LED strings has been a common practice.

Driving multiple LED lamps from an offline power source
poses challenges in many aspects of power converter design.
High power factor and low input-current harmonics are becom-
ing the mandatory design criteria for switching power supplies.
In lighting equipment, the input current of ballasted lamps ex-
ceeding 25 W is required to comply with stricter requirements
as stated in IEC 61000-3-2-Class C [11]. Energy Star requires
the input power factor higher than 0.9 for commercial luminar-
ies [12].

Much research has been directed toward power factor correc-
tion (PFC) topologies and control schemes [13]-[28] in LED ap-
plication over the past decades. Fig. 1(a) shows a typical solution
using the “classical” two-stage PFC circuit and postcurrent regu-
lators [13]-[16]. Although such a two-stage configuration of the
PFC circuit can help LEDs achieve good operating performance,
too many components, large size, low efficiency, and relatively
high cost are its main drawbacks. As shown in Fig. 1(b), another
candidate for driving multiple lighting LED lamps is to employ
the single-stage PFC circuit to eliminate the additional dc—dc
stage. State-of-the-art LED drivers using the single-stage PFC
topology have been published in [17]-[27]. The circuit choices
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Two-stage PFC

(b)

Fig. 1. Traditional solutions for driving multiple lighting LED lamps. (a)
Traditional three-stage structure for driving multiple lighting LED lamps. (b)
Traditional two-stage structure for driving multiple lighting LED lamps.

involved flyback [17], [18], [24], single-ended primary induc-
tance converter (SEPIC) [18]-[22], buck-flyback [23], boost-
flyback [25], resonance-assisted buck [7], [8], buck-boost [27],
etc. In [21], the authors compared several offline PFC topologies
for driving LEDs, including boost, SEPIC, forward, flyback, and
half-bridge. These topologies are suitable for different power
level and customer requirements.

No matter what kind of PFC converter, to balance the dif-
ference between instantaneous input power and output power,
the intermediate capacitor has to be large enough to absorb
the energy difference. Therefore, the electrolytic capacitor with
large capacitance is usually used as the energy buffer. Unfor-
tunately, the lifetime of the electrolytic capacitor is limited to
several thousand hours under rated operating conditions, which
is much shorter than the lifetime of LEDs that is generally higher
than 50 000 h. In [31], several lighting management institutions
have expressed their needs to have LED drivers with lifetime
over 10 years.

In order to prolong the overall lifetime of LED lighting prod-
ucts, it is necessary to reduce the storage capacitance so that
nonelectrolytic capacitors can be adopted. A third harmonic
injection into the input current to reduce the storage capaci-
tance of continuous conduction mode (CCM) boost PFC and
the corresponding implementation circuit is presented in [28].
The major shortcoming with the third harmonic injection is that
the current ripple flowing into the LEDs is too large, reducing
luminous efficacy of the LEDs. This approach is also used to
reduce the peak-average ratio of LED current, but the LED cur-
rent is controlled as rectified sinusoidal type with zero valley
value and 120-Hz frequency, which may also cause noticeable
luminous variation and color variation to human eyes [29]. An
approach based on load modularization is reported for removing
the electrolytic capacitor [30]. The efficiency with this approach
is too low, and also the performance depends on the count of
the LED load strings. The LED ballast with a dual noncascad-
ing structure is proposed [16]. In this design, the short-lifetime
high-voltage storage capacitor at the primary is replaced by a
long-lifetime low-voltage capacitor at the secondary, thus ex-
tending the overall system’s lifetime. However, this proposal
has two major drawbacks: 1) dimming cannot be achieved with
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Fig. 2. Conventional SEPIC-derived PFC.

the pulse width modulation (PWM) current control and 2) exces-
sively large secondary capacitance (6.9 mF), requiring parallel
of a large amount of capacitors. A passive LED driver for offline
applications is presented based on the valley-fill circuit in [31].
Unlike the previous use of the valley-fill circuit targeting for
improving the input power factor [32], [33], the major function
of the proposed usage of the valley-fill circuit is to reduce the
output voltage ripple so as to reduce the size of the output-filter
inductor. This solution features circuit simplicity, reliability,
and long lifetime because it does not use any power electronic
switches, auxiliary power supply, and control boards; however,
large size is its disadvantage as the passive PFC circuit.

On the other aspect, dimming control is often needed to reg-
ulate lighting levels for human needs, as well as to achieve
energy saving, and it is usually implemented by a current reg-
ulator stage. According to the circuit topology of the current
regulator stage and dimming methods, there are four kinds of
LED driving circuits: 1) analog dimming with linear regula-
tors [34]; 2) PWM dimming with linear regulators [22], [35];
3) analog dimming with switching regulators [19], [20]; and 4)
PWM dimming with switching regulators [36]- [40],]. In the
analog dimming methods, the LED current level of each string
is regulated by adjusting the reference level of the individual
current feedback loop. This method is simple and cost effec-
tive, but it can also cause color variation. To adjust the LED
brightness without color variation over the full dimming range,
PWM dimming methods have been widely used because of its
high-efficiency operation.

Compared with various topologies, the SEPIC is a better solu-
tion for low-power LED lighting application [21]. Fig. 2 shows
the conventional SEPIC PFC circuit. It can operate in both con-
tinuous conduction mode (CCM) and discontinuous conduction
mode (DCM) for PFC. The DCM operation can be classified
into two forms, which are defined as DCM I and DCM II. DCM
Iis defined according to the sum of inductor current ir,;, and iz,
or the output diode current ip( in the SEPIC topology. This op-
eration mode for LED lamp applications has been discussed in
several papers [19]-[22]. It should be noted that the bus voltage
still follows the ac input voltage v...; as the CCM operation.
Thus, the output capacitor Cy has to employ an electrolytic
capacitor with large capacitance to meet the output voltage rip-
ple’s requirement. In DCM 1I, both the inductor currents iy,
and iy reduce to zero in one switch cycle, and i1, reaches
to zero before the current iz reduces to zero. By employing
this operation mode, the low-frequency loop consisting of in-
ductors L; and L, and bus capacitor C; can be broken. Thus,
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the bus capacitor voltage no longer follows the input voltage
Vrect, Which helps decouple and balance the difference between
pulsating instantaneous input power and constant output power.
The isolated version of this circuit with DCM II can be also de-
rived by operating both boost input current shaper (ICS) and the
dc/dc converter of boost integrated with flyback rectifier/energy
storage/dc—dc converter (BIFRED) in the DCM, while remov-
ing the diode inserting between the inductor L, and the bus
capacitor C1. However, the fast recovery diode must be adopted
in the rectified bridge of the modified BIFRED. This concept
and conclusion have been presented in [41]-[44]. In this paper,
the DCM SEPIC-derived PFC only represents DCM II.

Based on the description made earlier, this DCM SEPIC-
derived PFC is very suitable for the low-power LED lighting
application because of the ease of the control, the bus capacitor
voltage is independent of load, and low cost. However it still
has some drawbacks 1) The high voltage rating of active switch
01, bus capacitor voltage C1, and output diode D for achieving
high power factor under universal input. Furthermore, in iso-
lation version, with the effect of the leakage inductance of the
transformer, the voltage stress of these components becomes
even higher. 2) When allowing a relatively large voltage ripple
in the PFC design to eliminate electrolytic capacitor, the voltage
stress of the output diode D and the bus capacitor will become
higher to achieve the high power factor [42]. Additionally, as
discussed in [41], [43], and [44], the bus capacitor still adopts
the bulky electrolytic capacitor with large capacitance, which
do not satisfy the long lifetime requirement of the LED driver.

In this paper, the valley-fill circuit within the SEPIC-derived
converter along with PWM dimming is adopted for electrolytic
capacitor-less LED lighting applications. Unlike the previous
usage of the valley-fill circuit for improving the power factor
and reducing the output voltage ripple, the major function of the
valley-fill circuit is to break the low frequency loop in the SEPIC
converter and to reduce the voltage stress of the intermediate ca-
pacitor and output diode. By allowing a relatively large voltage
ripple in the PFC design, hence, the film capacitor with small
capacitance can be used to replace the electrolytic capacitor.
Meanwhile, the current regulator with the PWM dimming func-
tion is adopted with a noncascading structure, which is named
as “twin-bus buck converter.” The detailed operating principle
and analysis are described in Sections II and III, respectively.
In Section IV, we describe the design procedure. Experimental
results for a 50-W prototype are included in Section V. In Sec-
tion VI, we provide the overall summary of the circuit features
based on the implementation results.

II. OPERATION PRINCIPLE

Although the isolated version is used in the final implementa-
tion, to describe the circuit operation principle, the nonisolated
version of the proposed PFC topology shown in Fig. 3(a) is
adopted to simplify the circuit analysis. The following assump-
tions are made throughout the overall analysis.

1) The rectified input voltage, i.e., Vyect = Vyp, sin(wyt), is an

ideal sine wave, where V,,, is the peak amplitude and w;
is the line angular frequency.

3059

1
Valley Fill |

Circuit :
|

QA
1
iLp " >
. A : 1
Dk b — — e — - — — — - — — \_:——--—-P
i — >
014 : ! 1
lom
oA | L Lt
lpk_LO___i‘_____‘__ :__E__'-_T
ips4 < | ! 1
I 7
DT, 'D.T, DiT
(b)

Fig. 3. Proposed topology and its main current waveforms during switching
period T's . (a) Proposed valley-fill SEPIC-derived PFC circuit. (b) Theoretical
waveforms in a switch cycle.

2) The converter is operating at the steady state and all com-
ponents are ideal.

3) The switching frequency f, is much higher than the ac line
frequency f; so that the input voltage can be considered
constant during one switching period T's.

4) Capacitors Cq, Cy, and C are large enough so that volt-
ages V1, Voo, and Vy can be considered constant during
the switching cycle Ts. Moreover, V¢ is equal to Vo.

5) Both inductors L; and L, operate in the DCM. Further-
more, the inductor current iy, reaches zero level prior to
the inductor current iy .

Based on the assumptions made earlier, the circuit operation
during one switching cycle can be divided into four distinct in-
tervals. The main current waveforms during a switching period
are plotted in Fig. 3(b), while the corresponding equivalent cir-
cuits at different operation intervals are shown in Fig. 4. The
converter analysis starts at the instant 7.

Interval [ty, t1 ]: Prior to this interval, the currents through L,
and L, are at zero level. When switch Q; is turned ON at ¢,
diode Dj is reverse biased. Diode D, o of the valley-fill circuit
is also reverse biased. Therefore, capacitors C; and C; are in
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Fig. 4.

parallel and serve as the charging power supply of inductance
L. The equivalent circuit is shown in Fig. 4(a). Hence, currents
iy and iro begin to increase linearly as shown in Fig. 3(b).
This interval ends when switch Q; is turned OFF, initiating the
next interval. In this interval, inductor currents i}, and i;¢ and
switch current i) 1 can be derived approximately as

Urect

i, (1) = (1)
v
ir, (t) = Ii)l t )
rect Vl
iq, =i, (t) + i, (t) = <vat+ LCO >t. 3)

Interval [t, t2]: When switch Q; is turned OFF, diode D, of
the valley-fill circuit is forward biased, and D,; and D, are
reverse biased. Thus, capacitors C; and Co are in series and
absorb the discharged energy from inductor L;. Meanwhile, the
output diode D; becomes forward biased carrying the sum of
irp and iy o. Thus, currents i1}, and iy decrease linearly at the
rates proportional to (2Veo1+Vy—viect) and Vy, respectively.
The corresponding current waveforms are shown as D27 in
Fig. 3(b). Fig. 4(b) shows the equivalent circuit at this interval.
This interval does not end until current iy}, reaches zero. Both
inductor currents iy, and iy, and diode current ip5 can be
described as follows:

Tec rect 2V, -V
i1, (6) = DT, + *
) Ve, 1%
i, (t) = L-DiT, = 72t 5)

. Urect V01 Urect — 2VC'1
(t) = DT, + ———t
ZD_)( ) ( Lb + LO > 1 + Lb
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Equivalent circuits during the different modes: (a) interval [z, #1 ], (b) interval [#1, f2], (¢) interval [#2, t3], and (d) interval [#3, t4].

- (Vo + VO) t. ©)

Interval [t5, t3]: Inthis interval, current i,y continues to decrease
through the freewheeling diode Dj5. This interval ends when the
current of D5 reaches zero. The corresponding equivalent circuit
is plotted in Fig. 4(c).

Interval [ts3, t4]: This interval is a resting stage, where all
switches and diodes are OFF and all branch currents are zero.
The converter stays in this state until switch Q; is turned ON
again.

According to the description made earlier, it is not difficult
to understand that capacitors C; and Co work as the bus ca-
pacitor together in the proposed valley-fill SEPIC-derived PFC.
Compared with the conventional DCM SEPIC-derived PFC, to
achieve the same power factor under the same output voltage V)
and input voltage, the bus capacitor voltage should have the same
VO]tage Va]ue7 i.e., VCl,convential = VCI,Valley + VCQ,valley,
where Vo _convential T€Presents the voltage of bus capacitor C1,
Vi _valley and Voo yalley are the voltages of capacitors C; and
C,, respectively. Thus, one high-voltage bus capacitor in the
conventional SEPIC-derived PFC can be replaced by two ca-
pacitors with half voltage rating. Meanwhile, when switch Q; is
turned ON, capacitors C; and Cs are in parallel, thus, the voltage
rating of output diode D5 becomes V1 _yvalley + Vo, which is far
less than that of the conventional DCM SEPIC-derived PFC.

III. ANALYSIS OF THE PROPOSED PFC TOPOLOGY
A. Calculation of the Power Factor Value

For simplicity, based on the same assumptions described in
Section II, the input voltage is defined as vy, = V,, sin(w;t).
Then, the rectified voltage is vyo.t = V), sin(w;t). Based on the
current waveform of inductor L; in a switching cycle when the
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=, t (rad)

Fig. 5. Normalized input current waveform ¢} (t) in a line cycle.

converter operates at the DCM, the average inductor current in
a switching cycle can be derived as follows:

Vin D?
2Lbfs

1
=iry_pi (D1 4+ Dy) =

Z‘Lb,avc (t) 9

|sin w;t|
1 - ‘/HL/(QVCI + ‘/0) |blnwlt|

(7

Here, D1, f;, and V,, are the duty cycle, the switching frequency,
and the output voltage, respectively. D, is the duty cycle corre-
sponding to the reset time of the inductor current iy },. Therefore,
the input current is achieved as

Vin D}
2Lb fs

sinw;t
1- ‘/;TL/(QVCl + VE)) |Sinwlt|

Z‘in (t) - (8)

when D; is considered constant. By choosing a base current of
Inase = (Vi /2Ly f)D? /(1 = V,,, /(2V1 + Vi), the normal-
ized input current, i.e., i, (£) = 4in (t)/Ihase, becomes

i () = (1 B Vin > sinw;t . '
2Ver + Vo ) 1=V /(2Ver + Vo) [sinwit|

©))
Fig. 5 shows the normalized input current i}, (¢) under different
values m = V,,,/(2V1+Vy). It can be seen that the shape of the
input current is only dependent on m, and the smaller the m,
the closer to sinusoidal the current shape. This can be explained
as follows. As the peak value of the inductor current is in the
sinusoidal shape, and the duty cycle is constant in a line cycle,
the average value of the inductor current in the rising interval is
sinusoidal. However, the falling time of the inductor current de-
pends on the value of 2V + Vg — Viect); SO; the average value
of the inductor current in the falling interval is not sinusoidal.
Thus, the average value of the inductor current in a switching
cycle is not sinusoidal. For a smaller m, the inductor current
falling time is shorter, and the inductor current wave shape is
closer to sinusoidal.
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Fig. 6. Power factor as a function of m.

The average input power in a half line cycle can be calculated

as
1 TlmL/2
Rn = 7/ Vin (T Z'in t)dt
Tline/2 0 ( ) ( )
1w 21/7T sin® wit
2Ly fs ), V,,L/(2V1—|-Vo)|smwlt|

(10)
The power factor PF is achieved as

-Pin _
‘/;'IIIS X IFIIIS

‘Pill
(1/m) [y i dwt

PF =

(1/V2)V,y x
\/2/7Tf0 sin® wit/(1 -V, /(2Vey —|—Vo)|smw1t|)dwlt
VI lsinent/ (1= Vi /(2Ver + Vo) [sinwrt])]? duyt
(1)

The PF as function of m is plotted in Fig. 6. The result indicates
that a larger m yields a poorer PF, consistent with the waveform
distortion shown in Fig. 5.

Assuming that the efficiency of the converter is 100%, i.e.,
Pin = Py, duty cycle Dy can be calculated as

27T-Lbst)O

Vin \/foﬂ [sin wit/(1 — Vi, /(2Ver + Vo) [sinwyt|)dwit”

(12)

Using the aforementioned equation, Fig. 7 can be plotted to

show the relationship between the voltage conversion ratio M

and duty cycle D; based on the given inductance ratio (Ly/Lg

= 1.6) and selected the inductor L; (L, = 350 uH), where M

is defined as the ratio of the output voltage V, and the peak

value of ac input voltage V,,. Fig. 7 indicates that the voltage
conversion ratio M is linearly proportional to duty cycle D .
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Fig. 7. Voltage-conversion ratio M versus duty cycle D .

B. Calculation of Average Voltage and Ripple of Storage Ca-
pacitor

During a half line cycle, the energy absorbed from the ac line
equals the energy delivered to the load:

1 ["[V2
Py== CLDIT,
0 7'('/0 |:2L0 1=

V2 sin? (w;t)
2L, (2Ver + Vo — Vi, [sin(wit)])

+ V- D%Tg}dwlt.

13)

Let P;,, = Py, and then, the following can be derived:

212 /7T sin? w;t Ly
— X - dwit = —
Ve o [2Ver + Vo — Vi, [sinwit] Ly

.The aforementioned equation implies that: 1) V1 is indepen-
dent of the load; 2) when the peak value of the input voltage V,,,
and output voltage V|, are certain, V- is a function of L;/L; 3)
when Ly/Lg is determined, V- is a nonlinear function of V,,,.

The relationship of the storage capacitor and its voltage ripple
can be analyzed as following. When the input power factor is
unity, the waveform of the input voltage, the input current, the
input power, the output power, and the storage capacitor voltage
is shown in Fig. 8. The instantaneous input power is

(14)

Vin L (1 — cos 2wy t)
5 .

During a half line cycle, the average input power is equal to the
output power. As shown in Fig. 8, the instantaneous input power
is greater than the output power in the w;t = [7/4, 37/4] interval.
Hence, in the w;t = [7/4, 37/4] interval, the total energy change
of the capacitor C; is

Pin = Vjp X Z‘in = (15)

1 3/4nm 1 P
AFE = */ *(Pin - Po)do.)lt = (16)
1 2(4}1

2 /AT wy

.With the relationship of the capacitor energy and its voltage,
we obtain

1
icl(vglj\lax — V&1 i) = AE (17
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Fig. 8. Theoretical waveforms of storage capacitor when PF = 1.

where C; is the storage capacitance, and Vo _aax and Vo win
are the maximum value and the minimum value of the capacitor
voltage, respectively. Substituting (16) into (17), the following
is obtained:

AE P
CiVer 2w Cy Ve

where Vo1 and AV are the average value and the peak-to-peak
ripple value of the capacitor voltage, respectively.

AVey =

(18)

C. Compared With the Conventional DCM SEPIC-Derived
PFC

Consider a well-known boost integrated with the BIFRED
circuit; it is not suitable for PWM dimming LED lighting appli-
cation because its bus voltage is dependent on load. As described
in Section I, the DCM SEPIC-derived PFC is considered as a
DCM BIFRED. According to the analysis made earlier and
(11), the power factor is determined by the average bus capaci-
tor voltage for the same input voltage and output voltage when
the ripple is neglected, or when circuit employs the electrolytic
capacitor with large capacitance. Because the duty cycle D; can
be considered as constant, as long as the capacitor value is large
enough to meet the small ripple assumption, the proposed valley-
fill PFC circuit and the conventional DCM SEPIC-derived PFC
will obtain the same power factor.

However, under the electrolytic capacitor-less condition, the
ripple of storage capacitor is relatively large. The large ripple
will affect the PF value. Meanwhile, the duty cycle D; will
not be considered as the constant value. The variation of the
duty cycle will be the decisive factor of the power factor. From
(18), this voltage ripple is determined by the average voltage
and capacitor value for same input voltage and output power.
Hence, when selecting the appropriate inductor ratio L;/Lg to
make sure the same average bus voltage, i.e., Vo1 _poM sepic =
Vi _valley + V2 _valley, for achieving the same power factor, it
is not difficult to know that the variation of the duty cycle D,
in the proposed PFC circuit is half of the variation of the duty
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Fig. 9.
(b) Auxiliary power supply for low-voltage control and gate driver circuitry.

cycle Dy in the DCM SEPIC-derived PFC circuit theoretically.
Therefore, the valley-fill SEPIC-derived PFC should select half
of capacitance of the DCM SEPIC-derived PFC theoretically to
achieve the same duty cycle variation:

Ci_valley = Co_yalley = 0.5 X C1 pcm_sepic (19)
Provided that the same duty cycle variation is obtained under
the electrolytic capacitor-less condition, the proposed PFC cir-
cuit will have the same power factor and output voltage ripple.
Considering the energy amount (CV?) as the capacitor sizing
criterion, the proposed circuit requires only one quarter of the
capacitor energy as compared to the DCM SEPIC-derived PFC
circuit.

From the viewpoint of size, this result indicates the significant
size reduction of LED driver, because of the following reasons.
1) The voltage rating of bus capacitor C;_valley and
C, _valley is half of the DCM SEPIC-derived PFC.
2) The capacitance in the proposed circuit only is half of that
of the conventional DCM SEPIC-derived PFC circuit.

IV. PROPOSED CIRCUIT FOR MULTIPLE LED LIGHTING LAMPS

Fig. 9 shows the proposed circuit for driving multiple LED
lighting lamps. The complete circuit consists of the proposed
isolated valley-fill SEPIC-derived PFC circuit and a twin-bus
buck converters. The isolated ac—dc converter produces two dc
similar level voltages, i.e., V1 and V2, while drawing a high
power factor and low harmonic current to meet the standard,
such as IEC 61000-3-2 Class C. The twin-bus buck switch-

Proposed offline LED driver without electrolytic capacitor and its auxiliary power supply. (a) Proposed offline LED driver without electrolytic capacitor.

ing converter is employed as a current regulator for the PWM
dimming control.

The auxiliary power supply for the valley-fill SEPIC-derived
converter can be obtained by recycling the snubber capacitor
energy. In Fig. 9(a), D;,, and Cg,, serve as the snubber circuit
to clamp the MOSFET voltage spike during turnoff. Fig. 9(b)
shows the schematic of the auxiliary power supply. The energy
stored in Cj, is regulated to 15V by LM5009 to supply the
control and gate drive circuitry. The voltage across the snubber
capacitor depends on the power drawn by the control circuit.
Because the snubber capacitor Cy,, is paralleled with zener Z;,
the maximum voltage across capacitor Cs,, is 82 V. The LM5009
is a step-down switching regulator with the 100-V maximum
input voltage and 150-mA output current capability, sufficient
to provide the driving power to the entire control circuit.

A. PWM Dimming Design

As shown in Fig. 10(a), a twin-bus buck switching converter
is employed as the current regulator and PWM dimming con-
trol. V1 and Vo come from the front-end isolation PFC. The
MOSFET Qp1y is the dimming transistor. The voltage across
capacitors Cy; and Cy» can be treated as two voltage sources,
which are the input-voltage source of twin-bus buck converters.
Note that the first input voltage is regulated by an ac—dc con-
verter with a level slightly higher than the maximum voltage of
the LED strings. The second input voltage can be obtained from
a proper turns ratio with a level slightly lower than the minimum
voltage of the LED strings at the rated current. The two volt-
age sources are defined as the twin bus because their voltages
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Fig. 10.  Current regulator with the PWM dimming function and its theoretical
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waveform. (a) Current regulator circuit. (b) PWM dimmer circuit. (¢) Theoretical
waveform of PWM dimmer.

are close and shared by the LED strings. When the MOSFET
Opiv is turned ON, inductor Ly;, diode Do; (i = 1, 2, 3), the
power MOSFET integrated in LM3407, and the twin-bus input
voltage source constitute the power stage of the twin-bus buck
converter to regulate the LED current at the desired level. The
detailed theory can be found in [40].

The operating frequency of the dimming MOSFET is usually
higher than 70 Hz, making them perceivable to the human eye.
Considering the switching loss for the dimming transistors, the
PWM dimming frequency in this paper is designed at 400 Hz.
Fig. 10(b) shows the detailed PWM dimming implementation
circuit using LMS555. The output of PWM dimming circuit DIM
is to feed the current regulator LM3407 to add one more stage
control for the power N-MOSFET that is integrated in LM3407.
Note that a driver circuit with the charge pump function is
inserted to drive the floating dimming MOSFET QOpiy; -
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Fig. 10(c) shows the theoretical waveforms of the LED dim-
mer. The average LED lamp current can be represented as

J=123 (20)

Ilamp‘j = 5IIamp,pk.,ja

where lamp pk ; is the peak current value of the LED lamp j,
and ¢ is the duty ratio of the dimming MOFET Qppy;- The peak
current of the LED lamp j can be set by selecting the sense
resistor Ry;. As shown in Fig. 10(c), each LED lamp average
current [, ; 18 regulated by adjusting the duty ratio d.

In addition, any LED failure will result in the extinguishment
of the corresponding LED lamp. As shown in Fig. 10(a), each
LED is connected in parallel with a zener diode. When a LED
fails, the voltage across the failed LED reaches the breakdown
voltage of the zener diode. The LED current can flow through
the parallel-connected zener diode, and the LED array will not
be extinguished.

B. Optimal Design Flow of the Proposed Valley-Fill SEPIC-
Derived PFC Without an Electrolytic Capacitor

According to the analysis in Section III, the design of the two
inductors L; and Ly is the key for ensuring the proper operation
mode. As shown in Fig. 6 and (11), the power factor is deter-
mined directly by the ratio V,,,/(2V1 + V). Meanwhile, the
voltage V1 is the function of the ratio of L, and L, for the
known input voltage according to (14). However, they are very
difficult to solve directly. Hence, the design must depend on the
numerical calculation software. Fig. 11 shows V,,/(2V¢1+V))
as a function of L;/Ly at the different input-voltage condition,
where 7 is the turns ratio of the transformer. This figure indi-
cates that the ratio of L, and L, can be selected according the
known input voltage and power factor requirement. Once the
ratio of L;, and L is determined, the corresponding parameter
will be calculated based on the DCM operation condition of
both inductors.

The results of the analysis made earlier and the design ap-
proach are based on the assumptions that the voltage of the ca-
pacitor of valley-fill circuits C; and Cy is considered as constant.
Since the film capacitor with small capacitance is employed here
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Fig. 12.  Proposed optimal design flow of solving the inductances

to replace the bulk electrolytic capacitor, the capacitor voltage
is no longer constant, and the design becomes much more diffi-
cult. Hence, an optimal design process is proposed to solve the
inductor L; and Lj. The optimal design flow chart is shown in
Fig. 12, and the procedure is described as follows.

Step 1: Select the ratio of inductor L; and L; according to
the requirement of the power factor and input voltage range.
For a given input voltage range, according to Figs. 6 and 11,
the ratio of L; and L can be selected to meet the power factor
requirement.

Step 2: Calculate the duty cycle D;. Once the ratio of L,
and L is determined, the average voltages of the capacitor of
valley-fill circuit V- and V2 can be calculated under different
input voltages. Then, the duty cycle D; range can be solved
based on the DCM operation constraint under different input
voltages. Note that inductance L;, can be calculated based on the
DCM operation constraint and need to be determined through
iterations with different input voltages. L, can then be obtained
based on the selected ratio of L;, and L.

Step 3: Calculate the voltage ripple AVq. The results of
the calculation performed earlier are suitable for the condition
that Vo, and Vo are constant during the line period. If the
capacitance is reduced, its voltage ripple will become larger
consequentially. Due to the large variation of the capacitor volt-
age in a line cycle, it is difficult to determine the valley-fill
capacitor voltage. However, the average capacitor voltage and
its ripple can still be estimated from the calculation results of
(14) and (18). It should be noted that a larger voltage ripple
tends to decrease the efficiency under the same ac input voltage.
The complete design thus needs a tradeoff among voltage ripple,
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efficiency, average voltage, and power factor. In the proposed
design case, a 22-uF film capacitor is chosen.

Step 4: Verify if both inductors work in the DCM. As men-
tioned earlier, the design of L, and L is based on the assumption
that AV is small enough. L; and Ly may not work in the proper
mode under the large ripple condition. Hence, it must be veri-
fied that L, and Ly both work in the DCM under the minimum
value of the capacitor voltage V1 _min. Meanwhile, simulation
verification is also necessary. If the verification result shows
the satisfactory DCM operation, the design process is finished.
Otherwise, the ratio of L; and Ly must be reduced and return
to Step 2 until the condition in Step 4 is satisfied. Note that for
the isolated version, the inductor Ly is realized by the magnetic
inductance L,, .

C. Components’ Stress

The voltage and current stresses are analyzed in the following
section. To achieve high power factor and high efficiency under
universal input voltage (85-265 V), the inductance values of L,
and L are selected as 350 and 220 pH, respectively.

1) Voltage Stress of Bus Capacitors C1 and Cy: According
to the basic circuit operation principle, the voltage stress should
be calculated under the maximum ac input voltage condition.
From (14), the voltage rating of bus capacitors C; and Cs is
290 V. According to (18), the ripple is about 35 and 10 V under
85- and 265-V input voltages, respectively.

2) Voltage and Current Stress of Active Switch Q1 and Out-
put Diode Dy : In the designed example case, the turns ratio of
transformer is selected as 1 to be compatible with the noniso-
lation case. According to the operating principle described in
Section II, switch Q; and diode Dy alternately conduct, leading
to the fact that the conducting device carries its maximum cur-
rent, while the nonconducting counterpart bears its maximum
voltage stress. Therefore, the maximum voltage stress of active
switch Q1 can be estimated as

VQ| _max — VC] _max T VCg,max + VE) = QVC] _max T VEJ
=630V (21)

where Vi, _max and Vo, max are the maximum voltage stress
of bus capacitors C; and Cs, respectively.

However, output diode Dy, only bears the sum of bus capac-
itor voltage V¢, _ max and output voltage Vj:

VDm,max - VCl,max + % =290+ 50 =340 V. (22)

Furthermore, both Q; and Dy, carry the peak current of iy,
and iyo. Thus, the maximum current stresses on Q; and Dy,
i.e., Igpi1-max, and Ipoi_max, can be calculated based on the
minimum input voltage:

Vm,min VCl,min
IQl,max = IDm,max = Dl,minTs ( +
Lb LO

(23)
where Dy _min, V,;, in, and Vo i, refers to the duty cycle,
peak input voltage, and bus capacitor under the minimum input
voltage condition, respectively. From (15), duty cycle D; _min
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is 0.35, and thus

1
IQl,max = IDm,max =0.35 x m
2 1
o [ 85X V2 00 —52A. (24)
350 x 10-6 220 x 106

3) Voltage and Current Stress of Valley-Fill Circuit’s Diode
D.;1,D,9,andD,3: Itisnotdifficult to know that voltage ratings
of diodes D, 1, D,2, and D3 are identical, which are equal to
the bus capacitor voltage V. Current ratings of diode D, and
D, are the same and are equal to half of i,,x 1. The current
rating of diode D, is equal to the peak current ik _r,1,, Where
ipk_ro and ik 1, are the peak values of inductor currents iy
and i, respectively. The current rating of valley-fill diodes, i.e.,
IDs1 max> IDz2 max»> and Ip .3 max, are estimated as follows:

o o 1 VCl,min o 1
IDxl,max - IDX;;,max - 2D1,m1nTs ( LO > - 2
1 100
0.35 - =15A (25
X R 108 (220 X 106) @3)

V;n,,min o 1
L ) = 085X S 1o

x <M> ~2.3A. (26)

ID;F‘_),max = Dl,minTs (

350 x 10-6

V. EXPERIMENTAL RESULTS AND VERIFICATION

In order to verify the validity of the proposed circuit opera-
tion without an electrolytic capacitor for driving multiple LED
lamps, a 50-W prototype has been built and tested in the labo-
ratory. The specifications of the prototype are as follows:

1) universal input voltage: vy, = 85-265 v,., 60 Hz;

2) twin-bus output voltage: Vi1 = 50 V¢, Voo =45 Viyc;

3) rated output power: Py = 50 W;

4) switching frequency: f; = 53 kHz.

Based on the aforementioned design specifications, the final
designed parameters and selected components of the isolated
valley-fill SEPIC-derived prototype are listed in Table 1.

Three LED lamps are configured with 15 series-connected
LUMILEDS emitter-type LEDs, respectively. Each LU-
MILEDS LEDisa 1.1-W high luminance with a nominal voltage
of 3.2V at a rated current of 350 mA. Three constant current
control chips LM3407 containing the low-side 0.77-2/40-V N-
channel MOSFET and the peak current mode controllers are
used as the independent string current regulators. The other
key components are shown in Table II. Resistor Rpg with the
40.2-k2 value is used to set the switching frequency to
1.08 MHz.

Fig. 13 shows the experimental waveform under the lowest
input voltage of 85V and full-load condition. Fig. 13(a) indi-
cates that the input current 7;,, is near-sinusoidal and is in phase
with the input voltage v;,,. The measured power factor is about
0.96. Note that the average valley-fill capacitor voltage V1 and
its ripple AV are 80 and 40V, respectively, which agree well
with the calculation of (14) and (18). The fourth channel in
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TABLE I
COMPONENTS AND PARAMETER VALUES IN THE PROPOSED PFC PROTOTYPE
REF Value Description
L 390uH 2119-RC
C; 0.1uF 630V ceramic capacitor
D\~ D, STTH3L06U 600V/3A ultra-fast diode
Ly 350uH ETD 29
Dy, Dy, Dy STTH3LO6U 600V/3A ultra-fast diode
Dy, STTH2LO6U 600V/2A ultra-fast diode
Cq 10nF 630V ceramic capacitor
€ G 220F 450V metallized polypropylene film
capacitor, ESR=5mQ
0 STB18NM80 800V/17A  Rys (n=0.25Q
T L,=220uH 20:18:2 PQ32/30
Co1, Coz 4Xx 10uF 100V multilayer ceramic capacitor
Dy, Dy, STTH3L06U 600V/3A ultra-fast diode
Control IC UCC38C44 Current-mode PWM controller

Fig. 13(a) shows the measured waveform of the output voltage
Vo1. As can be seen, the output voltage is regulated well with
very small voltage ripple. Fig. 13(b) shows the experimental
waveforms of the inductor current ir,},, voltage of switch Vs,
and voltage of output diode Vo under the peak value of input
line voltage. From Fig. 13(b), it can be seen that the spike of
switch Q; have been clamped to 240 V by the snubber circuit,
and the voltage stress of the output diode Dy is equal to Vi,
which is less than voltage stress of the output diode presented
in [41]-[44]. The inductor L; always operates in the DCM for
automatic power factor correction. Experimental results at the
input voltages of 110 and 220V are shown in Figs. 14 and 15,
respectively.

Fig. 16 shows the experimental waveform under the highest
input voltage of 265V and full-load condition. The measured
power factor is about 0.962. Similarly, the average valley-fill
capacitor voltage V1 and its ripple AV also agree well with
the calculation results using (14) and (18). The fourth channel in
Fig. 16(a) shows the measured waveform of the output voltage
Vo1. As can be seen, the output voltage is regulated well with
very small voltage ripple. Fig. 16(b) shows the experimental
waveforms of inductor current iy, voltage of switch V5, and
voltage of output diode Vpg; under the peak value of input line
voltage. From Fig. 16(b), it can be seen that the spike of switch
0 has been clamped to 630V by the snubber circuit, and the
voltage stress of output diode Dy is equal to V1, which is about
260 V. In [41]-[44], the voltage rating of the output diode Dy
is the sum of V; and Vo, which may exceed 500 V. Hence,
the voltage rating of the output diode Dj; and bus capacitor
in the proposed circuit is significantly reduced as compared to
the circuit shown in [41]-[44]. The inductor L; always operates
in the DCM for automatic power factor correction. From Figs.
13-16, the circuit works well over the entire universal line input
operation.

Fig. 17 depicts the power factor and efficiency under differ-
ent output power conditions with the 110-V ac input voltage.


PELS TECH
Highlight


MA et al.: NOVEL VALLEY-FILL SEPIC-DERIVED POWER SUPPLY WITHOUT ELECTROLYTIC CAPACITORS FOR LED LIGHTING APPLICATION 3067
TABLE II
COMPONENTS SELECTION IN THE TWIN-BUS CURRENT REGULATOR
REF Value Description
Obiv FDS3672 22mQ/100V/7.5A MOSFET
Dy~ Dy BAT60A 10V/3A Schottky diode
D,y PDS5100H-13 100V/5A Schottky diode
Ly ~Ly 33uH Rated current 0.82A SLF7045T-330MR82-PF
Rys1~Rys3 40.2kQ 1/8W 1% 0805 SMD
Rg~Rg;3 Two 1.13Q resistors in parallel 1/8W 1% 0805 SMD
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Fig. 13. Measured waveforms under input voltage of 85 V. (a) Measured
input voltage vi,, , input current i,,, bus voltage v 1, and output voltage V1

waveform. (b) Inductor current ir},, voltage of the switch V5, and output diode
Vpo1 atinput ac peak voltage.

The full load efficiency and PF are about 90.6% and 0.97, re-
spectively. At 20% load, the power factor is about 0.918, which
completely meets the power factor requirement.

Fig. 18 compares the measured input current harmonics under
input voltages of 110 and 220 V with the IEC 61000-3-2 class C.
The results indicate that individual harmonics are well within
the standard limits. Fig. 19 shows the full-load power factor
and efficiency variations under the different input voltages. The
power factor and efficiency peak at about 140-V input and taper
down in both low and high voltages.

The photograph of the experimental prototype is shown in
Fig. 20. The figure indicates that the size of the proposed valley-
fill SEPIC-derived power factor circuit is 9x15 (WxL) cm?.
The height is limited by the film capacitor of valley-fill circuit,
which is about 30 mm. Similar to [29], the magnetic components
Ly, transformer T, and film capacitors of valley-fill circuit,

AL
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C3 V.t [200V7div)
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= e
C4 Vpgy: 1200V7div] Time: 10ps/div
(b)
Fig. 14.  Measured waveforms under the input voltage of 110 V. (a) Measured

input voltage viy,, input current iy, , bus voltage v 1, and output voltage V1
waveform. (b) Inductor current it },, voltage of the switch V5, and output diode
Vpo1 atinput ac peak voltage.

i.e., C; and Co, occupy 80% of the prototype area. The size
of the magnetic components can be reduced by increasing the
operation switching frequency. However, as many proposed the
LED lighting driver without an electrolytic capacitor, the size
of high voltage film capacitor will be still an issue to integrate
the driver circuit into LED luminaire, which may be improved
by better capacitor technologies in the future. Nevertheless, this
solution is still suitable for some special applications, such as
street lighting and electronic ballasts (or drivers for the LED
lighting system).

Fig. 21 shows the measured LED lamp current and de-
vice voltage waveforms at 350-mA average current with the
1.08-MHz operation frequency. Vi, represents the voltage
stress of the power switch integrated in LM3407. The LED
current is well regulated with less than 10% peak-to-peak rip-
ple. It is worth noting that the stress of the active switch is 5V,
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Fig. 16. Measured waveforms under input voltage of 265 V. (a) Measured
input voltage vi, , input current i, , bus voltage V1, and output voltage Vo

waveform. (b) Inductor current i1, , voltage of the switch V5, and output diode
Vpo1 atinput ac peak voltage.

which is the difference of the twin-bus voltages V(; and V.
Such a low voltage stress allows LED driver stage to operate
under the ultrahigh frequency condition.

Fig. 22(a) shows device voltages and LED current wave-
forms under dimming operation. Vpg_qpm is the voltage across
the dimming switch Opmy. The dimming control frequency is
400 Hz in this case. Fig. 22(b) and (c) shows the detailed LED
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current falling and rising edges during the dimming operation.
The transition response time in both the cases is within 2 yus.
For the individual stage efficiency, the current regulator em-
ploying the twin-bus buck converter has a peak efficiency of
98.5% and maintains above 98% for the output power range
from 10 to 50 W. The overall system efficiency including the
current regulator stage and the PFC stage without an electrolytic
capacitor exceeds 90% under the input voltage of 110 V.
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Fig. 20. Photograph of the experimental prototype.
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Fig. 22.  Experimental device voltages and LED current waveforms under
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VI. CONCLUSION

A novel PFC topology is proposed by inserting the valley-
fill circuit into the DCM SEPIC-derived converter. The isolated
version of the proposed circuit allows multiple voltage outputs
and, thus, is adopted to couple with the twin-bus buck converter
for LED lighting applications. The overall circuit design allows
elimination of the bulk electrolytic capacitor, while maintaining
desired high power factors and low harmonic contents to meet
the standards requirements. The key circuit and design features
are summarized as follows.

1) Significantly reduce the voltage stress of the output diode
and all the energy-storage capacitors in the DCM SEPIC-
derived converter with the use of valley-fill circuit, which
serves as a voltage divider. Meanwhile, the capacitance
of the capacitors in the valley-fill SEPIC-derived PFC
circuit only needs to be half of capacitance of the DCM
SEPIC-derived PFC to achieve the same power factor and
output voltage ripple under the electrolytic capacitor-less
condition.

2) DCM operation makes the valley-fill capacitors work as
the power decoupling capacitor, thus minimizing the need
for the low-frequency decoupling capacitance to allow the
elimination of the electrolytic capacitor.

3) Snubber circuit serves as MOSFET voltage spike clamp-
ing, as well as the auxiliary power supply. The energy
stored in snubber capacitor is recycled for the housekeep-
ing circuit.

The presented topology solves the bus capacitor voltage de-
pendent on the output load issue and avoids high voltage stress in
light load. The complete circuit including the valley-fill SEPIC-
derived PFC stage and the twin-bus converter LED lighting
driver stage has been tested for the universal line operation to
demonstrate the claimed features. This paper has described the
basic circuit operating principle, device selection, and passive
component design procedure to achieve the desired power de-
coupling and low harmonic contents. Further work is needed to
improve the efficiency and to apply to different power levels.



3070

(1]

(2]

[3]

(4]

(3]

(6]

(71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

REFERENCES

E. F. Schubert, Light-Emitting Diodes, 2nd ed. Cambridge, U.K.: Cam-
bridge Univ. Press, 2006.

C. DiLouie, Advanced Lighting Controls: Energy Savings, Productivity,
Technology and Applications.  Lilburn, GA: Fairmont Press, 2005.

H. S.-H. Chung, N.-M. Ho, W. Yan, P. W. Tam, and S. Y. Hui, “Com-
parison of dimmable electromagnetic and electronic ballast systems: An
assessment on energy efficiency and lifetime,” IEEE Trans. Ind. Electron.,
vol. 54, no. 6, pp. 3145-3154, Dec. 2007.

J. Y. Tsao, “Solid-state lighting: Lamps, chips, and materials for tomor-
row,” IEEE Circuits Devices Mag., vol. 20, no. 3, pp. 28-37, May/Jun.
2004.

M. Wendt and J. W. Andriesse, “LEDs in real lighting applications: From
niche markets to general lighting,” in Proc. IEEE Ind. Appl. Soc., 2006,
pp. 2601-2603.

Y. Wang, “On the present status, developing opportunities and suggestions
about China’s semiconductor lightings industry,” in Proc. Int. Forum LED
Semicond. Lighting, 2004, pp. 130-136.

Xiaohui Qu, S. Wong, and C. K. Tse, “Resonance-assisted buck converter
for offline driving of power LED replacement lamps,” IEEE Trans. Power
Electron., vol. 26, no. 2, pp. 532-540, Feb. 2011.

Xiaohui Qu, “Development and design of light-emitting-diode(LED)
lighting power supply,” Ph.D dissertation, Dept. Electron. Inf. Eng., Hong
Kong Polytech. Univ., Hong Kong. China.

Y. X. Qin and S. Y. R. Hui, “Comparative study on the structural designs
of LED devices and systems based on the general photo-electro-thermal
theory,” IEEE Trans. Power Electron., vol. 25, no. 6, pp. 507-513, Feb.
2010.

W. Chen and S. Y. Hui, “A dimmable light-emitting-diode (LED) driver
with mag-amp post-regulators for multistring applications,” IEEE Trans.
Power Electron., vol. 26, no. 6, pp. 1714-1722, Jun. 2011.
Electromagnetic Compatibility (EMC)—Part 3-2: Limits for Harmonic
Current Emissions (Equipment Input Current <16 A per Phase), Edition
2.1, IEC Standard 61000-3-2, Oct. 2001.

ENERGY STAR program requirements for solid state lighting lu-
minaires. Eligibility Criteria - Version 1.1(2008). [Online]. Available:
http://www.energystar.gov/ia/partners/product_specs/program_reqs/SSL_
prog_req_V1.1.pdf.

Fairchild Semiconductor, Inc., San Jose, CA,“High power factor LED
ballast using FSFR2100 Fairchild power switch (FPSTM) for resonant
half-bridge converter and FAN7529 PFC controller,” Design Note, Jul. 21
2008.

J. Shu, H. Wu, X. Ren, and F. C. Lee, “Multi-channel constant current
(MC3) LED driver,” in Proc. IEEE Appl. Power Electron. Conf., 2011,
pp. 718-722.

Texas Instruments User’s Guide: UCC28810EVM-003 110-W Multiple
String LED Driver With Universal Line Input and PFC, Texas Instruments
Inc., Dallas, TX, Nov. 2009.

Xiaohui Qu, S.-C. Wong, and C. K. Tse, “Non-cascading structure for
electronic ballast design for multiple LED lamps with independent bright-
ness control,” IEEE Trans. Power Electron., vol. 25, no. 2, pp. 331-340,
Feb. 2010.

D. G. Lamar, J. S. Zuniga, A. R. Alonso, M. R. Gonzalez, and M. M.
H. Alvarez, “A very simple control strategy for power factor correctors
driving high-brightness LEDs,” IEEE Trans. Power Electron., vol. 24,
no. 8, pp. 2032-2042, Aug. 2009.

J. Shao, “Single stage offline LED driver,” in Proc. IEEE Appl. Power
Electron. Conf., 2009, pp. 582-586.

Z. Ye, F. Greenfeld, and Z. Liang, “Single-stage offline SEPIC converter
with power factor correction to drive high brightness LEDs,” in Proc.
IEEE Appl. Power Electron. Conf., 2009, pp. 546-553.

Z. Ye, F. Greenfeld, and Z. Liang, “Design considerations of a high power
factor SEPIC converter for high brightness white LED lighting applica-
tions,” in Proc. IEEE Power Electron. Spec. Conf., 2008, pp. 2657-2663.
Z.Ye, F. Greenfeld, and Z. Liang, “A topology study of single-phase offline
ac/dc converters for high brightness white LED lighting with power factor
pre-regulation and brightness dimmable feature,” in Proc. 34th Annu.
Conf. IEEE Ind. Electron., Nov.10-13, 2008, pp. 1961-1967.

H.-J. Chiu, Y.-K. Lo, J.-T. Chen, S.-J. Cheng, C.-Y. Lin, and S.-C. Mou,
“A high-efficiency dimmable LED driver for low-power lighting appli-
cations,” [EEE Trans. Ind. Electron., vol. 57, no. 2, pp. 735743, Feb.
2010.

D. Gacio, J. M. Alonso, A. J. Calleja, J. Garcia, and M. Rico-Secades,
“A universal-input single-stage high-power-factor power supply for HB-
LEDs based on integrated buck-flyback converter,” in Proc. IEEE Appl.
Power Electron. Conf., 2009, pp. 15-19.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 6, JUNE 2012

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

H.-J. Chiu, H.-M. Huang, H.-T. Yang, and S.-J. Cheng, “An improved
single-stage flyback PFC converter for high-luminance lighting LED
lamps,” Int. J. Circuit Theory Appl., vol. 36, no. 2, pp. 205-210, 2008.
B. Zhang, X. Yang, M. Xu, Q. Chen, and Z. Wang, “Design of boost-
flyback single-stage PFC converter for LED power supply without elec-
trolytic capacitor for energy-storage,” in Proc. Int. Power Electron. Motion
Control Conf., 2009, pp. 1668-1671.

C. Qiao and K. M. Smedley, “A topology survey of single-stage power
factor corrector with a boost type input-current shaper,” IEEE Trans.
Power Electron., vol. 16, no. 3, pp. 360-368, May 2001.

Q. Hu and R. Zane, “LED driver circuit with series-input-connected con-
verter cells operating in continuous conduction mode,” IEEE Trans. Power
Electron., vol. 25, no. 3, pp. 574-582, Mar. 2010.

L. Gu, X. Ruan, M. Xu, and K. Yao, “Means of eliminating electrolytic
capacitor in ac/dc power supplies for LED lightings,” IEEE Trans. Power
Electron., vol. 24, no. 5, pp. 1399-1408, May 2009.

B. Wang, X. Ruan, K. Yao, and M. Xu, “A method of reducing the peak-
to-average ratio of LED current for electrolytic capacitor-less —ac—dc
drivers,” IEEE Trans. Power Electron., vol. 25, no. 3, pp. 592-601, Mar.
2010.

P. Zumel, C. Fernandez, M. Sanz, A. Lazaro, and A. Barrado, “HBLED
driving strategy with reduced storage capacitor based on load modulariza-
tion,” in Proc. IEEE Appl. Power Electron. Conf., 2011, pp. 728-734.

S. Y. Hui, S. N. Li, X. H. Tao, W. Chen, and W. M. Ng, “A novel passive
offline LED driver with long lifetime,” [EEE Trans. Power Electron.,
vol. 25, no. 10, pp. 2665-2672, Oct. 2010.

K. K. Sum, “Improved valley-fill passive current shaper,” in Proc. Power
Syst. World, 1997, pp. 1-8.

J. Lam and K. Praveen, “A modified valley fill electronic ballast having a
current source resonant inverter with improved line-current total harmonic
distortion (THD), high power factor, and low lamp crest factor,” [EEE
Trans. Ind. Electron., vol. 55, no. 3, pp. 1147-1159, Mar. 2008.

Y. Huand M. M. Jovanovic, “LED driver with self-adaptive drive voltage,”
IEEE Trans. Power Electron., vol. 23, no. 6, pp. 3116-3125, Nov. 2008.
M. Doshi and R. Zane, “Digital architecture for driving large LED arrays
with dynamic bus voltage regulation and phase shifted PWM,” in Proc.
IEEE Appl. Power Electron. Conf., 2007, pp. 287-293.

K. H. Loo, W. K. Lun, S. C. Tan, Y. M. Lai, and C. K. Tse, “On driving
techniques for LEDs: Toward a generalized methodology,” IEEE Trans.
Power Electron., vol. 24, no. 12, pp. 2967-2976, Dec. 2009.

N. Prathyusha and D.S. Zinger, “An effective LED dimming approach,”
in Proc. IEEE Ind. Appl. Soc. Annu. Conf., Oct., 2004, pp. 1671-1676.
W. Yu, J.-S. Lai, C. Zheng, and H. Ma., “Single-switch three-level dc—
dc converter for dimmable LED lighting,” in Proc. IEEE Appl. Power
Electron. Conf., 2011, pp. 735-740.

(2009). Constant current output floating buck switching converter for high
power LEDs. National Semiconductor, Corporation, Santa Clara, CA.
[Online]. Available: http://www.national.com/pf/LM/LM3407.html

W. Yu, J.-S. Lai, H. Ma, and C. Zheng, “High efficiency dc—dc converter
with twin-bus for dimmable LED Lighting,” IEEE Trans. Power Electron.,
vol. 26, no. 8, pp. 2095-2011, Aug. 2011.

K. Schenk and S. Cuk, “A single-switch single-stage active power fac-
tor corrector with high quality input and output,” in Proc. IEEE Power
Electron. Spec. Conf., 1997, pp. 385-391.

H. Ma, J.-S. Lai, Q. Feng, W. Yu, and C. Zheng, “A universal-input
high-power-factor power supply without electrolytic capacitor for multiple
lighting LED lamps,” Int. J. Circuit Theory Appl., DOIL: 10.1002/cta.816.
M. Madigan, R. Erickson, and E. Ismail, “Integrated high quality rectifier-
regulators,” IEEE Trans. Ind. Electron., vol. 46, no. 4, pp. 749758, Aug.
1999.

C. Qiao and K. M. Smedley, “A topology survey of single-stage power
factor corrector with a boost type input-current-shaper,” IEEE Trans.
Power Electron., vol. 16, no. 3, pp. 360-368, May 2001.

Hongbo Ma (S’11) was born in Shaanxi, China,
in 1981. He received the B.S. degree in electrical
engineering from the Lanzhou Jiaotong University,
Lanzhou, China. He is currently working toward the
Ph.D. degree at the Southwest Jiaotong University,
Chengdu, China.

From September 2009 to October 2011, he was
a joint-training Ph.D. candidate at the Future En-
ergy Electronics Center, Virginia Polytechnic Insti-
tute and State University, Blacksburg, VA. His cur-
rent research interests include LED lighting drivers,

£\

power-factor-correction preregulators and soft-switching converters.



MA et al.: NOVEL VALLEY-FILL SEPIC-DERIVED POWER SUPPLY WITHOUT ELECTROLYTIC CAPACITORS FOR LED LIGHTING APPLICATION

Jih-Sheng Lai (S’85-M’89-SM’93-F’07) received
the M.S. and Ph.D. degrees in electrical engineering
from the University of Tennessee, Knoxville, in 1985
and 1989, respectively.

From 1980 to 1983, he was the Head of the Depart-
ment of Electrical Engineering, Ming-Chi Institute
of Technology, Taipei, Taiwan, where he initiated a
power electronics program and received a grant from
his college and a fellowship from the National Sci-
ence Council to study abroad. In 1986, he became the
Staff Member at the University of Tennessee, where
he taught control systems and energy conversion courses. In 1989, he joined
the Electric Power Research Institute (EPRI), Power Electronics Applications
Center (PEAC), where he managed EPRI-sponsored power electronics research
projects. In 1993, he worked with the Oak Ridge National Laboratory as the
Power Electronics Lead Scientist, where he initiated a high power electronics
program and developed several novel high power converters including multi-
level converters and soft-switching inverters. In 1996, he joined the Virginia
Polytechnic Institute and State University, Blacksburg, VA, where he is cur-
rently a Professor and the Director of the Future Energy Electronics Center. He
has authored and coauthored more than 250 published technical papers and two
books. He holds 20 U.S. patents. His main research interest includes high effi-
ciency power electronics conversions for high power and energy applications.

Dr. Lai was the Chair of the IEEE Workshop on Computers in Power Elec-
tronics (COMPEL) 2000, IEEE/DOE Future Energy Challenge 2001, and IEEE
Applied Power Electronics Conference and Exposition (APEC) 2005. He is
the recipient of several distinctive awards including a Technical Achievement
Award in Lockheed Martin Award Night, three IEEE Industry Applications So-
ciety Conference Paper Awards, and Best Paper Awards from the IEEE Industrial
Electronics Society 1997, the IEEE International Power Electronics Conference
2005, and the IEEE Power Conversion Conference 2007. His student teams
won three awards from future energy challenge competitions and the first place
award from TI Enginous Prize Analog Design Competition.

Quanyuan Feng (SM’07) received the M.S. degree
in microelectronics and solid electronics from the
University of Electronic Science and Technology
of China, and the Ph.D. degree in electromagnetic
field and microwave technology from Southwest Jiao-
tong University, Chengdu, China, in 1991 and 2000,
respectively.

From 1991 to 1998, he was employed Southwest
Research Institute of Magnetism, China, where he
carried out research in electron material and devices.
He is currently the Head of the Institute of Micro-
electronics, School of Information Science and Technology, Southwest Jiao-
tong University. In the last five years, he has presided more than ten important
and common projects of the National Natural Science Foundation of China and
some of Sichuan’s important projects. He is an advisor of Ph.D. candidates.
He has been currently presiding one National Natural Science Foundation of
China project and one China 863 project. In the last five years, he has authored
and coauthored more than 150 papers that have been published in the IEEE
TRANSACTION ON MAGNETICS, IEEE COMMUNICATION LETTER, Acta Physica
Sinica, the Chinese Journal of Semiconductors, etc. His research interests in-
clude power electronics, antennas and propagation, integrated circuits design,
microwave and millimeterwave technology, electromagnetic compatibility and
environmental electromagnetics, microwave devices and materials, etc.

Prof. Feng has been honored as the "Excellent Expert" and the "Leader
of Science and Technology" of Sichuan for his outstanding contribution. He
is the Reviewer of more than 20 journals, such as IEEE TRANSACTIONS ON
VEHICULAR TECHNOLOGY, IEEE TRANSACTIONS ON MAGNETICS, IEEE MAG-
NETICS LETTER, Chinese Physics, Acta Physica Sinica, etc. He is the recipient
of the "First Class Award of Scientific and Technologic Progress of Sichuan
Province," "Third Class Award of Scientific and Technologic Progress of Elec-
tronic Industry Ministry," "National Mao Yisheng Scientific and Technologic
Award of Chinese Scientific and Technologic Development Foundation," and
SO on.

3071

Wensong Yu (M’07) received the M.S. degree from
the Huazhong University of Science and Technol-
ogy, Wuhan, China, and the Ph.D. degree from the
South China University of Technology, Guangzhou,
China, both in mechanical and electrical engineering,
in 1995 and 2000, respectively.

In 2000, he was with the Emerson Network Power
Corporation, Ltd., Shenzhen, China, where he was
involved in the development of digital uninterrupt-
ible power supply projects. In 2004, he joined the
School of Electronic and Information Engineering,
South China University of Technology. He is currently a Research Assistant
Professor in the Bradley Department of Electrical and Computer Engineering,
Future Energy Electronics Center, Virginia Polytechnic Institute and State Uni-
versity, Blacksburg, VA. He is author or coauthor of more than 20 technical
papers and holds three patents. His research interest includes soft-switching
power converters, grid-tied inverters, industrial power electronics, digital con-
trol applied to power electronics, and renewable energy power conditioning
systems.

Cong Zheng (S’11) received the B.S. degree from
Tsinghua University, Beijing, China, and the M.S. de-
gree from Illinois Institute of Technology, Chicago,
both in electrical engineering in 2005 and 2009, re-
spectively. He is currently working toward the Ph.D.
degree as a Research Assistant at the Future Energy
Electronics Center, Virginia Polytechnic Institute and
State University, Blacksburg, VA.

His research interests include power electronics,
LED driver circuits, energy harvesting, and renew-
able energy applications.

Zheng Zhao (S’10) received the B.S. degree from
Jilin University, Changchun, China, and the M.S. de-
gree from the University of California-Irvine, Irvine,
CA, both in electrical engineering, in 2005 and 2006,
respectively. She is currently working toward the
Ph.D. degree as a Research Assistant at the Future
Energy Electronics Center, Virginia Polytechnic In-
stitute and State University, Blacksburg, VA.

Her research interests include high efficiency grid-
tied inverter and renewable energy power condition-
ing systems.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


