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Abstract—AC-connected light emitting diode (LED) drivers ex-
perience imbalanced energy between input and output in a half-line
cycle. To achieve the flicker-free operation, the imbalanced energy
needs to be buffered, often by energy-dense electrolytic capacitors.
However, electrolytic capacitors are also well-known for their short
lifespan. These capacitors are the limiting factor of an LED drivers’
lifespan. High voltage film capacitors and a buck converter have
been used in the proposed LED driver to buffer the imbalanced en-
ergy. When P;, > Py gp, the extra energy is transferred from the
ac input directly to the high voltage film capacitors. When P;,, <
Py Ep, the energy is transferred from the high voltage film capac-
itors to the output by the buck converter. The imbalanced energy
goes through two power conversion steps in the proposed LED
driver, which is one time less than other comparable electrolytic
capacitor-less designs, enabling a higher efficiency to be achieved.
A 28 W flyback topology based experimental prototype had been
built and tested to verify the proposed design.

Index Terms—AC-connected light emitting diode (LED) driver,
electrolytic capacitor-less, energy buffering, flicker-free operation,
high power factor.

I. INTRODUCTION

IGHT emitting diodes (LEDs) are a great technological
L advancement in the lighting industry and have the poten-
tial to fundamentally change the future of lighting. They of-
fer numerous advantages over conventional incandescent, neon,
and fluorescent lighting devices; most notably their extended
lifespan, reduced energy consumption, and low maintenance re-
quirements. The potential energy savings offered by LED light-
ing are phenomenal. It is estimated that LED lighting could
save 348 trillion watts hours of electricity per year by 2027,
which equates to the power generated by 44 large power plants,
and more than US$ 30 billion at today’s electricity prices [1].
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Energy imbalance between input and output in an ac-connected LED

LED lighting fixtures are rapidly expanding into many applica-
tions as their price continues to fall. The global LED lighting
market hit US$ 26.09 billion in 2016 and is expected to reach
USS$ 54.28 billion by 2022, with an annual growth rate as high
as 13% between 2017 and 2022 [2].

An LED driver is the interface between a power source and
an LED load, and is required to achieve a proper operation. The
LED driver is a critical component in an LED lighting fixture
and ultimately determines the cost, size, reliability, and light
quality. Advancements in LED driving technology have a great
impact on the widespread adoption of LED lighting. Although
using LED lighting offers significant advantages, the design of
LED drivers can be very challenging. This is especially true
when dealing with an ac-connected LED driver, where a lot of
rigorous industry standards and regulations kick in. For exam-
ple, EnergyStar requires power factor correction (PFC) imple-
mentation with ac-connected LED drivers. They should have a
PF higher than 0.7 for residential usage and 0.9 for commer-
cial usage. In addition, there is also IEC61000-3-2 that imposes
limitations on input harmonic currents. To meet these require-
ments, active PFC technology is usually implemented with ac-
connected LED drivers. As a result, the input power becomes a
time-varying waveform and there is an imbalanced energy be-
tween input and output in a half-line cycle, as shown in Fig. 1.
The imbalanced energy leads to many technical challenges that
are a driving force behind today’s LED lighting research.

In a conventional LED driver, the imbalanced energy is
buffered by electrolytic capacitors, which are connected at
the output of a PFC stage. This also leads to the generation
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of a double-line-frequency ripple voltage at the PFC output.
For a single-stage LED driver, the PFC is the only power stage,
and therefore, the ripple voltage is directly applied to its LED
load. The ripple voltage will produce a significant double-line-
frequency ripple current as an LED load has very low intrinsic re-
sistance. The ripple current presents itself as light fluctuation—
commonly called flicker. Although double-line-frequency
flicker is usually not visible, it has been linked to several serious
health issues, such as headaches, fatigue, and even seizures [3].
Two-stage LED drivers are often used to achieve the flicker-free
operation. In a two-stage driver, the ripple voltage from a PFC
output is filtered by a second-stage converter. This converter
removes the double-line-frequency ripple, providing a dc LED
voltage at the output of the second-stage converter to achieve
the flicker-free operation. The two main drawbacks of two-stage
LED drivers are extra power loss from the second power stage,
which generally results in a lower efficiency and a higher com-
ponent count. For example, in a two-stage design with the first
stage being a flyback PFC and the second stage being a buck
converter, the extra loss generated by the buck converter will
reduce the overall efficiency. It is possible to achieve the high
efficiency with a two-stage design, such as a boost PFC and an
LLC converter; however, due to the highly expensive component
count, this solution is usually adopted for much higher power
applications [27], [28] where the cost is not a critical concern.

In addition to avoiding flicker, extending the lifespan of LED
drivers is also paramount. Electrolytic capacitors are often used
in conventional designs to buffer the double-line-frequency im-
balanced energy. The drawback of using an electrolytic capac-
itor is their limited lifespan. Although the life of electrolytic
capacitors can vary based on the operating temperature and rip-
ple current, it is usually in the range of 1000-10 000 h [4].
The electrolyte gradually dissipates in electrolytic capacitors
and capacitance will be reduced over time. LEDs, however, are
semiconductor chips that can achieve several decades of lifes-
pan. Therefore, it is critical to eliminate electrolytic capacitors
in LED driver designs to achieve significant lifespan extension
of LED lighting fixtures.

A variety of LED driving methods had been proposed at-
tempting to reduce flicker, improve efficiency, reduce cost, and
eliminate electrolytic capacitors. These previous LED driving
methods can be broadly categorized as follows.

1) Input harmonic currents injection methods [5], [6]. Higher
order harmonic currents are added to the fundamental ac
input current to reduce the imbalanced energy in a half-
line cycle. Using this technique, the double-line-frequency
ripple voltage at the output of a single-stage LED driver
can be reduced as well as flicker.

2) Two-stage integrating methods [7]-[9]. The first-stage
PFC and the second-stage dc—dc converter are combined
to share power components. These technologies can re-
duce cost, but sharing components introduces additional
constraints on design and operation, which may be un-
suitable in certain applications.

3) Ripple voltage cancelation methods [10]-[15]. An op-
posite ripple voltage is generated and used to cancel
the double-line-frequency ripple voltage produced by the

6761
D,
! Pt
°
N, §.N2 2 .
N
6/\ D, =C, | LED
Q5 Buck
— N3 C2 converter b 4 \
. T | N

Fig. 2. LED driving method proposed in [26].

main PFC stage of an LED driver. A dc LED voltage
can be produced and applied to an LED load to achieve
flicker-free LED driving.

4) Active filtering and three-port methods [16]-[18]. The
imbalanced energy between the ac input and the LED
output is buffered by the film capacitors. A bi-directional
dc—dc converter is used to transfer the imbalanced energy
between the main circuit and the film capacitors.

5) And other LED driving methods that do not fall into the
above-mentioned categories, such as the output current
shaping LED driver [19], the two parallel inverted buck
converter average current modulation LED driver [20],
the averaged LED current modulation method [21], the
stacked switch capacitor LED driver [22], the valley-fill
LED driver [23]-[25], and the one and a half-stage LED
driver [26]. The topology presented in [26], also shown
in Fig. 2, may look similar to the topology proposed in
this paper; however, it is operated in a very different way.
For the topology in [26], in every switching cycle, the
energy from the ac input is delivered to the main output
capacitor C, and the storage capacitor Cy,. For this topol-
ogy, the energy transfer process between the two paths is
not controllable. In other words, the energy that needs
to be buffered cannot be controlled, leaving a significant
double-line-frequency output ripple voltage on the LED
load, as evidenced in the paper. On the contrary, a key
feature of the proposed LED driver, which is illustrated
in Fig. 5, is that the amount of energy being delivered to
either C, or Cy, can be well controlled by operating two
switches, S; and Ss. Therefore, precise energy buffering
can be achieved so that the instantaneous output power is
always a constant.

In this paper, a unidirectional current ripple compensator LED
driver is proposed to eliminate electrolytic capacitors as well as
achieve high power factor, flicker-free LED driving. This con-
verter also offers a superior efficiency compared to a previous
electrolytic capacitor-less design. A 28 W experimental proto-
type had been built and tested to verify the operating principles.
The remainder of this paper is arranged as follows. The concept
of the proposed LED driver is derived in Section II. The circuit
implementation and detailed operating principle are discussed
in Section III. The control strategy is discussed in Section IV,
and the design analysis is discussed in Section V. Experimental
results are discussed in Section VI, and the paper is concluded
in Section VIIL.
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Fig.3. Previous energy buffering LED driver without an electrolytic capacitor.
(a) Key power waveforms. (b) Active filtering LED driver [16], [17]. (c) Three-
port LED driver [18].

II. IDEA OF THE UNIDIRECTIONAL CURRENT
RIPPLE COMPENSATOR

Fig. 3 shows the key power waveforms of two existing energy
buffering LED drivers. The input power P;, is a time-varying
waveform with its average being equal to the LED output power
Prep. The buffered power Pyygrer, Which is handled by the bi-
directional converters in Fig. 3(b) and (c), is the difference be-
tween P, and P gp. Fig. 3(b) shows the implementation of an
active filtering LED driver. A bi-directional dc—dc converter is
paralleled to the LED load to process imbalanced energy and
buffers it with the storage capacitor Cy,. Fig. 3(c) shows the
implementation of a three-port LED driver. A dedicated port is
used to interfacing with the bi-directional converter to achieve
energy buffering. Although the above-mentioned two methods
utilize different circuit implementations and control strategies,
in both cases the imbalanced energy must go through no less
than three power conversion steps.

When P, > B gp, the imbalanced energy is transferred from
the ac input to the dc output by the main PFC in the active filter
LED driving method, experiencing the first power conversion
step. The energy is then transferred from the dc output to the
storage capacitor Cy,, by the bi-directional dc—dc converter;
this is the second power conversion step. When P;, < Prgp,
the imbalanced energy is transferred back from Cy, to the LED
load by the bidirectional dc—dc converter, experiencing the third
power conversion step. In three-port LED drivers, the process
is similar. Cy, is built with a film capacitor to achieve extended
lifespan. The drawback of active filter LED driving or three-port
LED driver methods is the generation of significant power loss
when buffering imbalanced energy. As described above, the
imbalanced energy experienced three power conversion steps
with the active filtering LED driving method. As a result, the
efficiency of an active filtering LED driver or three-port LED
driver is much lower than that of a conventional single-stage
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Fig. 4. Concept of the proposed unidirectional ripple current compensation
LED driver.
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Fig.5. Key line cycle waveforms of the proposed unidirectional current ripple
compensation LED driver.

LED driver. This reduction in efficiency is also evidenced in
[16].

The proposed unidirectional current ripple compensator LED
driver aims to achieve reduced power conversion loss with the
imbalanced energy by restructuring the energy buffering pro-
cess. The concept of the proposed LED driver is shown in Fig. 4
and the key waveforms in a line cycle are shown in Fig. 5. A
flyback PFC is used at the first stage to achieve a high power
factor. A total of two switches, S; and S,, are used to control
the energy flow. When P, < P_gp, the switch S is turned ON,
while Sy is OFF. In this way, the power delivered to the LED
load from ac input P; is equal to the input power. At the same
time, additional energy will be transferred from Cy, to the LED
load by the dc—dc converter to make up the difference between
P;, and P gp. When P, > P gp, by controlling the ON time
of §; and Sy in one switching cycle, the instantaneous ac input
power can be split into P; and P, with precision. The control
circuit design will ensure that P, = P gp during this condition,
while the excess energy, Po» = P;, — PLgp, from the ac input
will be stored in Csi,. Under a steady state, the energy stored in
Csto during P, > P gp is equal to the amount it releases when
Py < Bep.
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Fig. 6. Circuit implementation of the unidirectional ripple current
compensation LED driver.

The above-mentioned description reveals that the imbalanced
energy experiences only two power conversion steps in the pro-
posed LED driver. By directly attaching Cy, to the main flyback
PFC, the extra energy is directly transferred from the ac input
to Cyo, when Py, > P gp, without the extra power conversion
process with a bi-directional converter. One less power conver-
sion step is achieved with the imbalanced energy as compared to
active filtering LED drivers. The process of transferring energy
back from Cy, to LED load is the same with the proposed LED
driver and the active filtering LED drivers. It should note that the
dc—dc converter is unidirectional in the proposed LED driver.

III. CIRCUIT IMPLEMENTATION AND OPERATING PRINCIPLE

Fig. 6 shows the circuit implementation of the proposed
unidirectional current ripple compensation LED driver. The
LED driver includes the main flyback PFC, a buck converter,
and one energy channeling MOSFET ()». In Fig. 4, two switches
are needed in the conceptual design to achieve power splitting.
By carefully designing the storage capacitor voltage Vi, one
MOSFET in the design can be removed while achieving energy
splitting. More specifically, to achieve this, the voltage Vi,
needs to be always higher than Vi gp. If this condition is met,
then when the MOSFET (5 is OFF, the current in the secondary
side of the transformer 7} only flows in D, during which the
energy is delivered to the storage capacitor Cy,. When @y is
turned ON, the secondary-side current flows in (o and D;. The
voltage across the winding Ny is clamped at V{ gp (by ignoring
the forward voltage drop on D; and the voltage difference
between the drain and the source terminals of (Q5). Therefore, if
Vito > ViED, the diode Ds is reverse biased and blocks any cur-
rent flow. As shown in Fig. 5, there is a significant ripple voltage
on Vj, at double-line frequency. The average voltage of V, can
be controlled by a voltage loop thatis in Section I'V. By selecting
a proper capacitor Cy,, the ripple voltage amplitude on V, can
be controlled, which is explained in Section V. The goal is to
keep Viio_min higher than Vi gp to ensure Do remains correctly
biased. The flyback PFC shapes the input current to achieve a
high power factor and draws energy from the ac input. The buck
converter provides the power difference when P, < P gp.

A. Line Cycle Operation

First, the line cycle operation of the proposed LED driver
is discussed and the key waveforms in Fig. 5 are also derived.
Since a high power factor is achieved with the proposed LED
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driver, the input current follows the input voltage. The rectified
input voltage |V;,(¢)| and the rectified the input current |1, ()]
can be expressed as

[Vin (t)] = Vinpk X |sin(2m X fiine X t)] M

and
[Tin (t)] = Tinpx ¥ |SIn(27 X fiine X 1)] 2)

where fiin. represents the mains frequency, Vi, px and fip pi
represent the peak input voltage and peak input current
amplitude, respectively. Therefore, the input power, Pj,(f), can
be expressed as

Pin(t) - Vin,pk X Sin(Zﬂ- X fline X t) X Iin,pk
X $in(27 X fiine X t)

1
= imepk X [1 — cos(4m X fiine X t)]. 3)

As indicated in (3), the input power P, is a sinusoidal wave-
form with a dc bias being equal to half the peak value. Assuming
no power loss, the LED output power P gp will be equal to the
averaged input power and it is a constant. The capacitor Cy, is
used to buffer the energy difference between the ac input and
the LED output. Because the imbalanced energy is buffered by
the storage capacitor and leads to a voltage change on V,, the
relationship between the imbalanced energy Fimbalance and the
voltage change on Vj;,, AVj,, can be expressed as

1

2 2
QCStO(‘/StO,HlaX - V;t,o,min)

o V;to,max +V;‘to,min
— Ysto

Eimbalancc =

2
= Cs X V;to,avg X (A‘/;f()) (4)

) (V;'to,max - V;to,min)

In (4), Viyo_avg represents the averaged value of Vy, in a half-
line cycle. The imbalanced energy in a half-line cycle can also
be calculated as

1 T’Iine

Eimbalance = ;PLED X 9 - (5)

Therefore, once Vio_avg and Cy, are determined in a design,
the voltage change AV}, as well as the minimum and maximum
Vo can be calculated.

From Tjn/8 to 3Tine/8, the input power is higher than
the LED output power. The difference between P, and
Pigp, P>, is used to charge the storage capacitor Cy, and
the voltage Vi, rises in this period. The instantaneous volt-
age Vo (t), Vitoumin, Cstos Pin (t), and P gp have the following
relationship:

1
= X Csto [V;to(t)Q - VZ ]

2 sto_min

t
- [‘flino

8

U:)in (t) - PLED]dt

Tinc 3Tinc
When 18 <t< é . (©6)

During 37Tjie/8 to 5Tine/8, Py, is lower than P gp. S is fully
ON so that P, is equal to P;. Energy is taken from Cy, and the
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Fig. 7. Switching operation of the LED driver when P;,, > Prgp (Q2 under leading edge modulation).

dc—dc converter delivers the difference in power between P, and
Pyrgp to the output. Therefore, the voltage Vi, falls during this
interval. The relationship among Vi (¢), Vio_max Cstos Pin (1),
and P gp can be expressed as

1 t
5 % CaolVaalt = Vil = [, [Ralt) = Prn (0]
e
Tine Tine
When 21 <t<5;3 . (7)

Combining (3), (6), and (7), the voltage Vy, can be
expressed as

V;to (t) =

\/2 xf}f“ne (% Pinpx x[1—cos(47 x fiine xt)] ) dt
Csto

+V2

sto_min

Tiine 3Thine
g < t < 3

2
\/‘/sto_max -

3T1ine 5T1ine
A

2><féTflinc (%Pin.pk X[l—COS(47l’ X fline Xt)])dt

Csto

(3)
The power Py (t), P> (t), and Pyc_qc(t) can be written as
PLED TIE% < t < 3Téinu

Pi(t) = ; ©))
( ) R (t) 3T§“e <t< ngue

and
Po(t) — Pupp  Doe <t < 3o
P(t) = N = (10
0 % < t < lgmc
and
Thine 3Tine
PLED - -P1 (t) 18ine < t < 1811\9

The above-mentioned line cycle operation provides an
overview of the proposed unidirectional current ripple com-
pensation LED driver. It is possible to use different topologies
to achieve the above-discussed operation. The switching oper-
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Fig. 8. Key switching waveforms of the proposed LED driver when P;,, >
PrEp (Q2 under leading edge modulation).

ation that is specifically for the proposed LED driver circuit is
discussed below.

B. Switching Operation

The flyback PFC in the proposed LED driver is operated under
constant ON time, fixed switching frequency, and discontinuous
conduction mode (DCM) to achieve a high PFC [27]. The design
of the buck converter is very generic. To simplify the discussion,
the buck converter is represented as a function unit and its
switching operation is not of interest. The switching operations
to achieve energy buffering are discussed in detail and separately
for Rn > PLED and Pin < PLED-

1) When P,, > Pygp: When P,, > P, gp, the buck converter
is not active. One switching cycle is divided into four time
intervals, [to—t1], [t1—t2], [ta—t3], and [t3—t4]. Fig. 7 shows the
switching operation of each time interval, and Fig. 8 shows the
key switching waveforms.
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The averaged input current in this switching cycle can be
Lpsi /I expressed as
o I o IQl-tl(Pin>PLED) X (tl - t()) . Vin X (tl - t0)2
e 2 x T, T 2X T X Ly
Ips s s pri
Vai as - 15)
Vo | — Equation (15) indicates that the average input current follows
the input voltage when (¢1—to) and the switching cycle T are
Vo as constant in a half-line cycle.
Vi | 3) Time Interval [t1—t2]: As @)y is turned OFF at time ¢y, the
magnetic current commutes from the primary-side winding to
Vai_es the secondary-side winding. The MOSFET () is still OFF so that
Vor o the magnetic cu}’rent flows in diode Ds. The energy stored in
J the transformer is transferred to the capacitor Cy,. The voltage
ti‘;’)‘;l across the winding Nge. is clamped at Vi, and reflected to the
to 6 b t, oty primary side. The voltage across the drain to source of (); can
be expressed as
Fig. 10.  Key switching waveforms of the proposed LED driver when P;,, >

PrEp (Q2 under trailing edge modulation).

2) Time Interval [ty—t;]: One switching cycle starts at time
to when @ is turned ON. The switching current in winding
Nopsi, Ipri, starts increasing from zero. Due to the opposite
orientation between the winding Ny and N, the diodes D,
and D, are reversely biased, while the body diode of )5 is
forward biased. The voltage across the diodes D; and D, can
be expressed as

Niec
VDI(Pin>PLED)[tO - tl] = Viep + Viu X Ne' (12)
pri
and
NSeC
Vba(pysPusn)[to — t1] = Vigo + Vin X N (13)
pri

This interval ends at time #; when the main MOSFET Q; is
turned OFF. The switching current in Q at time #; can be ex-
pressed as

o ‘/in X (tl - tO)

IQl-tl(Piu>PLED) - L— (14)
pri

N
Vo, (P> Pren) Bt — ta] = Vin 4 Vito X .

NSEC (16)

When D; is conducting, the voltage at the anode of diode
D is equal to Vi, (ignoring the voltage drop of D). Since Vi,
is higher than Vi gp, which is ensured by the design, the diode
D; is, therefore, forward biased, while the body diode of Q)5 is
reverse biased. The voltage across the drain to source of ()2 can
be expressed as

Vo, (Pu>Pueo) 1 — t2] = Vito — ViED- (17)

This interval ends at £5 when the MOSFET () is turned ON.

4) Time Interval [to—t3]: The voltage on the secondary-side
winding is clamped at V| gp after Q5 is ON. Since V| gp is lower
than Vj,, the diode D- becomes reverse biased and the switching
current in Dy is zero. The voltage across the diode Ds can be
expressed as

VD, (P> Pien) [t2 — t3] = Vito — ViED - (18)

The voltage on the secondary-side winding is reflected to the
primary-side winding and the voltage on (); during this time
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interval can be expressed as

Vo, (Pu>Pren)[t2 — t3] = Vin + VgD X % (19)
sec

Equations (16) and (19) express the voltage stress on ()
during the time interval [t;—t2] and [to—t3], respectively. Since
Visto 18 higher than V] gp, Q1 has higher voltage stress during the
time interval [t —to].

During [to—t3], the switching current in winding N, contin-
ues its flow in D; and ()2 and the flyback transformer releases
its remaining energy to the LED load. The switching current
in winding Nge. drops to zero at time t3, which ends this time
interval.

5) Time Interval [t3—t4]: To achieve the DCM operation,
there is a small-time interval [t3—t4] when there is no active
switching operation. The switching cycle ends at ¢,.

One can also apply leading edge modulation to ), to achieve
the same function. Fig. 9 shows the operation when with ap-
plying trailing edge modulation to Q3. Q)2 is turned ON before
@1 is turned OFF. The secondary-side current flows in D; and
Q2 when (; is turned OFF. After (- is turned OFF, the remain-
ing current is directed to flow in Ds. Fig. 10 shows the critical
switching waveforms when applying trailing edge modulation
to Q2. The current stresses for Dy, ()2, Do are different under
two modulation schemes. When leading edge modulation is ap-
plied to @2, the peak secondary-side current goes through the
diode D,. By contrast, when trailing edge modulation is applied
to 2, the peak secondary-side current goes through the diode
D, and @5. Under trailing edge modulation, there is no turn
ON loss with @5 since the body diode of (), is forward biased
when ()» is turned ON. Switching loss occurs during turn OFF
of Qo when the current in () is not zero. Under leading edge
modulation, there is no turn OFF loss with (05 since the current is
already zero when ()5 is turned OFF. The switching loss occurs
during turn ON of ()2 when the switching current is not zero.

6) When P, < Prgp: Fig. 11 shows the switching operation
during each time interval when P, < P gp, and Fig. 12 shows
the key switching waveforms. One switching cycle is further
divided into three time intervals [ty—t1 ], [t1—t2], and [to—t3]. The

Switching operation of the proposed unidirectional current ripple compensation LED driver when Pj, < PLgp.

Ipri

IDI

VGZ

VQ 1-ds

Vbi

-

%

to 4 Lt

Fig. 12. Key switching waveforms of the proposed unidirectional current
ripple compensation LED driver when P, < Pgp.

MOSFET ()5 is always ON so that P, = P;. The buck converter
is activated, and energy is transferred from Cy, back to the
LED load. Since P, < F gp, the control loop will automatically
generate a 100% duty cycle for QQ». Therefore, the switching
operation during P, < P gp can be understood as a special
case of the switching operation under P, > P, gp and will not
be repeated.

7) Switching Operation Over a Half-Line Cycle: As the
switching operation during P, < Pgp and P, > P gp had
been discussed, the switching operation under the scale of a
half-line cycle is illustrated in Fig. 13.

IV. CONTROL SCHEME

Fig. 14 shows the control scheme of the proposed unidirec-
tional current ripple compensation LED driver. There are two
current regulation loops and one voltage regulation loop in the
system to regulate the LED current and the voltage of the storage
capacitor Vy,. Although the goal is to buffer the imbalanced en-
ergy in every switching cycle, the control is achieved by sensing
and regulating currents and voltages.
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The current in diode D; is sensed and averaged in every
switching cycle. The averaged current in Dy, Ipi 4, is then
compared with the LED current reference Iigp_rer. If Ipi_ave
is larger than Iy gp_f, the compensated error voltage V., will
be reduced. A reduced V.o will generate a smaller duty cycle
for ()2, which will reduce Ip1 ave. When B, > P gp, the duty
cycle of ()2 will be controlled to achieve Ipi_ave = JLED ret-
When P, < P_gp, because Ipi a is always less than Iy gp e,
the feedback loop will turn ()2 ON. When it is detected that the
duty cycle of @5 is 100%, the buck converter will be activated.
The difference between I1gp_rer and Ip1 _ave, JLEDref — LD 1 aves
becomes the output current reference of the buck converter. The
current feedback loop of the buck converter ensures that the
current generated by the buck converter is equal to its reference.
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TABLE I
EXPRESSION OF THE VOLTAGE STRESS OF EACH COMPONENT
N pri
Q Va4V (0=
sec
N
sec
Dl Vin7 pk x N + VLED
pri
N,
D, Vio () +V;, (1) < —==
‘ Npri
Q ch - VLED

Therefore, the current delivered to the LED load under both
P, > Pigp and P, < Prgp can be precisely controlled.

The average voltage of V, is controlled as well to serve
two purposes. First, net-zero energy storage with Cy, can be
achieved by controlling the average voltage of V. In a half-
line cycle, it is expected that the net energy stored in Cy, is zero.
In this way, the averaged input power is equal to the LED output
power. To achieve this, Vi_ave is compared with the reference
voltage Viiorer. The compensated error V,; determines the ON
time of ()1, which controls the input power. Whenever Vi ave
is not equal to Vi ref, Vo1 Will be changed by the feedback loop
to change the input power. As a chain reaction, Vi ave Will be
adjusted to follow Ve again. For example, if the net stored
energy with Cy, is above zero, Vio_ave Will start growing and
eventually become higher than Vy, r. Once this happens, the
compensated error signal V,; will be decreased. A decreased
V.1 would generate a smaller ON time for ();, which reduces
the input power. As the output power remains unchanged, a re-
duction in the input power will reduce the net energy stored in
Cito- The feedback loop will continue exert this effect and the
net energy storage in Cy, will eventually become negative in a
half-line cycle. Then, V, will start decreasing and eventually be
brought down to Vi ave. It is noted that with constant ON time
in a half-line cycle, together with the DCM operation, the PFC
is achieved automatically, which is also indicated by (15). In ad-
dition, Vy, should be controlled to maintain a proper operation.
Since there is a significant double-line-frequency ripple voltage
on Vy,, one needs to make sure that Vi, 1,1y 1S always higher
than Vi gp. The reference voltage for Viio_ave should be designed
high enough to maintain this condition, which is achieved by
the Viio_ave voltage control loop, as shown in Fig. 14 as well.

V. DESIGN ANALYSIS

In this section, the design parameters are analyzed to provide
a design guideline. The component voltage and current stresses,
the design of Vi ave, and the selection of Cy, as well as the
selection of the switching frequency for the proposed LED driver
are discussed.

A. Component Voltage Stress

The voltage stress for each component, as described in
Section II, is summarized in Table I. The voltage stresses of
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Fig. 15. Plot of component voltage stresses with the proposed LED

driver over a half-line cycle (the simulation is based on the following
parameter: Vi, = 110 Vrms, Vigp = 65V, PLgp = 28 W, Vio_min = 105V,
Vito.max = 185V, and Npyi : Ngee = 1:1).

the components are determined by the input voltage, the voltage
of the storage capacitor voltage V,, and the LED output volt-
age. Under 110 Vrms input voltage, 65 V LED output voltage,
Npii: Ngee = 1:1, and the storage capacitor voltage Vi, swing-
ing from 105 to 185 V, the maximum voltage of @)1, D1, Do,
and Q- is 318, 318, 220, and 120 V, respectively, as plotted in
Fig. 15.

B. Component Current Stress
In every switching cycle, at time %1, the energy stored in the
flyback transformer Ery,, 1 can be expressed as

1
ETran_tl(t/) = _Lpri X Iz (tl) (20)

9 pri-t;
where in (20), L, represents the inductance of the primary-side
winding, T represents the switching period, and I ¢1 (t) repre-
sents the primary-side switching current at time ¢; in a switching
cycle. The symbol “(#)” indicates that Ipi¢1 1s a time-varying
parameter at a line cycle scale. Therefore, the instantaneous
input power can be expressed as

2 /
Lpri X Iy, (1)

ETran_t
Py(t) = L= - : 21
(') T, S x T, 21

In (21), T, represents one switching period. Rearranging (21)
yields

Pi11X2XT~;

22
o (22)

Ipfi-tl (t/) =

The switching current in the secondary-side winding at time
t1 can be expressed as

Npri % Pin X 2 X Ts
Nscc Lpri .

Replacing P, with Py . in (22) and (23), the maxi-
mum switching current in the primary-side winding and the
secondary-side winding, in a half-line cycle, can be calculated

Isec _ty (t,) = (23)
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as
4P pp % T
Ipri_max = IQl_max = LEL— (24)
pri
N, ri [4P, X Tg
Iscc_max = IDz_max = Np X Ipri_max = %
(25)

With the design specification presented in Table IV, the maxi-
mum switching current in (); and D is calculated to be 2.36 A.
When P, > P gp, the magnetic current starts conducting in
D, at time ty. The energy stored in the transformer at time
to, Frran_t2, can be expressed as

1

ETran_tz(Pm>PLED) = §Lsec X IEI_tQ(Pin>PLED). (26)

As the remaining energy in the transformer will be transferred
to the LED load; therefore,

EL_SCC _to(Pin>PLED

)
= PLED. 27
T LED 27
Combining (26) and (27) yields
2P T.
Ip, t2(Pw > PLep) = 4/ %XS~ (28)

It can be understood that, when P, > P gp, the switching
current in D at to is the maximum current of D;. Therefore,

2P gp x T
Ip, -max = I, max = —T
sec

Ip1_mas 1s calculated to be 1.67 A with the specification and
parameters in Table IV.

(29)

C. Storage Capacitor Cy, Selection

The average voltage of Vi, Viio_ave, 18 closely related to the
selection of Cy,. Combining (4) and (5), the relationship be-
tween Cy, and the voltage Vi, _avg can be expressed as

PrLep X Tine
27T X V;to_avg X (A‘/;to) '

At the same time, there is another constraint that needs to be
maintained at all time

Csto = (30)

A‘/st,o

Kto_lnin = Vsto.avg — > VLED~ (31)

For example, if Vi, ave 15 selected to be 150 V and the LED
voltage is 60 V, the peak-to-peak ripple voltage of Vi, AVito,
should be limited to be less than 180 V. In this way, Vio_min
is always higher than 60 V. Among Vo ave, AVito, and Cyo,
one can first determine values for two parameters, based on the
design, and then calculate the third one. Vi,_ave can be regulated
by the control loop as discussed in Section V. Once the allowable
Vo 18 determined, the capacitor Cy, can be calculated by (30).

As shown in Table I, the voltage stresses of @1, Do, Q)2 are
related to V. A higher voltage of Vi, will result in higher
voltage stresses on these components. The maximum voltage
stress allowed on these components will, therefore, affect the
selection of Cy.
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D. Achieving DCM Operation

Flyback PFC is operated under DCM constant ON time (for
(1) to achieve a high PFC. It can be well understood, when
Py, = 2P gp, the time span (t3—ty) will be stretched to the
maximum. Therefore, to achieve DCM operation, one needs to
make sure 7 is larger than (¢3-t1) when P, = 2P gp with
the given circuit parameters. When the input voltage reaches
its maximum in a half-line cycle, the primary-side switching
current also reaches the maximum. The relationship between
them can be expressed as

V;n,max X (tl - tO)

Ipri,max = I . (32)
pri

Combining (29) and (34) yields

4 xTs x PLgp X Ly
(t; —to) = v % L
in_max

When P,, = Pgp, the relationship between the peak switch-
ing current in D; and the timespan (¢o—t3) can be expressed as
Vigp X (t3 —t2)

IDl,max = L— (34)

(33)

Combining (29) and (34) yields

\/2 X Ts X PLED X Lsec
VLED )

(ts —tg) = (35)

The secondary-side winding releases energy to the capacitor
Cjto during the time interval [t;—¢5]. The current change on the
secondary-side winding during [¢;—t2], the voltage Vj,, and the
secondary-side inductance Lg.. have the following relationship:

Vito X (t2 —t1)
Lsec
Combining (25) and (36) yields

4xTy xPLgp 2xTy XxPLED X Lsec
Lpri Lgec -

Vsto

max __
- Isec,max -

IDLmax~ (36)

(tQ - tl)max =

(37)

The above-mentioned derivation assumes that the DCM op-
eration has already been achieved and needs to be verified. In
other words, one needs to ensure that the sum of [tg—t1], [t1—t2],
and [to—t3] is less than the predefined switching period. As an
example, one can define T to be 20 ps. With the circuit pa-
rameters in Table IV, (¢;-ty) and (t3—t2) are calculated to be
6.1 and 10.3 pus, respectively. When Py, = 2P gp, Vi, 1s at the
vicinity of the averaged value 150 V. Using Vi, = 150 Vin (37),
(ta—t1) is calculated to be 1.85 us. Therefore, (t3—to) is equal to
18.2 ps and is less than the predefined 20 ps switching period.
If, somehow, the initial assumption of the DCM operation is not
met, one can reselect the switching period. On the other side, if
one aims to operate at a specific switching period (or frequency)
for better electromagnetic interference signature or efficiency,
the circuit parameters, such as Ly, Vinmax, Lsec, can be rese-
lected to change the time (1t ), (to—t1), (t3—t2), as indicated
by (33), (35), and (37).

At the same time, it is not desirable to make 7 much larger
than (t3—to). Equations (24), (25), and (29) indicate that lower
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current stresses can be achieved with QQ1, D, QQ2, and D, when
T, is smaller. Therefore, T, should be selected to be the smallest
value that achieves the DCM, with some acceptable margin.

E. Loss Breakdown

One major advantage of the proposed LED driver is a reduc-
tion of the power conversion loss. In this section, a breakdown
of the proposed unidirectional energy buffering LED driver as
well as the previous active filtering LED driver is presented. The
MOSFET ()7 is under leading edge modulation in this analysis.

The loss breakdown of the proposed unidirectional energy
buffering LED driver and the previous active filter LED driver
is presented in Tables II and III. The parameters used for loss
calculations are derived or obtained from the datasheets, as pre-
sented in the Appendix. One should note that the design of
the buck converters is identified in two designs. Therefore, an-
alyzing the detail loss from each component inside the buck
converter is not necessary. The efficiency of the buck converter
and boost converter is estimated in Tables II and III.

When looking into both designs from the primary side, the
operation of the flyback PFC is the same. Therefore, the conduc-
tion and switching losses with ()1 are the same in both designs.
The leakage inductance loss and the transformer loss are also
the same in both designs.

The loss generated by the operation of () is presented in
Table II. Because the voltage stress on ()5 is much lower than
the voltage stress on (), very low ON-resistance MOSFET can be
found to implement Q5. A 16 m{2 ON-resistance MOSFET is used,
and the conduction loss of 5 is only 1.7 mW. When the costis a
concern, a MOSFET with a higher ON-resistance can also be used
to implement (), which will generate more conduction loss.
However, it should not have too much impact on the overall loss.

When P, < P_gp, the duty cycle of (s is controlled to be
100%. Therefore, the turn-ON overlap loss with ()5 only occurs
when P, > Fgp. Under this condition, the average drain-to-
source voltage of (), is only 30 V before ()5 is turned ON, the
calculated turn-ON overlap loss is only 20 mW and only 0.4% of
the total loss. Also, the output capacitor switching loss with (o
only occurs when P, > P gp and is calculated to be 6.9 mW.
Overall, the losses generated by the operation of ()5 are equal to
1.7 mW + 20 mW + 6.9 mW = 28.6 mW, which is only 0.1%
of the output power and can be ignored in the design.

Because V4, is much higher than Vjgp, the sum of current
Ipiave and Ips . in the proposed unidirectional energy
buffering LED driver is smaller than the average current Ip1 e
in the previous active filtering LED driver. Consequently, the
total conduction loss with Dy and D, in the proposed LED
driver is smaller than the conduction loss with D; in the
previous active filter LED driver. It should note that the total
loss generated by the proposed LED driver, without the buck
converter operation, is 3.94 W, which already includes the loss
generated when transferring the energy from the ac input to the
LED load and the storage capacitor. This number is almost equal
to, even slightly smaller than, the loss generated by the flyback
PFC in the previous active filtering LED driver. Therefore,
the process of storing the extra energy in the proposed LED
driver can be claimed only go through one power conversion
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TABLE II
LoSsS BREAKDOWN OF THE PROPOSED UNIDIRECTIONAL ENERGY BUFFERING LED DRIVER

Sources of loss Expression for loss Loss (W) Percentage
Q1 conduction loss Byt ot =100 s X Rt 0.15 3.2%
Q1 output capacitor loss PQl_cap = CQ1 _ass X VQzl_ds xF, 0.02 1.7%
QI turn off overlap loss PQ]J)/]- ~ (VQ_¢Y XIQIJ,;{J,,,S X T/;Q1 XFSW) /2 0.15 4.4%
D1 conduction loss PD1 cond = ID1 g X VD1 F 0.46 11.0%
Q2 conduction loss By ot =1, e XRo, o 0.0017 0.0%
Q2 output capacitor loss %me = (Cinoss X VQ227ds xF /4 0.014 0.3%
D2 conduction loss PD. cond = [Dz g V02 F 0.14 3.3%
Q2 turn on overlap loss PQZ,Dn = (VQ2 e IQ2 ok X Trjo X F;w) /4 0.02 0.4%
Input bridge diode conduction loss E,,,[dge cond — [in avg X VDB F X 2 0.48 11.4%
Leakage inductance loss P = l X ]2 x [ 1.39 33.2%
g b= " o pk_ms X : 70
Transformer core and copper loss Bmmformer = PLED X K[mn Joss 1.12 26.7%
Total loss without the Buck converter 3.94W 93.4%
1
Buck converter loss PBMC,‘,JOSS = (PLED / )( -1) 0.28 6.6%
buck
Total loss of the proposed LED driver 4.21W 100%
TABLE III
LoSs BREAKDOWN OF THE PREVIOUS ACTIVE FILTER LED DRIVER
Sources of loss Expression for loss Loss (W) Percentage
Q1 conduction loss PQlJ:and = ]élim X Rglinn 0.15 3.2%
Q1 capacitor loss PQ1 cap = CM X VQ21 ds X J pum 0.04 0.8%
QI turn off loss B o =WV s s XL i s X T X fpin) 1 2 0.23 4.9%
D1 conduction loss By ot =1Ip a*Vp, F 0.68 14.5%
Input bridge diode conduction —
loss &ridgeicond - ]iniavg X VDBﬁF x2 0.48 10.3%
leakage inductance loss P = lxlz x [ 1.39 30.1%
g = o pk_rms L : A
transformer core and copper loss Ptmm,farmer = B,ED X Kmm loss 1.12 24.1%
Total loss of Flyback PFC 4.08 88%
1 1
Loss from Boost converter PBuckJass = (PLED I 7)( ) -1) 0.28 6.0%
buck boost
1
Loss from Buck converter Rgm.ki,m = (PLED ! 7)( -1) 0.28 6.0%
buck
Total loss of previous active filter LED driver 4.64 100%

step. Compared to the previous active filter LED driver, the F. Efficiency
loss generated by transferring the extra energy from the LED
load side to the storage capacitor, by the boost converter, is
eliminated in the proposed unidirectional energy buffering
LED driver, which will help achieve a higher efficiency.

Fig. 16 shows the loss breakdown of the proposed LED driver
with a bar chart.

As discussed in the above-mentioned section, the imbalanced
energy only goes through one power conversion step when
transferring it from the ac input to the storage capacitor. There-
fore, in total, the imbalanced energy experiences two power
conversion steps, which is one time less than the previous active
filtering and three-port LED drivers. The amount of imbalanced
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Fig. 16. Loss breakdown of the proposed LED driver.

energy can be expressed as

3n
=5 Pr(t)dt
Rlllb = ‘]‘87

T5/2
37
Je $Pnpk X [1 — cos(47 X fiine x t)]dt
- Ts/2
1 1
= 7Pin, =—R : 38
5 Dinpk = —FLep (38)

In (38), P, represents the amount of imbalanced power.
Approximately, the total power losses can be partitioned as the
losses generated by the operation of the flyback PFC and the
losses generated by the buck converter. The loss generated by
the operation of Qo can be ignored, as proved in the above-
mentioned section. Therefore, the efficiency of the proposed
LED driver can be expressed as

PLep
Prep —Pimb
nPFC

TLED drv & jo (39)

NPFC XMbuck

To facilitate a comparison between the efficiency of the pro-
posed LED driver and the efficiency of a conventional two-stage
LED driver, (39)

NLED drv = MPFC X NMeqv - (40)
Combining (38), (39), and (40) yields
1
Neqv = W (41)

1 Nbuck

Using (41), neqy is calculated to be 99% when ek is 97%
efficiency, as an example. When the flyback PFC achieves 86%
efficiency, the theoretical efficiency of the proposed LED driver
is calculated to be 85.1%, which is only 0.9% lower than a con-
ventional single-stage LED driver. The reduction in efficiency
is a small price to pay when flicker-free operation and elec-
trolytic capacitor-free design are achieved. On the other side,
the efficiency of a flyback PFC plus a buck converter (two
stages) design should be much lower. All of the output power
needs to be processed by the buck converter in the two-stage de-
sign. By comparison, only ~30% output power passes through
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TABLE IV
EXPERIMENTAL PROTOTYPE SPECIFICATION AND KEY COMPONENTS

System Specification

Input voltage 89 Vrms — 132 Vrms

Maximum output voltage ~65V
Maximum output current 043 A
Maximum output power 28 W
Circuit Parameter
Transformer Niprit Ngee = 1:1
L,=400 pH, EE16 core
Switching frequency 50 kHz
Input Bridge rectifier GBU606
PFC Controller PIC16F1578-1/SS
MOSFET Q1 STB13N80k5 (800 V, 12 A)
MOSFET Q2 FDP2532 (150 V, 8 A@Ta=25 C°)
Diode D1 STPSC6HO065D1 (650 V, 6 A)
Diode D2 LQAO06T300 (400 V, 6 A)

CGA9N3X7S2A106K230KB, 100 V, 10 uF
2 x ECW-FD2W335 K
450V, 3.3 uF
IRF730PBF (400 V 5.5 A)

Output capacitor
Storage capacitor

High and low sides

MOSFET (Buck)
Controller (Buck) NCP159DR2G
Output inductor DELEVAN-224 (220 uH, 2.0 A)

Output capacitor CGAIN3X7S2A106K230KB, 100 V, 10 pF

the buck converter in the proposed design. Therefore, the pro-
posed design will achieve significant efficiency improvements
over the existing two-stage driver. Assuming the buck converter
in the two-stage design achieves the same 97% efficiency, the
efficiency of the two-stage LED driver will be 86% x 97% =
83.4%, which is 1.7% lower than the proposed LED driver. Also,
a conventional two-stage LED driver will still require the use
of electrolytic capacitors. Therefore, the proposed LED driving
method is an optimal solution to achieve both high efficiency
and long lifespan.

VI. EXPERIMENTAL VERIFICATION

A 28 W experimental prototype had been built and tested to
verify the proposed unidirectional current ripple compensation
LED driving method. Table IV shows the system specifications
and circuit parameters of the experimental prototype.

Fig. 17(a) shows the key line cycle waveforms of the proposed
LED driver. The power factor of the ac input was measured to
be 0.98. The voltage on the buffer capacitor Vy, changes from
a minimum of 70 V to a maximum of 120 V. The 120 Hz
ripple LED current is measured to be 21.7 mA rms with fast
Fourier transform function in the oscilloscope, which converts
to 30.7 mA peak ripple current. Therefore, the 120 Hz ripple
current is 7.1% of the average LED current. Fig. 17(b) shows
the 120 Hz ripple current reaches 750 mA pk to pk when the
current compensation is disabled. The proposed unidirectional
current compensator demonstrated flicker-free LED driving per-
formance without utilizing an electrolytic capacitor.

Fig. 18 shows the switching current from the main output,
the switching current from the buck converter output, and the
LED current. Fig. 19(a) and (b) shows the voltage waveforms of
the key switching components currents with () under trailing
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Fig. 17.  Key line cycle waveforms of the proposed LED driver I. (a) Unidirec-
tional current compensator is enabled. (b) Unidirectional current compensator
is disabled.
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Fig. 18.  Key line cycle waveforms of the proposed LED driver.

edge modulation. The maximum voltage stresses with MOSFETS
Q1,Q2, and diodes Dy, Dy are 250 V, 90V, 210 V, and 250 V,
respectively. Fig. 19(b) shows the zoomed-in waveform at a
switching cycle time scale. 1 and (), are ON during the time
interval [to—t;]. Therefore, the voltage stress on @)1 and Qs is
zero. During [t;-t2], Q1 is OFF and )2 remains ON. The voltage
stress on (J; is equal to the input voltage plus the LED output
reflected to the primary side. The voltage stresses for Dy and Q-
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Fig. 19.  Key component voltage waveforms with Qo under trailing edge
modulation. (a) At the line cycle time scale. (b) Zoom-in of (a).

are zero. The diode D is reverse biased and the voltage across
D, is equal to Vi, minus the LED voltage. Q9 is turned OFF at ¢,
and the secondary-side current flows in D,. The voltage stress
on (1 becomes the sum of input voltage plus V, reflected to
the primary side. The diode D; is forward biased so that the
voltage stress is zero. The voltage stress on () is equal to Vi,
minus the LED voltage.

Fig. 20(a) and (b) shows the voltage waveforms of the key
switching components with (); under leading edge modula-
tion. As expected, the maximum voltage stresses with MOSFETS
@1, @2, and diodes Dy, D, are the same as they are in Fig. 19.
The switching waveforms at the switching cycle time scale are
shown in Fig. 20(b). The voltages across these components un-
der each time interval are also annotated.

Fig. 21 shows the switching current waveforms of the key
components with Q2 under trailing edge modulation. The max-
imum current with Q1 is 2.4 A. Under trailing edge modulation,
the peak secondary-side current flows in D; and ()5. Therefore,
the peak current with Dy and @ is also 2.4 A. The peak cur-
rent in D5 is 1.6 A when the secondary-side switching current
commutes from D; to Ds.

Fig. 22 shows the switching current waveforms of the key
components with Qo under leading edge modulation. The max-
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Fig. 20. Key component voltage waveforms with Q2 under leading edge
modulation. (a) At the line cycle time scale. (b) Zoom-in of (a).

imum current with @); is also 2.4 A. Under leading edge modu-
lation, the peak secondary-side current flows in Ds. Therefore,
the peak current in D, is also 2.4 A. The peak current in D;
(also Q9) is 1.6 A when the secondary-side switching current
commutes from Dy to D;.

The efficiency of the experimental prototype had been mea-
sured and compared with the efficiency of a conventional fly-
back LED driver. These two designs share the same PFC stage
to make a fair comparison. Both prototypes achieve their high-
est efficiency at 350 mA LED load. The maximum efficiency of
the proposed LED driver is around 1% lower than the maximum
efficiency of the conventional single stage LED driver, as shown
in Fig. 23.

Fig. 24 shows the power factor of the proposed LED driver,
and Fig. 25 shows the measurement of input harmonic currents.
Since the proposed LED driver applies the same PFC technology
as a conventional design, a high PF is achieved. At full load,
the experimental prototype achieved 0.99 PF, which meets the
requirement from EnergyStar. All harmonic currents of interest
are also below the limits from IEC-61000-3-2.

The photograph of the experimental prototype is shown in
Fig. 26.
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Photograph of the experimental prototype.

VII. CONCLUSION

In this paper, a unidirectional current ripple compensation
LED driver has been proposed to achieve electrolytic capacitor-
less and flicker-free design. A flyback PFC is used to deliver
the energy from the ac input to LED output while achieving
a high PFC at the same time. By controlling the MOSFET Qo,
the flow of energy can be precisely controlled either delivering
to LED output or storing in the energy storage capacitor, in
every switching cycle. When P, > Figp, the imbalanced
energy will be stored in the capacitor Cy,. When Py, < P gp,
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the reserved energy in Cy, is delivered to the output through a
buck converter. The advantage of this energy delivery structure
is a reduction in the circulating energy compared with previous
approaches. In previous active filter and three-port LED drivers,
the imbalanced energy (approximately one-third of the total
energy) goes through three power conversion steps, which
results in a significant loss. In the proposed LED driver, the
imbalanced energy experiences only two power conversion
steps, resulting in improved efficiency compared with previous
designs. A 28 W experimental prototype had been designed and
tested. The 120 Hz ripple current is measured to be 11% of the
dc LED current. With the optimized energy buffering structure,
the efficiency of the proposed LED driver is only 0.9% lower
than a conventional single-stage design, which is a significant
improvement from the previous electrolytic capacitor-less
design. The PF and harmonic currents of the proposed LED
driver had also been verified in the experimental prototype, and
measured results can meet the requirements both from Energy
Star and IEC-61000-3-2. Overall, the measured results highly
agree with the analysis and demonstrate a very promising LED
driving technology.

APPENDIX

TABLE V
PARAMETER VALUES USED IN THE ANALYSIS OF LOSS BREAKDOWN

s Used in the proposed Usgd m th?,
Description LED driver previous active
filter LED driver
RMS current of Q, o1 ms =0.57 A, g1 ms =0.57 A,
On resistance of Q, Roi1 oi=0.45 ohm, Ro1 oi=0.45 ohm,
Forward Vo[l)tage drop of Vor =1.57V Vo =157V
1
Parasitic output capacitor Con =50 pF Con =50 pF
of Q,
Drain to source voltage v _ Va1 as=Vin ms
stress of Q; Var a=Vinms =110V =110V
Switching frequency of _ _
the PFC Fow=50 kHz Fow=50 kHz

RMS value of peak

switching current in Q

IQkaim,,-: 1.67 A

IQkaim,,-: 1.67 A

Average current in D, Ipi ae=0.29 A Ipi ae=0.43 A
A D | L02h | Loata
Shode inbrd rectiir Von =1V Von =1V
Turn off fall time of Q; T =16 ns Tr =16 ns
Efﬁcie:gzvc;it:re Buck Mowt=0.97% Tou=0.97%
stiuenllgail:geoiig:cr?:rze Lol X 3% =20 pH L]k:LZP()n :I—SI% j

Forward voltage drop of

D Vo =157V
2
Parasitic output capacitor
R fngz P Can ox=650 pF
Drain to source voltage
stress of Q s V2 a=Vsto_avg-Viep=30 V

Average current in D,

Ips aye=0.09 A

RMS current in Q,

Tgo m=033 A

On resistance of Q,

Rz on=16 mohm

Flyback transformer

Turn on rise time of Q, T, =30 ns
Peak switching current in Tox p=1.67 A
Q
Loss coefficient of the
Klraniloss =4%

Efficiency of the Boost
converter

Nboost=0.97%
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