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Nonisolated Single-Switch Two-Channel LED Driver
with Stmple Lossless Snubber and
Low-Voltage Stress

Jong-Woo Kim

Abstract—In two-channel light-emitting diode (LED) driver,
capacitive-current-balancing method is the simplest and the most
effective way to equally balance the current in each channel due to
its simplicity. As a result, the capacitive balancing method was used
with flyback or tapped-boost converters in low-power LED appli-
cations. Since flyback and tapped-boost converters suffer from a
snubber loss and a high-voltage stress on the switching devices, con-
ventional approaches use additional passive components, resulting
in the limitations on the cost and power density. In this paper, a
new converter topology for low-power two-channel LED applica-
tion has been proposed. The proposed converter uses the blocking
capacitor and the output capacitor as a snubber capacitor so that
it has a low-voltage stress without using the additional compo-
nents. Although the blocking capacitor plays a role as a snubber
capacitor, the current balancing characteristic is still preserved.
Furthermore, the proposed converter has a high efficiency since it
minimizes the number of semiconductor components in the current
paths. The effectiveness of the proposed converter has been verified
with an offline 3.3 V4. input and 11.55 W rated output prototype.

Index Terms—Capacitive current balancing, light-emitting
diode (LED), regenerative snubber, two-channel LED driver.

I. INTRODUCTION

OWADAYS, the light-emitting diode (LED) is the most
promising light source due to its long lifetime, high effi-
ciency, and eco-friendly characteristics [1], [2]. When a number
of diodes are used, they are connected in series to obtain the same
luminance in each LED because the luminance of LED is related
to the current. In this case, adapting two-channel structure with
multi-output can achieve lower voltage stress on the switch-
ing devices compared to a single channel structure. For these
reasons, many researchers have been studying the two-channel
structure of LED drivers. Since each LED has its own voltage-
current characteristics with negative temperature coefficient, re-
searches on how to regulate the current on LED are essential.
Methodologies on current balancing of two-channel LED [3]-
[16] driver can be divided into passive and active methods.
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Usually, passive methods can be more attractive since they do
not require any semiconductor devices achieving a low cost of
the system. The passive methods are subdivided into inductive
and capacitive methods. The inductive methods use current-
sharing transformers (CSTs) so that their current can be equally
distributed. However, a careful design of the CST is required,
and high-voltage stress is imposed on the devices during the
reset period of CST. The capacitive methods use the charge
balance condition of a blocking capacitor as shown in Fig. 1. It
can be seen that the currents provided to each channel flow in
the opposite directions through the blocking capacitor so that
the current in each channel is naturally balanced by the charge
balance condition. Due to its simple design and implementation
compared to the inductive methods, the capacitive balancing
method has extended its area to the small power two-channel
LED driver applications [15], [16].

In conventional approaches, the small power LED drivers
with a low input voltage have a relatively high output voltage
to drive LED string. In these kinds of applications, it can be
seen that the topologies for LED drivers are step-up convert-
ers. In small-power and step-up specifications, the flyback and
the tapped-boost converter with the blocking capacitor can be
strong candidates due to their high step-up capability and sim-
plicity [15]-[19]. The flyback and tapped-boost converter has
high step-up capability in that they can increase the voltage
conversion ratio simply by adjusting the turns ratio of the mag-
netic devices. Also, they only use one switching device resulting
in cost effectiveness. Furthermore, with the blocking capaci-
tor, current sharing between two LED strings becomes simple.
However, both of the flyback and tapped-boost converters suffer
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Fig.2. Isolated forward-flyback two-channel LED driver with voltage doubler
rectifier and blocking capacitor.

from high-voltage stress, much higher than the output voltage,
on the switching devices. This is because the energy stored in
the leakage inductor of the magnetic components causes a se-
vere resonance when the switch is turned off. Regrettably, it is
essential for these converters to reset the energy stored in the
leakage inductor, in order to deliver the energy in the magnetiz-
ing inductor to the output. The resistor-capacitor-diode (RCD)
snubber is the easiest way, but it degrades the efficiency of the
converter due to the energy dissipation. To beat this problem, re-
searchers have been studied lossless snubbers [20], [21]. These
methods store the energy into the lossless snubber components
and then return the energy back to the input source or deliver to
the output side. Although these methods improve the efficiency,
the cost and power density of the system is degraded since they
require additional components.

For these reasons in this paper, it is aimed to deliver the
energy stored in the leakage inductor directly to the output
side, not storing in the additional components. There are some
important characteristics that should be considered during the
derivation of the proposed driver. First, the additional compo-
nents for the losses snubber should be eliminated, in order to
maximize the power density and price competitiveness. Second,
since the proposed driver is used for the two-channel LED ap-
plications, the current balancing capability should be preserved.
The derivation, operating principles, steady-state analysis, de-
sign guidelines, and the verification of the proposed driver will
be discussed in the following sections.

II. DERIVATION OF THE PROPOSED DRIVER

The derivation of the proposed driver is based on an isolated
forward-flyback converter, as shown in Fig. 2. Among many
isolated converters [8]-[14], [23], [24], the forward-flyback
converter is advantageous in that is uses a small number of
components. A voltage doubler rectifier has been adapted in
order to obtain a larger voltage conversion ratio. Also, in order
to reduce the primary side current when the switch is turned off,
a resonant blocking capacitor has been selected. As mentioned
before, the conventional forward-flyback converter has a RCD
snubber in order to reset the current in the leakage inductor.

As shown in Fig. 3(a), in nonisolated applications, the output
capacitors can be used as the snubber capacitor. In the voltage
doubler rectifier, two output capacitors are connected in series.
Therefore, the sum of the output voltage is large enough to reset
the current in the leakage inductor. During the reset, the amount
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Fig.3. (a) Derivation of nonisolated forward-flyback two-channel LED driver
with RCD snubber elimination. (b) Current path of leakage inductor during the
reset.

of charges delivered to C,; and C,, are equal each other since
the output capacitors for each channel are connected in series.
It can be noted that the non-isolated two-channel LED driver
shown in Fig. 3(a) does not require any additional component,
and also the current balancing characteristic is well preserved.
However, it suffers from a high-voltage stress, because the sum
of the two output voltages is imposed on the main switch in this
structure.

Fig. 4(a) and (b) illustrates the derivation and configuration of
the proposed driver. The proposed driver also uses pre-existing
capacitors so that it does not require the additional components.
As can be seen in the figure, the difference is that the proposed
driver uses the blocking capacitor and one output capacitor to
clamp the voltage stress. The voltage stress on the switch can
be decreased significantly, since the voltage on the blocking ca-
pacitor is much smaller than the output voltage. Furthermore,
as shown in Fig. 4(c), the charges delivered to the blocking
and one output capacitor are the same each other since they are
connected in series. According to the charge balance condition
of the blocking capacitor, the leakage inductor energy absorbed
in the blocking capacitor should be delivered to the other out-
put capacitor so that the current balancing characteristic is still
preserved.

III. STEADY-STATE ANALYSIS

Figs. 5 and 6 illustrate the equivalent circuits and the steady
state waveforms of the proposed driver. The proposed driver op-
erates with a constant switching frequency. The output current is
regulated using the duty cycle control. In this paper, the equiv-
alent primary side leakage inductance L, has been used for
simplicity, and this approximation does not affect the analysis
because the coupling coefficient of the transformer is high. The
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Fig. 4. (a) Derivation and (b) configuration of the proposed driver. (c) Current
path of the leakage inductor during the reset.

sum of the primary side leakage inductance and the secondary
side leakage inductance reflected to the primary side has been
represented by L.

A. Operational Principle

In mode 1, during #y — #;, Q is turned on and the resonant
between L, and C;, occurs. The current on the leakage induc-
tor iz, resonates and the voltage across C;, decreases according
to the resonance. The resonant period of L, and C;, becomes
2n7/LikgCp. The current on the magnetizing inductor iy, in-
creases. Assuming the inductance of the magnetizing inductor
L, is large enough to ignore the resonance, the current on it iy,
increases linearly. Since Q is turned on, the voltage across L,,
and Ly, is the input voltage Vi,, and therefore, i;,, increases
with the slope of Vi, /(L,, + L) and the ripple of iy, (Air,)
becomes Vi, DT;/L,,,assuming L,, >> Ly,. The difference be-
tween iy, and iy, is delivered to the secondary side of the
transformer through D;. Therefore, ipy = (i,, — iLm)/n and
iry, =iLm + niy,. In the below region, Ton(= DTy) is large
enough so that iz, becomes equal to iz, and the resonance is
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Fig.5. Equivalent circuits of the proposed driver during: (a) mode 1 (9 — #1),
(b) mode 2 (t; — 12), (c) mode 3 (2, — #3), and (d) mode 4 (13 — té)A

finished. Mode 1 ends when either the resonant is finished in the
below region or Q is turned off in the above region.

In mode 2, during #; — #, iz, and i Lig increase linearly with
the slope of Vi, /(L,, + Li,). This mode ends when Q is turned
off.

In mode 3, during #, — 13, after Q is turned off, the voltage
across the main switch vy, increases abruptly and the snubber
diode Dy, is turned on so that vy, is clamped to the sum of v,
and Vi gpy. After vy, is clamped to the sum of v, and Vigpy, i Lig
flows through Dy, thoroughly. Since C, and C,; is connected
Dy, in series, the entire iz, flows through Cp, and Cy;. In this
mode, iy, is reset and the energy stored in Ly is transferred
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Fig. 6. The steady state waveforms of the proposed driver in a below region.

to the series connected C, and C,,, so that the amounts of
the charges transferred to two capacitors are equal each other.
Also, the difference between iy, and iy, is transferred to the
secondary side of the transformer through D,, divided by the
transformer turns ratio n. Mode 3 ends when iz,, becomes zero
and Dy, is turned off.

In mode 4, during 3 — #), Dy is turned off and the energy
stored in magnetizing inductor L,, is transferred to the sec-
ondary side through D5, divided by n. In this mode, iy, is trans-
ferred to the series connected Cj, and C,; so that the amounts
of the energy transferred to two capacitors are also equal each
other. i;,, decreases by the slope of —n(v., + Viy2)/L,,. Mode
4 ends when Q is turned on again. After Q is turned on,
the current through D, decreases and the resonance between
Lz and C), begins and the proposed converter goes back to
mode 1.

The proposed driver can operate in the below or above region
according to the input voltage and the output current conditions.
If the proposed driver operates in the below region, the
resonance between the leakage inductor L, and the resonant
blocking capacitor C}, is finished before the main switch Q is
turned off. On the other hand, if Q is turned off during the
resonance, the proposed converter operates in the above region.
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In the below region, the operation of the proposed driver can be
divided into four modes in a switching period 7. In the above
region, the operation of the proposed driver can be divided into
three modes, excepting for mode 2 in the below region.

B. Considerations on the Current Balancing Capability

During modes 3 and 4 in the previous mode analysis, it can be
noted that the output current for C,; are provided by two com-
ponents, iz, and iz,,. In the conventional flyback converter, the
energy stored in Ly, is not transferred to the output side because
the energy is usually dissipated by RCD snubber. However, in
the proposed driver, the energy stored Ly, is also transferred to
the output side and the current balancing capability should be
studied considering iy, reset. While Cyy is charged, C,, is al-
ways series-connected to C,; so that Cj, is charged by the same
amount of charge with C,,. According to the charge balance
of the resonant blocking capacitor, the same amount of charge
absorbed by C;, should be transferred in the opposite direction
while Cj, is discharged. Since D; and C,; is the only current
path for C;, to discharge, the same amount of absorbed by C}, is
delivered to C,;. Therefore, the output current for each channel
is balanced equally.

C. Voltage Conversion Ratio

In order to obtain the voltage conversion ratio of the pro-
posed driver, the average voltage on blocking capacitor Avg(v.p)
should be obtained. Avg(v.») can be obtained by the voltage-
second balance condition on the secondary side of the trans-
former as follows:

DT; T
/ [ViED1 — vep(8)] dt +/ [—ViED2 — vep(t)]dt =0

0 DT,
(1
T
/0 vep(t) dt = TonViepr — Toft VLED2 2)
I L vep(t)dt
(vep) = ————=DVigp1 — (1 = D)Vigpo.  (3)

T

Assuming Vigp = Viepi = Viepe, (2) can be rearranged as
follows:

(vep) = 2D — 1) Vigp. “4)

From (3), it can be noted that when D = 0.5 and Vigp; =
ViED2, (Vep) becomes zero. Also, (vep) increases with a larger
D and decreases with a smaller D.

It is assumed that the proposed driver operates near the res-
onant point, which means that Q is turned off right after the
resonance between L, and Cp, ends. According to the opera-
tional principle, applying the voltage-second balance condition
on L,, leads to the following equation:

L, } — (- DT, |:AVg(Ucb) + VLED2] .

DT; [Vm—
Lm + leg n
(5)
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Rearranging (3) and (5) leads to the voltage conversion ratio
of the proposed driver as follows:

Viepi + Vigp2 L, n
Vi Ly+Lyg1l—D'
Also, assuming L,, > L, Ly, /(Lyy + Lizg) becomes 1 and

the voltage conversion ratio and the duty ratio can be approxi-
mated as follows:

(6)

nViy

Viep1 + VLED2.7

Vieoi + Vi = n
Vi (1-Dy’

Assuming Vi gp is constant, D becomes smaller as Vj, in-
creases.

D. Voltage Stress on the Switching Devices

Since the proposed converter has a voltage doubler rectifier,
the voltage stresses on Dy and Dj, Vpimax and Vpo_max, are
clamped to the sum of Vi gp; and Vigp, as follows:

®)

The voltage stress on the main switch is closely related to
the ripple voltage of the blocking capacitor Avc,. According
to the charge balance of C,;, the amount of charge delivered to
C,1 during Ty, is equal to I gp 7. Also, since Cj, is connected
with C,; in series during T,,, the amount of charge delivered
to Cp during To, is also Iy gp| Ty = I gpTy. In the same way,
the amount of charge delivered to C;, during Tof iS I ppe Ty =
I gpT;. Therefore, Avcy, can be presented as follows:

QO _ LT
[

From (9), it can be noted that Av¢y, increases as Ij gp increases
with a given switching frequency and the blocking capacitor.

The voltage stress on the main switch Vg nax is the sum of
ViED2 and vey(23). For simplicity, it is assumed that the voltage
clamping period is short and C}, is large enough to neglect so
that v¢yp is constant during #, — 3. In this case, v¢, waveform
becomes vertically symmetric and Vg max can be presented as
follows:

Vbi_max = Vp2_max = VieD1 + ViED2-

(€))

Ava =

AUCb

Vo max = Viep2 + (vep) — 7

Substituting (3) into (10) leads to the following equation:

(10)

Avcp
Vo max = D (Veep1 + ViED2) — 7

an

From (11), it can be noted that the voltage stress on the main
switch is proportional to D.

E. Considerations on the Direction of N;

An interesting feature of the proposed driver is that the volt-
age stress is affected by the direction of N;. In the proposed
converter, the dot side of Ny is connected to rectifier diodes. In
this case, v¢p, decreases during DTy since Cj, is discharged.

On the other hand, when the dot side of N, is connected
to Cp, vcp increases during DTy since Cj is charged. vy
has its maximum value when the main switch is turned off.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 5, MAY 2018

TABLE I
COMPONENTS LIST

Vin 2.97-3.63V Pout 11.55W
Components Notation Design results
LED - XREWHT-L1-0000, Cree Inc. 10EA,
SEA for each channel
Core Kool Mu 77059
Transformer Np 1 N 12(AWG16):61(AWG24), n = 5.08
J =400A/cm?
Ly, Likg 6.25 1H, 80 nH
Blocking cap C, 2.2 uF MLCC
Output cap Co1, Co2 22 uF MLCC 2EA for each
Main switch 0 IPBO17NOSNS (70 V, 1.7 m2)
Diodes Dy Dyy, Dry MBRS4201T3G (200 V)
Viep=Vr+l epRiep
lLep1 lLep2
_> 4—
| Channel 2 T
+ , +
Viep1 Viep:
o——— ——o
Fig. 7. Two LED channels for the experiment and their piecewise linear
models.

Therefore, Vg _max becomes D(Vigp1 + Vigp2) + Avep/2, not
D(Vigp1 + Viep2) — Avep/2. In this case, the worst voltage
stress occurs when /;gp is the maximum, and it is increased
by Avc, compared to the proposed converter. This will result
in not only larger voltage stress but also larger switching loss
of the main switch. This is because vy increases more during
the turn-off transition. Therefore, in the proposed driver, it is
more desirable for the dot side of N, to be connected to rectifier
diodes.

IV. DESIGN GUIDELINES

The proposed converter has been designed for an offline
2.97—-3.63 V4. input voltage and 11.55 W (3.3 V/0.35 A LED
10EA) output two-channel LED driver. The nominal input volt-
age is 3.3 V and it has £10% variation. Table I represents
components list of the proposed driver.

A. LED Characteristics

Ten LEDs (XREWHT-L1-0000-00D01, Cree Inc.) are se-
lected for the output. Each LED has 3.3 V/0.35 A rated output
power. Fig. 7 illustrates two LED channels for the experiment
and their piecewise linear models. Each channel consists of five
LEDs in series, and the piecewise linear model is used with
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Fig. 8.  I-V characteristics of each channels.

an ideal diode, a voltage source, and a resistor. In order to de-
fine I-V characteristics of LED channel, the voltages across
each channel have been measured with 0.07, 0.14, 0.21, 0.28,
and 0.35 A channel currents, and the data are linearly fitted.
Fig. 8 illustrates the I-V characteristics of each channels. For
channel 1, Vpy = 14.09V and R gp; = 6.75 2, and for channel
2, Viy = 14.34V and Rygp; = 6.69 Q. In the design, the aver-
age value of two channels is used; Vy = 14.21V and Ry gp =
6.72 2 for one channel. In this case, Vi gp becomes 16.562 and
15.386 V at 0.35 and 0.175 A conditions, respectively.

B. Turns Ratio

Duty ratio and turns ratio determination of the proposed con-
verter is similar with the conventional flyback converter. From
(7), n increases as D increases and n decreases as D decreases
in order to maintain the voltage conversion ratio with given
input and output voltage. With larger n, the root-mean-square
(RMS) current in the primary side can be decreased. However,
increased D imposes a larger voltage stress on the main switch
according to (11), resulting in larger turn-on resistance. There-
fore, selection of n and D depends on the designers’ choice.
Usually, in the flyback converter, the maximum duty ratio can
be selected near 0.5 considering efficiency optimization [22]. In
this example, 0.5 duty ratio is used at the nominal input voltage
and the rated output voltage condition. According to (7), n can
be determined as follows:

Vi Vi
n— LEDI + LED2(1 _ D)=

Vin,nom

2 x 16.562
33

x 0.5 =5.02.

12)

When the output voltage becomes smaller/larger than the

rated output voltage due to the tolerance, the maximum D be-

comes slightly smaller/larger than 0.5 at the minimum input
voltage condition.

C. Transformer and Switching Frequency

In the proposed converter, the design of the magnetizing in-
ductance of the transformer and the switching frequency is sim-
ilar with the conventional flyback converter. However, since
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iLy, during Ty, is different due to the resonant current, further
discussion is required. Assuming that the efficiency of the pro-
posed converter is 1, the input and the output power are equal
as follows:

Ton -
f() lL,kgdt
T

Since iy,, = iLm + niy during Ty, as mentioned in the pre-
vious section, and assuming Vigp = Vigpr = Viep: leads (13)
to the following equation:

y fOTon iLmdt N nfoTon iDldl
' T, T,

Vi = (Viep1 + Vieme) Iiep. (13)

= Via[D (iLm) +nliep] = 2ViepILED (14)

where (iz,,) represents fOT’“ irmdt/Ts, the average value of i,,.
Then, rearranging (14) leads to the following equation:

. Liep (2Viep
(im) = —— —nj.
D Vi

Since 2V gp/ Vin = n/(1 — D) according to the voltage con-
version ratio

15)

nl ep

1-D
The boundary conduction mode (BCM) occurs when (iz,,) =

Aipy, /2. Since Aip,, = VinDT/L,, according to the previous

mode analysis, BCM condition can be derived as follows:

_ VD — D)T;

B 2nligpp

(iLm> = (16)

a7

m

Rearranging (7) and (17) leads to the following equation:

L Vin T (1 nVin )
" 4IepViep 2Vien /)
The selection of L,, and f; is related to the efficiency opti-
mization of the proposed converter. Optimizing process of the
proposed converter is very similar with the conventional fly-
back converter. For L,,, larger L,, leads to reduced conduction
loss because of small RMS current. On the other hand, the core
size and loss increase because of high total flux linkage in the
transformer. For switching frequency, smaller f; leads to the
reduced number of the hard switching transition. However, too
small switching frequency leads to a high peak turn-off cur-
rent of the main switch, resulting in high switching turn-off
energy and large RMS current. In this example, considering the
tradeoffs, 3.3 V input and 0.175 A (50% of rated current) condi-
tion with 70 kHz switching frequency is selected to BCM con-
dition. Substituting Vi, =33V, T, = 1/70K, L gp = 0.75 A,
and Vigp = 15.386V leads to L,, = 6 uH. Considering the
peak of iy, = (irm) + Aip,/2 occurs at the minimum input
and the maximum output condition, Kool-mu 77059 has been
selected as the transformer core. In order to maximize the effi-
ciency of the transformer, the windings of the transformer have
been wound as tight as possible. Lj, value can be obtained
by measuring the resonant frequency from the waveforms.
As aresult, N, =12, Ny =61,n =5.08, L,, = 6.25 uH, and
L, = 80nH transformer has been designed.

(18)
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D. Resonant Blocking Capacitor

The resonant frequency of the proposed driver can be selected
considering the efficiency. When the proposed converter has a
long resonant period, it operates in an above region. In this
case, a large turn-off current in the main switch and reverse
recovery loss in the rectifier diode deteriorate the efficiency. On
the other hand, in a deep below region, RMS current increases
in order to deliver the same amount of charge in a short resonant
period. Therefore, the capacitance of the blocking capacitor has
been seen selected to obtain the resonant point operation at
the maximum input voltage (where DT is the minimum) and
0.35 A output condition. In order to have the resonant point
operation, Cp, is selected so that DT should be equal to the half
resonant period as follows:

DTy = 7,/ (n*Lg)Cp (19)
c D? 1 (1 1 Vin_max )2
b= = - .
n?m? f?Lig w2 f*Lig Viep! + ViED2

(20)

In this example, C, = 2.11 uF with n =5, f; = 70kHz,
Lig = 80nH, Vipmax = 3.63V, and 2Vigp = Viepr + Viepe.
Therefore, 2.2 uF MLCC capacitor has been selected as the
blocking capacitor.

E. Output Capacitor

The output capacitors can be selected considering the out-
put ripple current Al gp. In the proposed converter, the output
ripple voltage A Vi gp is equal to I; gp 75/ C,, same with the con-
ventional flyback converter. Also, since Al gp = AVigp/RieDp
from the piecewise linear model, the required C, can be obtained
by rearranging these two equations as follows:

Iigp 1
Aligp Riep fs

In this example, C, =42.5uF with Al gp = 0.05/gp,
Rigp = 6.72 2, and f; = 70kHz. Therefore, two 22 uF ML-
CCs are used for each output capacitor.

Co = 2y

E. Main Switch

In the flyback type converters, the maximum voltage stress
is calculated including the voltage spike in order to have suffi-
cient margin to the voltage rating of the main switch. From the
previous analysis, the peak voltage stress on the main switch is
equal to Vi gpa + vep(t2). Substituting (7) and (9) into (11) leads
to the maximum voltage stress on the main switch as follows:

ILep
Vo max = V) + Vi —nVihn — 22
0. LEDI LED2 2C, 1, (22)
Vo max =2V —nVin + | 2R — I ED.- 23
0. F—n ( LED 2C, fs> LED (23)

In this example, 2R gp — 1/2; Cy, f is positive as 3.25 with
Rigp = 6.72Q, C, = 2.2 uF, and f; = 70kHz. Therefore, it
can be noted that the maximum voltage stress on the main switch
occurs at the minimum input voltage and the maximum output
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Fig. 9. (a) Equivalent power deliver model and (b) small-signal equivalent
flyback converter of the proposed converter.

current condition. With Vi, =2.97V and I gp = 0.35 A, the
maximum voltage stress on the switch becomes 17.1 V. With
sufficient margin, IPBO17NO8NS (70 V, 1.7 m2) main switch
has been selected. Considering that a switch with a lower voltage
rating usually has a smaller turn-on resistance, the efficiency of
the proposed converter can be improved further with 30 V rated
switches.

F. Control to Output Transfer Function

In order to discuss about the current control of the proposed
driver, the small-signal modeling of the proposed driver should
be provided. The control to output transfer function of the pro-
posed driver can be obtained in a similar way with a conventional
flyback converter in CCM, excepting that Cj, is series connected
with the output capacitors. Therefore, we would like to show
an equivalent flyback converter, which has the same control to
output function with the proposed converter.

In the proposed converter, the amount of charge delivered
to channel 1 while the main switch is turned on is equal to
the amount of charge delivered to the blocking capacitor while
the main switch is turned off. Therefore, channel 1 can be
considered as the load of the blocking capacitor, and Fig. 9 rep-
resents the equivalent power deliver model and the small-signal
equivalent flyback converter of the proposed driver which has
the same control to output transfer function with the proposed
converter [10]. (P(¢))s represents the average delivered power
to the output side. Fig. 10 represents the simulation results of the
control to output transfer functions of the proposed driver and
the equivalent converter in Fig. 9(b). The blue and red solid lines
represents the control to output transfer functions for channels 1
and 2, respectively. The black dotted line represents the control
to output transfer function for channel 2 of the equivalent fly-
back converter. From the simulation results, it can be noted that
the equivalent flyback converter provides a quite exact control
to output transfer function. Therefore, it can be noted that the
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Proposed converter
Equivalent converter

Magnitude (dB)
5]

Phase (deg)

Frequency(kHz)
Fig. 10.  Simulation results of the control to output transfer function.
Fig. 11 Prototype of the proposed driver.

small-signal modeling of the flyback converter in Fig. R2(b)
lead us to the control to output function of the proposed driver.
The small-signal LED current can be obtained by dividing the
control to output transfer function by the LED resistance

Opp 1

— = — . 24
d d Rigp )

ILED

Therefore, the current controller can be design for the pro-
posed driver with the simple flyback converter modeling.

V. EXPERIMENTAL RESULTS

Fig. 11 and 12 illustrate the prototype of the proposed driver
and the key waveforms with the rated output current at dif-
ferent input voltage conditions. In accordance with the design
example, the duty ratio of the proposed driver is near 0.5 at
Vin = 3.3V and the rated output current condition. The duty
ratio slightly higher/lower than 0.5 in the case of Vj, =2.97V
and Vi, = 3.63V conditions, respectively. Therefore, the aver-
age value of vy is near zero, and Avcy is the same in all cases
as analyzed before. Also, v¢, decreases during DT so that the
voltage stress on the main switch is further suppressed. The pro-
posed converter operates at the resonant point at Vi, = 3.63 'V,
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Fig. 12. Key waveforms with the rated output current (0.35 A) at (a) Vi, =
297V, (b) Vi =3.3V,and (c) Vi =3.63 V.

as shown in Fig. 10(c). From the waveforms, it can be noted
that the proposed converter has small turn-off switching current
regardless of the input voltage condition. This is because the
proposed converter is a resonant type, whereas the conventional
converters [15], [16] have a higher switching turn-off current at
a lower input voltage conditions.

Fig. 13 illustrates zoomed in waveforms for Vp m. with
the rated output current at different input voltage conditions.
Figs. 12(a) and 13(a), 12(b) and 13(b), and 12(c) and 13(c)
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Fig. 13.  Zoomed-in waveforms for Vg _max with 0.35 A output current at (a)
Vin =297V, (b) Vi, = 3.3V, and (c) Vi, = 3.63 V.

are the experimental waveforms with the same operating condi-
tions, respectively. As analyzed before, Vj max becomes higher
as the input voltage decreases and the worst condition occurs at
Vin = 2.97 V. The maximum Vg _nax Was 19.4 V with the exper-
iment, whereas the analysis result was 17.1 V. This is due to the
additional voltage spike caused by the turn-on delay time of the
snubber diode and the parasitic components such as parasitic
inductor and resistor in the clamping loop.
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Vin = 3.3 V:(a) 0.35 A and (b) 0.07 A output current conditions.

Fig. 14 illustrates V_max With the opposite connection of N
at Vi, = 3.3V and the rated output current condition. As shown
in the figure, vc;, increases during DT and Vg nax has been
increased by 2 V compared to Fig. 11(b).

Fig. 15 illustrates the current sharing capability and Vg max
of the proposed converter at Vi, = 3.3 V with 100% and 20% of
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Fig. 16 Measured efficiency of the proposed converters.

Fig. 17. Temperature of the proposed converter at 2.97 V and 0.35 A condition
(1-h aging without heatsink and airflow).

the rated output current. As shown in the figure, current in both
channels are shared equally in the entire load conditions. Vi _max
decreases as the output current decreases as analyzed before.

Fig. 161llustrates the efficiency of the proposed converter. The
dotted and solid lines represent the efficiency of the proposed
converter in Fig. 4(a) and (b), respectively. The difference is
the voltage stress on the main switch. As mentioned before,
in the proposed converter in Fig. 4(a), the voltage stress on
the main switch becomes Vigp; + Vigp2. On the other hand,
in the proposed converter in Fig. 4(b), the voltage stress on the
main switch becomes smaller than Fig. 4(a). Also, the maximum
voltage stress on the main switch occurs during the switching
turn-off transition. Therefore, the main switch of the proposed
convert can have lower switching turn-off loss, resulting in a
higher efficiency. As shown in Fig. 14, the proposed converter
has a high efficiency in the entire input and output conditions. In
almost every conditions, the efficiency of the proposed converter
is higher than 90%.

Fig. 17 illustrates the temperature of the proposed converter
at2.97 V and 0.35 A condition after 1 h aging without heatsinks
and airflow. The highest temperature 44 °C is observed at the
main switch, and it can be noted that the proposed converter is
thermally stable.

Table II illustrates the comparison on the number of com-
ponents. As shown in the table, the proposed converter has the
minimized number of components since it does not have the
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TABLE II
COMPARISON ON THE NUMBER OF MAIN COMPONENTS

Components Proposed [3] [4]
Magnetic component 1 1 1
Blocking cap. 1 1 1
Main switch 1 1 2
Rectifier diodes 2 2 2
Snubber diode (Avg. current) 1 (<0.05A) 1(0.35A) -
Snubber capacitor - 1 1
Total 6 7 7

snubber capacitor and uses one main switch. Furthermore, the
snubber diode has a small average current since it is turned on
only when i Lig is reset. On the other hand, the snubber diode in
[15] has 0.35 A channel current as its average current.

VI. CONCLUSION

In this paper, a new single-switch nonisolated two-channel
LED driver for low output power has been proposed and ana-
lyzed. The proposed converter uses the blocking capacitor and
the output capacitor as the snubber capacitor. By doing so, the
proposed converter eliminates the snubber capacitor while main-
taining the current sharing capability. Also, the proposed con-
verter has a low-voltage stress on the main switch. Furthermore,
the proposed converter can achieve a high efficiency since it
has smaller number of components in the main current path
and smaller main switch turn-off current due to the resonance.
Therefore, the proposed converter can be a strong candidate in
the small power LED driver applications.
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