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Analysis and Design of a Single-Switch
Forward-Flyback Two-Channel LED Driver With
Resonant-Blocking Capacitor
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Abstract—In order to balance the light-emitting-diode (LED)
current in each channel, many active and passive methods have
been investigated. Among the various methods, the passive method
using the LLC converter with a blocking capacitor or flyback con-
verter with a current-sharing transformer (CST) in the secondary
side is one of the simplest methods because it does not use any
active component. However, the LLC driver requires two main
switches and external resonant inductor to obtain a wide output
voltage range. Also, flyback with a CST requires an additional
magnetic component for CST and high-voltage rated diodes, re-
sulting in the limitation of the cost and system volume. In this
paper, a single-switch forward-flyback driver for a two-channel
LED is proposed. The most powerful advantage of the proposed
driver is the cost effectiveness, since it eliminates additional mag-
netic component. Furthermore, due to the reduced-voltage stress
on rectifier diodes compared to the flyback driver, the proposed
driver achieves a higher efficiency. The prototype of the 150-100-
V/0.3-A two-channel LED verifies the effectiveness of this paper.

Index Terms—Blocking capacitor, forward-flyback converter,
passive current balancing, two-channel LED driver.

I. INTRODUCTION

OWADAYS, the light-emitting-diode (LED) market has

been rapidly growing. From low-power applications such
as a flashlight to midpower applications such as a streetlight,
the LED is replacing the other light sources because of its long
lifetime, high efficiency, and its eco-friendly characteristics [1],
[2].

In the midpower applications, a two-stage structure, which
is composed of a boost power factor correction (PFC) and an
isolated dc/dc converter stage, is widely used. The boost PFC
provides a high power factor and a low total harmonic distortion,
and the dc/dc stage regulates the LED current to control the lu-
minance. Because the current of LED determines its luminance,
a series-connected LED string is widely used in the midpower
applications. However, too many LEDs in series result in a high
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Fig. 1.  Structure of a two-channel LED driver.
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Fig. 2. Capacitive current balancing method for a two-channel LED driver
with a blocking capacitor.

output voltage of the dc/dc converter, which burdens the output
capacitor. Furthermore, the reliability of the driver also can be
reduced because the light will be turned OFF when only one
module is broken [3]. For these reasons, LED strings are con-
nected in parallel, and a two-channel structure is widely used in
near 100-W applications, as shown in Fig 1. In the two-channel
structure, the current in each channel must be balanced because
the LED has the negative temperature coefficient of the forward
voltage drop. Therefore, it is required for the two channel LED
driver to have not only current balancing characteristic, but also
the wide output voltage range capability.

Among many current balancing techniques [3]-[14], the pas-
sive current balancing methods have been investigated as a solu-
tion for many components of the active current balancing meth-
ods. The passive balancing methods can be subdivided into the
capacitive and inductive balancing.

The key concept of the capacitive current balancing meth-
ods is the use of blocking capacitor, as shown in Fig. 2. A
series-connected blocking capacitor in the secondary side of the
transformer balances the current of two LED strings. By the
charge conservation, the average current flows through the two
LED strings (Avg(irgp1) and Avg(ipgp2) in Fig. 2) are nat-
urally balanced without the active components [9], [11]-[14].
The capacitive method is very cost effective in that it uses a
small number of components. In the primary side of the pas-
sive current balancing drivers, a current-source-type inverter
is required in order to use the charge balance of the block-
ing capacitor. The LLC converter is widely used because of its
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zero-voltage-switching characteristics. However, the LLC con-
verter requires two main switches and the additional resonant
inductor to obtain wide output voltage range. Therefore, the pas-
sive current balancing drivers that use the LLC converter have
a limitation in their system volume and cost.

The inductive methods [3], [4] use a current-sharing trans-
former (CST) in series with each LED string so that the current
of each string is automatically balanced. Especially, a flyback
converter can be used in the two-channel structure [3]. This
method can be a cost-effective solution for the two-channel
driver because the flyback converter is well known for low cost
and wide output voltage capability. However, it requires addi-
tional magnetic component and the CST should be carefully
designed in order to prevent the current in each string from
being unbalanced. Furthermore, the voltage stress on the rec-
tifier diodes is too high because of a complicated resonance
between the CST and the rectifier diodes during the reset of the
CST. Therefore, the cost problem, core loss, and large conduc-
tion losses are unavoidable with the structure because the CST
causes core loss due to the voltage difference between two chan-
nels, and high-voltage-rated rectifier diodes have a high forward
voltage drop.

In this paper, a single-switch isolated driver for two-channel
LED strings is proposed. First, by using an on-time-controlled
forward-flyback inverter in the primary side, the proposed driver
obtains a wide output voltage range. Because the proposed driver
can use a small leakage inductor as the resonant component, the
additional external inductor can be eliminated. Second, the pro-
posed driver has clamped-voltage stress on the rectifier diodes
so that the low-voltage-rated rectifier diodes can be used. The
most powerful advantage of the proposed driver is the cost ef-
fectiveness, since it uses only one main switch and the main
transformer, without additional magnetic components. Further-
more, voltage stress of the secondary-side rectifier diodes is
clamped, so that it is possible to obtain in a further reduced
conduction loss compared to the flyback driver.

II. PROPOSED DRIVER

Figs. 3 and 4 show the proposed driver and its key waveforms.
As shown in Fig. 3(a), a single-switch inverter is used in the
primary side of the proposed driver. The proposed driver is
controlled by the on time of the main switch. In order to reduce
the switching loss of the primary-side inverter, the proposed
driver operates with the valley switching technique, and the
magnetizing inductor of the main transformer operates in the
boundary conduction mode (BCM). Fig. 3(b) and (c) illustrates
the secondary side of the proposed driver with a full-bridge and
voltage-double-type rectifier, respectively. The only difference
between two rectifiers is only voltage stress on rectifier diodes.
For simplicity, this paper deals with the below resonant region
of the proposed driver.

A. Operational Mode Analysis

Mode 1 (ty — t1): The main switch is turned ON when the
voltage across the switch (v4,) is minimum. The resonant current
between the leakage inductor of the transformer (Lyy, ) and the
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Fig. 3. Proposed two-channel LED driver. (a) Primary side. (b) Secondary
side with full-bridge-type rectifier. (c) Secondary side with voltage-doubler-
type rectifier.

resonant-blocking capacitor (C;;) is transferred to the output
capacitor C,. The effective resonant factors during mode 1 are
Ly, / n? and C,;, because Ly is reflected to the secondary side
of the transformer. The voltage across the resonant-blocking
capacitor (v.,p) decreases with the resonance. The voltage on
the primary side of the transformer (v,,;) is equal to the input
voltage (V;,,). Assuming that the magnetizing inductor (L,, ) has
a much larger inductance than Liy,, the current of magnetizing
inductor (i1, ) increases with the slope of Vi, /L,,,. The current
difference between 4, and iy, is transferred to the secondary
side through D,- and D,,. The powering to C,o ends when
the primary-side current of the transformer (7,,,;) becomes equal
to iz, . The secondary-side current of the transformer (ise.)
becomes zero. The amount of energy transferred to C,9 during
this mode is equal to that of the energy stored in C,;, when the
main switch is turned OFF.

The duration of mode 1 is approximately a half of the resonant
period 74/ Lixg Cyp, /1, when the proposed driver operates near
the resonant point.
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Fig. 4. Key waveforms of the proposed LED driver.

Mode 2 (t; — t5): The main switch is still turned ON and i,,,;
increases linearly. Mode 2 ends when the main switch is turned
OFF.

Mode 3 (t; — t3): After the main switch is turned OFF, i},,;
is reset by the RCD snubber and the energy stored in L,, is
transferred to series-connected C);, and C,; through D,; and
D, 3. The voltage across L, is —n(VLgp1 + verp). The voltage
stress of the main switch becomes Vi, + n(VL.gp1 + Verd)- inm
and |ise.| decreases linearly. v, is increased by ige.. During
this mode, the amount of energy transferred by L,, should be
equal to the amount of energy consumed at the series-connected
C,p and Cy1.

Mode 4(t3—t{,): After i, becomes zero, vy, decreases due
to the resonance between the output capacitance of the main
switch and L,,, + Lix,. The main switch is turned ON when v,
is the minimum.

When the proposed driver operates in an above resonant re-
gion, only mode 2 is eliminated because the main switch is
turned OFF before the resonance between Ly, and C,; ends.

B. Steady-State Characteristics

In order to avoid complexity, it is assumed that the proposed
driver operates at the resonant point, and the delayed switching
period due to the valley switching is ignored, as shown in Fig. 5.
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Fig. 5. Simplified primary current of the proposed driver.

The average value of v, (Avg(verp)) can be approximately-
obtained applying the volt—sec balance at the secondary side of
the transformer as follows:

Ton T
/ [VLEDQ — Uerb (t)] dt = / [VLEDI + Verp (t)] dt
0 T,

on

(1)
Ton VLED2 - Toﬂ VLEDI = (Ton + Toﬂ) AVg (Ucrb> (2)
Ton [Veep2 — AVE (verp)] = Tom [Viep1 + AVE (verp)] (3)

where Ty = Ty, + Tog and Avg (vepp) = jOT Verp (8) dt/Ty.

Assuming that the magnetizing inductor (L,,) has a much
larger inductance than Ly, the voltage across L,, becomes Vi,
when the main switch is turned ON. Then, the volt—sec balance
on L,, can also be obtained as follows:

Ton Vvin = loff M [VLEDI + Avg(vcr'b)] . (4)

Combining (2) and (3) leads to the explicit form of Avg(v,,p)

can be obtained as follows:
‘/Ell
Avg(very) = - + ViED2- )

From (5), one interesting thing can be found that the volt-
age across (), is independent on Vigpi. Viy, n, and Vi gpo
determine Avg(ve,p). The maximum Avg(v.,.;) occurs when
Vigp2 = 0.

The ripple voltage of C..,(Av,,) can be obtained by applying
charge balance on C,,; as follows:

AUcrb = ILEDQTS/Crb~ (6)

The switching period 7 can be obtained from (4) and (6) as
follows:

n(VLep1 + Vep2)/Via
n(Viep1 + Vigp2)/Vin — 17

Actually, the switching period of the proposed driver has ad-
ditional components, due to the resonance for valley switching.
Exactly, the switching period would be T, + Tog + T}es, Where
T'.s represents the resonant period for valley switching. Because
T} s 1s constant, the half of the resonant period between L,,, and
output capacitor of the main switch, the minimum switching
period cannot be smaller than 7}.s. However, in this paper, the
effect of T}.s is omitted for a simple design procedure.

Now, the energy conservation mentioned in mode 3 can
provide the required 7, according to Vigp; and Vigpo.
Fig. 6(a) shows the equivalent power delivery model of the pro-
posed driver. The average current consumed at C,; is ILgp1,

Ts = Ton + Toff = Ton

(7
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Fig. 6. Equivalent power delivery models of the proposed driver (a) focused
on the energy stored in L, and (b) a simplified form when I1,xp1 = ILgp2 =
ILep.-

and the average current consumed at C,; is I gpo. The av-
erage power delivered by L,, during T, ((P(t))rs) is 0.5
Ly (ViaTon /L )? /Ts. When I gps = ILgp1 = Iiep due to
the charge balance on C,;, the model can be simplified, as
shown in Fig. 6(b). Therefore, the power consumed at C',; and
C'y, can be obtained as (Vi,gp1 + Avg(verp))ILEDp - The energy
delivered by L,, during T ((P(t))7sTs) must be equal to the
energy consumed at C,; and C,;, and this condition leads to the
following:

0.5 Lm TS‘ (V;nTon/Lm )Q/Ts - (VLEDl + AVg(Ucrb))ILED T9~
()

Combining (6)—(9) leads to the required 7y, according to
Vi,ep1 and Vi gpo as follows:

(Viept + Viep2)/Vin = VinTon /2L I1ED )
Ton = 2Ly Iuep (Vigp1 + Viepe)/Via. (10)

It can be noted that # is eliminated during the rearranging,
and only T, determines the output voltage of LED strings.
Larger the T, larger the Vi gp1 + Vigp2. Similar with the
conventional BCM flyback converter, the output voltage of the
proposed driver only depends on 7j,,.

C. Control-to-Output Small-Signal Modeling

In order to ensure stability of the system, the control-to-output
transfer function (Gy.(s)) should be investigated. In the pro-
posed driver, G,.(s) can be obtained in a similar way with a
conventional flyback converter in BCM [15], excepting that C,,,
is series connected with the output capacitors. In order to ob-
tain G, (s), the average current flowing through D, and D,
((ipr1) and (ip,2)) should be obtained according to the on-
time variation. To avoid complexity, it is assumed that (ip, )
and (ip,2) become naturally equal because of the charge con-
servation of C';,. From the previous mode analysis, the amount

2317

of charge transferred to C,9 during Ty, is equal to that of the
energy stored in C,;, during T,g. Also, the amount of charge
transferred to C,; during Tog is equal to the amount of charge
stored in C,.,

(1)

Although the proposed driver operates in a transient state, this
condition is still satisfied because the response of the resonant
tank is very fast. The resonant frequency of the proposed driver
is close to the switching frequency, so that its response can be
neglected assuming that the cutoff frequency of the system is
usually located lower than 1/10 of the switching frequency.

From Figs. 5 and 6, (ip,1) can be obtained as follows:

<iD > _ QDrl o V;%T(m
' T 2L,, Viep1 + VieD2)
In order to obtain control-to-output transfer function,

Oipr1)/0Ton and O{ip,1)/O(VLEp1) should be considered as
follows:

(ipr1) = (ipr2) = (ipy) -

12)

aTon 2Lm (VLEDI + VLED?)
. . 2
d(ipr)  O(ipr) _ V2 Ton (14)

OMViepr  OVigpe  2Lm (Viepi + Viep2)?

Now, the control-to-output transfer functions of Vzgp; and
VLED2, the proposed driver can be obtained with (ip, ) and 7,
where 7 is the impedance of the parallel-connected C,; and
Riep1 (Z1 = RLEDl/(l + ScolRLE])l)) as follows:

OViegp1 = 0 (ip,) Z1

-—Zl(aaD”aﬂm+»3“”>awEm> (15)

0T OVLED1
8<7:D7'>
OVLED1 T, 41
GUlC(S) = T = 1— (ip,) 7 . (16)
on OVLED1

Then, the control to output transfer function of V1, yp; can be
rearranged as follows:

G
@mwzlﬁz (17)
Got = V2 Rigp1 (Viep: + Viep2) (18)
2L, (Vigp: + Vigpa)® + Vi2Tow RigD1
1 V2 Tow RLED1

wp = + 5

Co2Rrepr 2L, Co1 Rigp1 (Viept + Viep2)
(19)

From (18), it can be noted that the control-to-output transfer
function of the proposed driver is a one-pole system. Also, the
control to output transfer function of V gpo can be obtained in
a similar way from the following:

O0Viep2 = 0 (ip,) Zo

(BGine) . D)
= 7y ( T, oT,, + Vi ons OViED2 | . (20)
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Fig. 7. Extension to the multioutput structure with capacitive balancing [11].

The control-to-output-current of LED1 can be obtained as
Gy1.(s) divided by the resistance of a LED string G;1.(s) =
Guy10(8)/Rrgp1 . In a similar way, Gi2.(s) = Gpac(s)/RLED2-
Then, at a high frequency much higher than the pole of the
system, where the stability issue is directly related, the total
control-to-output-current of the proposed driver can be obtained
as follows:

Goi1wpi

1 G
Gic(s> = Gilc<5> + Gi?c(s) = ; ( + 02(“)[)2) .

Rrepi Riep2

D. Extension to a Multichannel LED Driver

Because a capacitive balancing method has a very simple
structure, present study already has extended it to a multioutput
structure. A representative study about the extension is pro-
vided in [11]. In order to apply the capacitive balancing to the
multioutput structure, the study used a series—parallel rectifier
with blocking capacitors. In the proposed driver, the extension
can be achieved by replacing the blocking capacitors with the
resonant-blocking capacitors, as shown in Fig. 7. In this struc-
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ture, It gpi and I1gpy 1 flows in the opposite direction through
Cypr, where k = 1,2, and 3. Therefore, all currents in each LED
string become naturally balanced. All resonant-blocking capac-
itors have the same capacitance C, .

In the proposed driver, the secondary-side currents flow fol-
lowing the dotted line in Fig. 7, when the main switch is turned
ON. Also, the voltage across the secondary side of the trans-
former becomes Vi, /n. Applying Kirchhoff voltage law (KVL)
along the dotted lines results in the following:

Vi

Avg(vera) = % — ViLED4 (22)

2Vin (23)

Avg (Verp2) — Avg (Verp3) = —Vigp2 + -

When the main switch is turned OFF, the secondary-side
currents flow following the solid-dotted line in Fig. 7. Assuming
Useel = Usec2 = Usec3 = Usee, applying KVL along the solid-
dotted line results in the following:

(24)
(25)

Vsee = _AVg(/U(:TQ) + VLEDl
205ec = —AVE (Verpa) + Avg (Verp3) + ViEDS-

Combining (22)—(25) lead to the average voltage of all bal-
ancing capacitors as follows:

2Viep1 — Viep2 — Vieps — ViED4 n Vi

Avg(vcrl) = 3 7
(26)
~ 2Vegp1 +2Vegp2 — Vieps — Vieps  Via
AVg(”ch) - 3 — 7
27
Vin
Avg(ver3) = o VLED4- (28)

The effective resonant capacitance (Cj_of ) in the multiout-
put structure can be determined by the simplified equivalent
circuit for C,j_o, as shown in Fig. 8. When the main switch
is turned ON, C,,; and C,;o are series connected with two
secondary windings, and C,,3 is series connected with one
secondary windings. From the figure, the reflected equivalent
capacitance to the primary side of the proposed driver can be
determined as 3C, .,/ n? so that the resonant period can be con-
sidered during the design. Further design of the proposed driver
with the multioutput structure is omitted because of similarity
with the two-channel structure and the space limitation of this

paper.

III. DESIGN PROCEDURE

In order to verify the effectiveness of the proposed driver,
400-V input 150-100-V/0.3-A two-channel output prototype
has been designed.

A. Turns Ratio of the Transformer and the Main
Switch Selection

From the volt-sec balance condition in (4), it can be noted
that Vigp1 + Avg(verp) should be larger than zero, in order to
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reset i1, . By substituting (5) into (4), the required minimum
turns ratio of the proposed driver can be obtained as follows:

VieD1 + AVE (Very) = VieD1 + ViED2 — Vin/n > 0. (29)

Because Vigp1 and Vigps vary according to its operat-
ing temperature, Avg(v.,;) should make Vigp1 + Vigps +
Avg(vepp) larger than zero when Vigp1 + Vigp2 is the mini-
mum as follows:

VLEDlJnin + VLEDQ,min - V;n/n >0 (30)

where VLED1 min and VLEp2_min are the minimum values of
Viep: and Vi gpo, respectively. Rearranging (30) allows ob-
taining the minimum turns ratio of the proposed driver as fol-
lows:

n > ‘/in/ (VLEDlJnin + VLEDQ,min) . (31)

The voltage stress on the main switch, when the main switch is
turned OFF, can be obtained by Vi, + n(VLep1 + Avg(vers)),
and it is maximum when Vi, gp; and Vi, gpo are maximum as
follows:

VUds_max — n(VLEDlJnax + VLEDQ,max)- (32)

From (31) and (32), it can be noted that wide output voltage
range makes n larger, resulting in large voltage stress on the
main switch in the proposed driver. However, it only requires
high-voltage-rated switch, not additional components like the
case of the LLC converter. According to (31), n should be larger
than 400/(100 + 100) = 2.

With the given minimum 7, the selection of turns ratio in the
primary-side inverter is directly related to the selection of the
main switch. With a larger n, the RMS current on the main switch
can be reduced. However, the turn-on resistance becomes larger
with larger n because the voltage stress on the main switch
becomes larger. For these reasons, the selection of the main
switch can be different according to the designers’ choice.
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With given main switch, a large n reduces RMS current in the
primary side. However, a large n results in a high-voltage stress
on the main switch causing a reduced margin on the voltage
stress. With larger n, therefore, a snubber resistance, which
determines the peak voltage stress, should be small enough to
clamp the peak voltage stress at a safe level. Therefore, it can be
noted that there is a tradeoff between conduction and snubber
losses in the forward-flyback inverter. Considering the tradeoff,
n = 78:38 = 2.05 is selected in this example. Although 7 is
slightly larger than the required value, the ripple of v.,, makes
sure that 77, can be reset because v,.,.;, increases when the main
switch is turned OFF. Also, the maximum voltage stress on the
main switch becomes 2.05(150 + 150) = 615 V, as shown in
Fig. 9, so that the selection of 800-V-rated switch as the main
switch is reasonable, considering the peak voltage stress on the
main switch becomes Vi, + Vi1

B. Transformer Core, Magnetizing Inductance,
and Switching Frequency

The selection of the transformer core is usually conducted
according to the area product (4, ), which is the product of the
window area and the cross-sectional area of the transformer
core. In the proposed driver, A, value of the transformer core
can be deduced as follows:

A ‘/inTon (’L + Z.sec,RMS )
p = pri_RMS
Bmax Ku J n

where ‘/in’ Tona Bmax’ Ku,’ J, ipri,RMS, ise(:,RMS, and n are the
input voltage, on-time of the main switch, the maximum flux
density of the transformer core, the window utilization factor,
the current density of wires, the RMS current in the primary
and secondary side, and the turns ratio of the transformer, re-
spectively. Substituting (10) into (33) explains the relationship
between L,, and A, as follows:

(33)

2Iiep (Viep1 + Vigp2)
BIII&X Ku J‘/ill

. isec,R,MS
X <7fpriRMS + n) X Lm~

A, =

(34)
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As shown in (34), the size of the transformer core is directly
proportional to L,,, which is proportional to the switching pe-
riod according to (7) and (10). Therefore, a higher switching
frequency results in a smaller size of the transformer resulting
in a reduced transformer loss. However, a higher switching fre-
quency results in a large switching loss. For these reasons, the
tradeoff between transformer size and switching loss should be
considered during the transformer core selection.

C. Resonant Tank Design

The proposed driver can operate at a below resonant region
in the entire load condition, when C.;, is smaller so that it al-
most removes the reverse recovery losses of the rectifier diodes.
However, the conduction loss can be increased when C,;, is too
small because RMS current of the driver is increased. Therefore,
when C,; is small enough to make the proposed driver oper-
ate in a below region, the efficiency when Vigp; = Vigp2 =
100 V can be improved. On the other hand, the efficiency when
Viep1 = VLep2 = 150 V would be lower than the prototype
because conduction losses can be increased.

In the prototype, the authors aimed to obtain the max-
imum efficiency when the output power is the maximum.
Therefore, the prototype operates in a below region when
Viep1 = VLepe = 150 V and in slightly above region when
ViEpt = Vep2 = 100 V. The maximum 15, (15, _max) OCCUrs
when Vi, gp1 = Viepe = 150V, and its minimum (71}, nin) OC-
curs when Vi gp1 = Vogp2 = 100 V. In order for the proposed
driver to operate in a below/above resonant region when the out-
put power is maximum/minimum, a half of the resonant period
should be located between T}, iy and T4, _max. With given n,
Lig, Ton min> and Ton max, Cyp can be chosen considering the
duration of mode 1 as follows:

Toanin <7 \V legCrb/n < Toanax (35)
(nToanin/ﬂ-)Q/leg < Crb < (nTon,max/ﬂ—)2/leg~ (36)

D. Voltage Stress on Rectifier Diodes

The voltage stress on rectifier diodes in the proposed driver is
clamped to the voltage sources related to the output voltage. The
voltage stress on rectifier diodes with full-bridge type rectifier
is determined by the output voltage as follows:

(37
(38)

VDrl,max = VD1’4,max - VLEDl

VDTQ,max = VDTB,max = VLEDQ

where VDrl,maxa VDrQ,max’ VDTSJHB,X? and VD7‘4J113X represent
the maximum voltage stress on the rectifier diodes D,1, Do,
D,3, and D, 4, respectively.

Also, the voltage stress on rectifier diodes with voltage-
doubler-type rectifier is determined by the sum of the output
voltages as follows:

VDTl,max = VDI‘Z,maX = VLEDl + VLED2- (39)

It should be noted that the proposed driver has a clamped-
voltage stress on the rectifier diodes so that it is possible to use
a low-voltage-rated diodes, as compared to the flyback driver
with CST.

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS
A. Implementation of the Proposed Driver

Fig. 10 shows the control strategy of the proposed driver.
Because I1,pp1 and Irppo are balanced inherently, the sum
of them is controlled. On-time information at the output of
compensator is transferred to the primary side of the driver
using photocoupler so that the output current can be controlled
by the on-time of the main switch.

In order to make L,, operate with BCM, the zero current
detection (ZCD) of L,, is required. ZCD can be implemented
using auxiliary windings in the main transformer. After the cur-
rent of L,, becomes zero, the voltage across it varies by the
resonance between L,, and the output capacitor of the main
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Fig. 11.
ViEDs = 150 V.

switch. An analog comparator detects the voltage across L,,,
and the PWM module turns-on the main switch at the rising
edge of the output of the comparator. Some delay is required
so that the main switch is turned ON when the voltage across
it is the minimum. This ZCD scheme is widely used in many
CRM flyback converters because of its simplicity. A digital con-
troller TMS320F28069PZT is used in this example because of
the design flexibility of the digital control.

According to the previous analysis, components for the proto-
type are selected with a full-bridge-type rectifier: n:1 = 78:38,
L,, = 1.5 mH, and Ly, = 8 uH with RM8 transformer core,
250-V/220-nF capacitor for C,.;,, FQP6NS8O0 for the main switch,
MBRB40250TG for the rectifier diodes, 10-nF miler capacitor,
and 100-k2 resistor for the RCD snubber.

The control-to-output transfer function has been verified by
the simulation results with PSIM. From Fig. 11, it can be
noted that the control-to-output transfer function of the pro-
posed driver is quite exact, compared to the simulation results.
Because the cutoff frequency of the closed-loop system is usu-
ally set from 1 to 10 kHz, the small-signal model provided in
this paper can be effectively used for designing compensators.

In order to satisfy the stability of the one-pole system, PI or
type 2 controllers can be used for the proposed driver. Because
of the space limitation of this paper, further details are omitted.

©

Comparison between (18) and the simulation results when (a) Vi,rp1 = VLgp2 = 100 V (b) Vigp1 = 150 V, Vgp2 = 100 V, (¢) VLEp:1 =

B. Experimental Results

Figs. 12(a) and 13(a) show the experimental waveforms when
Viept = Voep2 = 150 V. It is shown that the current of each
LED is precisely balanced due to the charge balance of C;.
The valley switching technique reduces the switching loss. The
reverse recovery loss of the rectifier diodes is minimized because
of soft switching

Figs. 12(b) and 13(b) show the experimental waveforms when
Viept = Voep2 = 100 V. Similar with the conventional BCM
flyback converter, T;,, and the switching frequency are de-
creased since the output power decreased. Although the driver
operating in an above resonant region causes the reverse recov-
ery losses of the rectifier diodes, the efficiency is not severely
degraded because the switching frequency is decreased.

Therefore, the proposed driver with a full-bridge-type rec-
tifier shows a high efficiency of 96.2% and 94.1% when
VLEDI = VLEDQ =150 V and VLEDI = VLEDQ =100 V, re-
spectively. The proposed driver with a voltage-doubler-type
rectifier can achieve higher efficiency because the number of
rectifier diode can be reduced. Also, more optimized design
considering the tradeoffs mentioned in this paper (L,,, fs; and
Ay, n,and vgs_yuax) in the proposed driver can lead to a higher ef-
ficiency. The current balancing characteristic is conserved due
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TABLE I
COMPARATIVE COMPONENT SELECTION FOR LL.C WITH BLOCKING CAPACITOR [9] AND THE PROPOSED DRIVER (PRICES FOR MAGNETIC AND THE OTHER
COMPONENTS ARE FROM ALIEXPRESS.COM AND DIGIKEY.COM, RESPECTIVELY)

Components LLC driver in [9] Proposed driver with full bridge rectifier
Design result Price (in USD) Design result Price (in USD)

Transformer RMS8 (63:35) L,,, = 700 pH, Lix, = 5.6 uH 1.84 RM8 (78:38) L, = 1.5 mH, Ly, = 8 uH 1.84
Resonant inductor RMG6 (180 H) 1.18 - -

Main swtich(es) FQPF5N50 2EA (500 V, 5 A, 1.4 Q) 2.1 FQP6NB80 1EA (800 V, 5.5 A, 2.5 Q) 1.57
Blocking capacitor B32522C1105K289 (100 V, 1 1 F, 945 mm?) 0.43 B32522C324J289 (250 V, 220 nF, 945 mm?) 0.27
Total Two magnetic cores 1-;1F capacitor Two switches 5.55 One magnetic core 220-nF capacitor One switch 3.68

TABLE II

COMPARATIVE COMPONENT SELECTION FOR FLYBACK WITH CST [3] AND THE PROPOSED DRIVER (PRICES FOR MAGNETIC AND THE OTHER COMPONENTS
ARE FROM ALIEXPRESS.COM AND DIGIKEY.COM, RESPECTIVELY)

Components Flyback driver in [3] Proposed driver with voltage doubler rectifier

Design result Price (in USD) Design result Price (in USD)
CST RM6 (1745 mm?) 1.18 - -
Blocking capacitor - - B32522C324J289 (250 V, 220 nF, 945 mm?) 0.27
Rectifier diodes USIK2EA @O0V, 1A, 1.7Vp) 0.88 USIG (400 V,1A,14Vp) 0.88
Total One magnetic core Two diodes 2.06 One capacitor Two diodes 1.15
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ri (1A/d|v { i
/\p. r’\, | PN
" | | t| (2A/div) |
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(@) (b)

Fig. 12.  Key waveforms of the proposed driver when (a) Vi, gp1 = VLED2 =
150 V and (b) VLEDl = VLEDZ =100 V.

to C,; although the LED voltages are different, as shown in
Fig. 13(c).

C. Price and Power Density Comparison With
Conventional Drivers

Table I shows the main components and price comparison
between the LLC [9] and the proposed driver with a full-bridge-
type rectifier. As shown in the table, the LLC driver in [9] uses
two magnetic cores, 1-uF capacitor, and two main switches,
whereas the proposed driver uses only one magnetic core,
220-nF capacitor, and one main switch. As shown in Table I,

Vieos(50V/div) )
 Vieoa{50Vidiv)
Viepa( 50V/div) Viens(50VIdiv) & Vieps(50VIdiv)
Vie02(50V/div)
- @ gl
1 Ieeor (500mA/div) I I.eoy (500mA/div) l l.e01 (500mA/div)
o hepz (500mAJdiv) T le0z (500mA/div) _ | I.e0z (500mA/div)
= time{500us/div) — time{500us/div) ~ time{500us/div)
(a) (b) (c)

Fig. 13. Balanced currents of the proposed driver when (a) Vpgpi =
VLEp2 = 150 V, (b) VLED1 = VLED2 = 100 V, and (¢) VLgp1 = 100 V
and VLEDZ =150 V.

the proposed driver reduces one magnetic core and one switch,
compared to the LLC driver in [9]. In addition, although the
proposed driver has higher voltage stress on the blocking capac-
itor, the size of the capacitor is the same with the LLC driver.
Furthermore, the price of the capacitor is cheaper because its ca-
pacitance is much smaller than that of the LL.C driver. Therefore,
from the price comparison in Table I, it can be evidently shown
that the proposed driver greatly reduces the price of the system.
Fig. 14 shows magnetic and switch components for power den-
sity comparison used in (a) LLC driver and (b) the proposed
driver. A, of the proposed driver is 3136 mm®, whereas it is
4087.6 mm* in the LLC driver. In addition, the power density of
the driver can be more reduced in the proposed driver because
the proposed driver uses only one main switch.

Table II shows the secondary-side component selection for
flyback with CST and the proposed driver. Flyback driver with
CST [3] uses RM6 core (1745 mm?), whereas the proposed
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B

1 main switch

Fig. 14. Magnetic and switch components for power density comparison used
in (a) LLC driver and (b) proposed driver.

driver uses resonant-blocking capacitor (945 mm?), smaller than
the CST. Also, the resonant-blocking capacitor is cheaper than
CST so that the cost of the system can be reduced. Furthermore,
the proposed driver uses lower-voltage-rated rectifier diodes
with lower forward voltage drop so that the conduction losses
can be more reduced. Due to removed core losses from CST and
lower forward voltage drop of the rectifier diodes, it is evident
that the proposed driver can have higher efficiency than the
flyback driver.

V. CONCLUSION

In this paper, a single-switch forward-flyback two-channel
LED driver is presented and analyzed. The equivalent power
delivery model is derived so that the design of the proposed
driver does not require much considering about the resonance.
The proposed driver uses on-time controlled forward-flyback
inverter in the primary side, and it uses resonant-blocking ca-
pacitor in the secondary side. It is possible for the proposed
driver to obtain wide output voltage range and current balanc-
ing without any additional magnetic components so that the
additional external inductor can be eliminated. Also, the pro-
posed driver has much smaller voltage stress on the secondary
rectifier diodes compared to the conventional flyback driver, al-
lowing using low-voltage-rated diodes. Therefore, the proposed
driver significantly reduces the cost of system and increases
the power density with a high efficiency. Therefore, it can be a
strong candidate for the two-channel LED applications.
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