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Energy Channeling LED Driver Technology to
Achieve Flicker-Free Operation With True
Single Stage Power Factor Correction

Peng Fang, Student Member, IEEE, and Yan-Fei Liu, Fellow, IEEE

Abstract—A conventional single stage ac—dc LED driver usually
produces significant twice-line-frequency ripple current when a
high power factor is achieved. The ripple current causes a lighting
flicker of the LEDs. In this paper, an energy channeling ripple
cancellation LED driver is proposed. It achieves true single stage
power conversion, maintains a high power factor while significantly
removing the twice-line-frequency ripple current —flicker free LED
driving. An 8.5 W, 50 V/0.17 A Buck-Boost experimental prototype
has been built to verify the proposed method.

Index Terms—Energy channeling, offline LED driver, power
factor correction, single-stage power conversion.

I. INTRODUCTION

INGLE-STAGE LED driver is a popular design choice in
S the industry and can usually achieve a high efficiency and a
low component cost [1]-[3]. However, when a high power factor
is also obtained in the offline applications, a significant twice-
line-frequency ripple is produced on the LED driving voltage.
Due to the very low resistance of the LED load, excessive rip-
ple current is generated by the ripple voltage. A single-stage
offline LED driver and its Usually waveforms are illustrated in
Fig. 1. Usually the percentage of the ripple current is much
higher than the percentage of the ripple voltage because of the
low resistance LED load.

Because of the almost linear relationship between an LED
current and its lighting output, a ripple LED current is propor-
tionally presented as the same frequency lighting fluctuation
— flicker. It has been suggested from IEEE PAR1789 that ex-
cessive flicker at the twice-line-frequency has the significant
adverse effect to human eyes [4], [S]. In order to reduce the
flicker to an acceptable level with a single-stage LED driver, usu-
ally impractically large amount of output capacitors are needed,
which significantly increases the component cost and defeats the
original purpose of using single-stage LED driving structure.

A practical solution to reduce flicker is by using a two-stage
LED driver. A generic implementation of a two-stage LED
driver is illustrated in Fig. 2. High power factor is achieved by
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Fig. 1. Typical single-stage LED driver and its waveforms.
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Fig. 2. Generic structure of two-stage LED Driver.

the first stage PFC and a flicker-free LED driving performance
is achieved by the second stage dc—dc converter. There are two
common implementations for the two-stage LED drivers. In
one implementation, the PFC can be implemented with boost
topology and the dc—dc converter is implemented with LLC
topology [6]—[8]. In another implementation, the PFC can be
implemented by a Flyback/Buck—Boost topology and the dc—dc
converter is implemented by Buck topology [9]. In general, the
first implementation can achieve relatively higher efficiency but
also with higher component cost. It is more suitable for high
power applications, and those are not sensitive to cost. The sec-
ond implementation is more suitable for below 60 W and costs
sensitive applications. Although two-stage LED drivers have
much higher cost and usually lower efficiency than a single-
stage LED driver, they are necessary for applications that have
a tight restriction on flicker.

Many innovative LED driving methods have been proposed to
reduce the component cost, remove flicker, improve efficiency,
or all of the above. A single stage ac—dc multiple outputs LED
driver had been proposed in [10]. Power factor correction and

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 4. Concept of the proposed energy channeling LED driver.

current balancing have been implemented with a single stage
multiplexing power structure. The design achieved smaller
form factor and better efficiency than the conventional current
balancing methods for multiple outputs. However, this LED
driving method did not include measures to solve the twice
line frequency lighting flicker issue. An active energy storage
method was proposed in [11] and [12]. It can achieve dc LED
current driving while reducing the output capacitors. However,
a considerable amount of power is converted back and forth in
the system, which increases the power loss and requires a com-
plicated, expensive bidirectional converter. A harmonic current
injecting method was proposed in [13] and [14]. The LED ripple
current can be reduced at the cost of reducing the power factor. It
is a design tradeoff between reducing the twice-line-frequency
ripple current and achieving a high power factor. A two-stage
combining method was proposed in [15]. The power MOSFETSs
are shared between the first stage PFC and the second stage LLC
converter. It can reduce the component count and, therefore,
the component cost. However, neither the PFC stage nor the
LLC stage can achieve optimal operation, and the operation is
fairly complicated.

In order to achieve low cost and high efficiency as a single-
stage LED driver and flicker-free LED driving as a two-stage
LED driver, ripple cancelation LED drivers had been proposed
in [16]-[22]. Fig. 3 illustrates a general implementation of a
ripple cancellation LED driver.

A Flyback / Buck—-Boost PFC stage produces a main out-
put V,; and an auxiliary output V,,x. Because of the energy
imbalance between the input and the output in a half line cy-
cle, a twice-line-frequency ripple voltage is presented on the
main output V,;. A ripple cancellation converter is powered
by the auxiliary output V,,x and produces an opposite ripple
voltage to cancel the twice-line-frequency ripple voltage from

the main output V,;. A dc LED driving voltage is, therefore,
produced, and the output light is flicker free. Because the output
voltage V9 is much smaller than the main output V,,;, the power
processed by the ripple cancellation converter is only a small per-
cent of the total output power (10% or less). Therefore, the over-
all efficiency of the ripple cancelation LED driver is close to a
single-stage LED driver and much higher than a two-stage LED
driver. The component cost of the ripple cancellation LED driver
is also significantly lower than that of a two-stage LED driver.

A more advantageous ripple cancellation LED driver—
energy channeling LED driver was proposed in [23]. It can
achieve ripple cancellation (flicker-free) LED driving without
adding a ripple cancellation converter as shown in Fig. 3. In-
stead, the ripple cancellation voltage is generated by the same
power factor correction circuit that generates the main output
voltage. Therefore, the component cost is further reduced from
the previously proposed ripple cancellation LED drivers. Most
importantly, it achieves true single-stage power conversion. In
this paper, more detailed and comprehensive operation of the
energy channeling LED driver is presented.

This paper is arranged as follows. The operating principle
of the proposed energy channeling LED driver is discussed in
Section II. Section IIT discusses the special treatment for the
proposed LED driver when it is operated under input voltage
zero-crossing. The critical design consideration is discussed in
Section IV. The experimental result is shown in Section V, and
the paper is concluded in Section VI.

II. BASIC IDEA OF ENERGY CHANNELING LED DRIVER
A. Concept of the Energy Channeling LED Driver

Fig. 4 illustrates the concept of the proposed energy chan-
nelling LED driver. It is designed to achieve a high power



3894

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 5, MAY 2017

Conventional BuckI-Boost LED driver

Vort Al 145VDC
Dr2x Dr4x v ~FoRkor=-
\\‘ o
| | |
‘ [
19 Lo
@ ' D: Qly Lo iy oo
Ql I% N; 02 02 o
_IE ! -—|— \\ B %S_V_DC
Vo ™M1
Drix Dr3x Additional circuit for the
proposed LED driver

(@)

Conventional Flylback LED driver

Fig. 5.

factor, so the input power is a sinusoidal waveform with a dc
bias. The input power is split into two portions with the follow-
ing strategy: the majority (90% or up in a typical design) of the
input power is channeled to produce a main output V,;. The
remaining portion (10% or less in a typical design) of the input
power is channeled to produce a much smaller output V5. For
example, the output V,; is averaged at 45 V while output V,,
is averaged at 5 V. Under this voltage ratio, the averaged input
power transferred to V,; and V,9 are 90% and 10% of the total
input power, respectively. Because the input power waveform
has a twice-line-frequency ripple component and the majority
of the power is transferred to V,1, V,; has the same frequency
ripple voltage. The amount of energy being channeled to V,,
is precisely controlled in every switching cycle in order to pro-
duce an opposite twice-line-frequency ripple voltage on V.
With V,,; and V,;» being connected in series, a dc LED voltage is
produced and is used to drive the LED with ripple-free current.

B. Circuit Implementation of the Proposed LED Driver

A Buck—Boost topology and a Flyback topology-based im-
plementation of the proposed energy channeling LED driver are
shown in Fig. 5(a) and (b). The difference between the proposed
energy channeling LED driver and a conventional Buck—Boost /
Flyback LED driver is highlighted. In (a), /V; is the main wind-
ing of the inductor. By adding the winding NN,, the diode Dy, the
MOSFET ()2, and the capacitor C,,5, a ripple cancelation voltage
V.9 is produced. The MOSFET ()5 controls the inductor energy to
flow to either V,; or V,5. After the main switching, (); is turned
OFF, and if () is also off, the inductor current continues to flow in
winding N; and the inductor energy is transferred to output V.
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Proposed energy channeling LED driver: (a) Buck—Boost topology based implementation and (b) Flyback topology-based implementation.

If Q- is ON, the inductor current flows in winding N, and the
inductor energy is transferred to the output V,,. By controlling
the pulse width of ()5, the amount of energy being transferred to
V., is precisely controlled in every switching cycle, and there-
fore, V,5 can be controlled to cancel the voltage ripple on V,;.
The more detailed operation will be described in the follow-
ing part of this paper. The operating principle of the proposed
Flyback implementation energy channeling LED driver is the
same as the Buck—-Boost implementation one. The energy chan-
neling LED driving method can also be implemented on other
current-fed topologies. The following discussion will base on
the Buck—Boost implementation.

C. Energy Channeling Mechanism

Fig. 6 shows the concept of achieving energy channelling
with the proposed LED driver. A coupled inductor with two
windings is used to generate two outputs. These two outputs are
connected in series as required by the proposed LED driver. The
main MOSFET () is used to control the input switching current.
The small MOSFET, Q-, is used to channel energy flow and is
placed in series with the V5 output.

The coupled inductor is modeled as an ideal transformer with
a magnetic inductor either in parallel with the winding N; or
in parallel with the winding /No. The magnetic inductor is en-
ergized during the on time of @);. After ); is turned OFF, the
magnetic current needs to keep flowing. In Fig. 6(a), where Q)5
is off, the magnetic current can only flow in winding /V; and the
magnetic inductor is presented as Ly,aq n1. Thus, the inductor
energy is transferred to the output V,;. In Fig. 6(b), where Q-
is ON, the magnetic current only flows in winding N, and the
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Fig. 6. Operating principle of the energy channeling circuit in the proposed LED driver (The dark line indicates the current flow path).
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Fig. 7. One completed switching cycle operation of the proposed DCM operated Buck—Boost energy channeling LED driver (The dark line indicates the current

flow path). (a) Q1 on, Q2 off, (b) Q1 off, Q2 off, (c) Q1 off, Q2 on, (d) Q1 off, Q2 on.

magnetic inductor is presented as Ly, ¢ 2. This is achieved by
mismatching the turn’s ratio N;:N, with respect to the voltage
ratio V1 : V9. The following relationship needs to be satisfied:
Nyt Ny < Vop i Voo (1)
For example, in (1), the turn’s ratio Ny : Ny is 9:2 while
the voltages V,; and V,, are 45 and 5 V, respectively (9:1).
When ()5 is ON, the voltage across the winding N, is clamped
at 5 V (ignore the diode forward voltage drop). Because of the
voltage coupling relationship, the voltage across the winding Ny
is clamped at 22.5 V. Therefore, the output diode D; should be
reversely biased, and the inductor current only flows in winding
Ns. Therefore, one design requirement is Ni.No < V1 : Vo
so that Dy is reversely biased when ()5 is turned ON.

D. Cycle by Cycle Operation

Fig. 7 shows a completed one switching cycle operation
of the proposed Buck—Boost energy channelling LED driver.
Fig. 8 shows the key switching cycle waveforms. Each switch-
ing cycle has four time intervals, and they are described
as follows.

1) Interval [ty—t1]: A switching cycle starts from time ¢
when (), is turned ON. The inductor current rises from zero, and
the energy is taken from the ac input. This time interval ends at
t; when @) is turned OFF. During this time interval, the peak
switching current in MOSFET (Q1, which is also the peak input
switching current, can be calculated as follows:

V;n (t) X Ton

IQupk(t) = L pi () = — -
mag..

@)
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Fig. 8. Key switching cycle waveforms of the proposed DCM operated
Buck-Boost energy channeling LED driver.

where 15, and Ly, ,, N1 are the turn on time of () and the
inductance of winding N, respectively.

The averaged input current at that switching cycle and the
peak switching current can be expressed as follows:
Iin,pk (t) X Ton

2 x T, '

The averaged input current can also be expressed as follows:

Iin,avg (t) = (3)

Iin rms
Iin,avg (t) - v
m.rms

Equaling the right sides of (3) and (4) yields

X Vin(t). “

Iinims Iin, k(t) X Ton
e A 5
‘/in,rms x ( ) 2 X Tg ( )
Rearranging (5) yields
2 Iin,rms ‘/in t T's
Ton = . . ( ) . (6)

‘/injms X Iin,pk (t)
Substituting (6) into (2) yields

2 X IiIllIIlS X Ts
Iin,pk (t) = Vgn (t)\/v < L N1 . (7)
in_rms mag_N

Also, with assuming the power conversion is lossless, the
relationship between the RMS input voltage, RMS input current
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and the LED power can be expressed as follows:

Pirp

Iin,rms = Vi .
in_rms

Substituting (8) into (7) yields

®)

Vin (t [2x PLgp X T
[Ql,pk (t) = Iin,pk (t) = v ( ) X I LEDNl .9
m.rms mag..

Equation (9) describes the peak switching current of (); at a
particular instantaneous input voltage.

Both diode D, and Ds are reversely biased due to the polarity
of the windings. The antiparallel diode of (), is forward biased.
The reverse voltages across diode D and D- can be expressed
as follows:

During [to —t1]: Vpi.r = Vin(t) + Vo1 (1) (10)

Ny

V;n (t) N1 + V:)? (t)

2) Interval [ti—t5]: During the time interval [t;—t5], Q1 is
turned OFF, and () is still off. Only the circuit connecting the
winding Ny, Dy, and C,; provides a freewheeling loop for the
inductor current. Therefore, the inductor energy is transferred
to the output V,; during this time interval. The peak switching
current in D; is equal to the peak switching current in Q1. The
voltage across the MOSFET (), can be expressed as follows:

During [t —t2] : Vis.g1 = Vo1 (t) + Vi (2).

During [to — t1]: Vpo.r = (11)

12)

Because the voltage across the winding N, is higher than the
output voltage V,5(t), the diode Ds is forward biased while the
body diode of ()5 is reversely biased. The voltage across ()5 can
be expressed as follows:

N,
Ny

3) Interval [to—t5]: Q5 is turned ON at time ¢; when the
control signal, V,1, and the sawtooth signal cross. The inductor
current commutes from the winding V; to the winding NV, at
to. This way, the remaining inductor energy is transferred to the
output V5. The peak switching current in ()2, 12 peak, can be
expressed as follows:

During [t1 — 2] : Vas.g2 = Vi (t) Voo (t).  (13)

‘/;)2(t> X (tg — tg)
IQQfPe‘dk(t) = L e N2 .

(14)

In (14), Ly, 44 N2 is the inductance value of the winding Ns.
The inductance of winding N, is proportional to the square of
its turn’s number and can be expressed as follows:

Ny

2
Liag N2 = Linag N1 X <]V1> .

At the same time, the current flowing through @) contributes
to the LED current and charges the capacitor C,z. Therefore,
another equation can be established as follows:

Iga peak (t) X (t3 —t2) I+ AV (t) x Coo
T, LeD

In (16), T is the switching period, C,2 is the output capac-
itor of V9, and AV, (t) is the voltage change on Cs in that

15)

16)
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switching cycle. The term % in (16) can be ignored

in the calculation since it is much smaller than the term IED.-
Combining (14) and (16) yields

2 x V,yo(t) x I x Ty
IQQ,peak = \/ 2(L) A{‘QED 17
mag_N
2 X Liag n2 X Ingp % T
t3 —ty = = 18
3 — 1o \/ 0 (18)

The RMS current of (5 in that switching cycle can be
calculated as follows:

(ts —t2)

T (19)

IQ 2rms —

Substituting (18) and (19) into (17) yields

Voo (t)

V3

2XLmag N2 XILED XTs 1/4
2 X ‘/Ug(t) X ILED

Lmag,x"\“'Z

IQ 2 rms —

(20)

L]
.
.
.
1]
1]
L]
1]
1]
[}
[}
[}
[}
[}
. .
! Vo 1_rip
.
.
.
.
.
.
.
.
.
.
L]
1]
1]
L]
1]

i v

Vol-
DC blocking capacitor

The voltage across MOSFET (); and diode D; can be
Expressed as follows:

During [to —t3] : Vas.o1 = Vin(t) + VUQ(t)F 21
B
. Ny
During [ty —t3] : Vpi.r = Vo1 (t) — Voo (L‘)E- (22)

4) Interval [t;—t4]: In order to achieve a high power factor
and straightforward implementation, the proposed LED driver
is designed to operate under DCM. There is a short time interval
[t3—t4] when the inductor current remains zero before the start of
the next switching cycle. Q2 remains on with the proposed LED
driver. Since the magnetic current is already zero, the status of
Q2 is not important during the time interval [t3—t,]. Q2 can also
be off during the time interval [t3—t,] if it is desired.

The aforesaid operations illustrate that the proposed LED
driver achieves single stage power conversion. During the time
interval [to—t1], the energy is transferred from the ac source
to the inductor. During the time interval [t; —t»], the energized
inductor transfers the majority portion of its energy to the output



3898

o R

laa nhd
®
-

w Pm(t)

ecccccsccadeccccccccnns
ececccccdeccccccccnas

;
)

v
\_/V(,l(t)\/_\

e

/W\/

t

Fig. 10.  Critical line frequency waveforms of the proposed LED driver.

V,1. During the time interval [to —t3], the inductor transfers its
remaining energy to the output V9. In one switching cycle,
the inductor is charged and discharged for only one time while
transferring the energy from the input to the output.

E. Control Scheme

Fig. 9 shows the control diagram of the proposed Buck—
Boost energy channeling LED driver. There are two control
loops with the proposed LED driver: the LED current regula-
tion loop and the output V,o voltage regulation loop. A PFC
controller is used to control the input current to follow the rec-
tified input voltage (achieve high power factor) and to achieve
LED current regulation. A voltage controller is used to control
the output voltage V2 and achieve ripple cancellation between
Vo1 and V5.

The PFC controller automatically adjusts the duty ratio of )4
to achieve LED current regulation. The change of the duty cycle
on ()1 leads to change of the RMS input current and eventually
results in the change of the dc level of V,;. The dc level of V,;
settles to the value that produces the exact level of LED current
required by the current reference. In the control scheme, the
dc level of V,9 is constant and does not participate in the LED
current regulation.

The output V,,» voltage control loop works as follows. First,
the twice-line-frequency ripple voltage of V,,1, V5,1 4, is sensed.
The sensed ripple voltage is inverted and added with a dc bias
voltage Vyias. The result, which contains a reverse ripple voltage
of V,1, becomes the reference voltage of output V5. The voltage
control loop automatically adjusts the level of V_,1. By the com-
paring the sawtooth and the control signal V.y,1, the pulse width
of (), is precisely produced in every switching cycle. With a
well-designed feedback loop, V,» closely follows its reference
voltage and therefore contains an opposite twice-line-frequency
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Fig. 11.  Voltage dip on V,» near the input voltage zero crossing.

ripple voltage to achieve ripple cancelation. One should also
note that sawtooth signal and the clock signal for the PFC
controller are synchronized in every switching cycle to oper-
ate ()9 at the correct timing.

At the startup, the PFC controller starts operating and the out-
put V,; rising from zero. V1 keeps increasing until the produced
averaged LED current is equal to the current reference. At the
same time because V5 is also zero, the voltage V5 control loop
forces the control signal V., stay at the minimum. Because of
leading edge modulation, () is operated at the maximum turn
on time in every switching cycle, and V,» also starts rising from
zero. V.t stay at minimum and @), is operated at maximum
turn on time until V9 is equal to its reference. The LED driver
enters the stable operation when the LED current and Vo are
within regulation.

III. SPECIAL TREATMENT DURING INPUT VOLTAGE ZERO
CROSSING

As discussed in Section II, the energy needed to sustain
V,2 comes from the inductor (also means from the ac input
source) in every switching cycle. By carefully examining the
input power waveform in Fig. 10, it can be observed that the
instantaneous input power is lower than the expected output
power of V,5(t), Pyo(t), during the time interval [¢,—t;]. The
instantaneous input voltage at the time ¢, and t; are V, and V},
respectively. Without any techniques to address this issue, the
output Vo will lose regulation.

Fig. 11 verifies the above analysis with simulation. The in-
stantaneous input power is lower than the power P,5(t) during
the zero crossing of the input voltage. V9 loses regulation and
experiences a voltage dip.

In order to solve the aforesaid issue and keep V,» being reg-
ulated, the instantaneous input power need to be always higher
than P, (f). Different methods can be implemented to keep
input power higher than P,5(t). One way that is easier to im-
plement is shown in Fig. 12. Instead of allowing the rectified
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input voltage fall to zero at the ends of a half line cycle in a
conventional design, the rectified input voltage is flattened at
the level Vi, during the time interval [t,;—%;1] in a half line
cycle. Because the input current follows the input voltage, the
input current should also be flattened in the same time interval.
Therefore, the input power also becomes flat during [t,1 — t1]-
As long as the flat part, Py.,¢, is higher than P,, the input power
is always greater than P, (), where P, is the higher crossover
point between the original input power waveform and P, ().

Flatting the input voltage (after the input bridge rectifier) can
be implemented with a modification of the power stage circuit
shown in Fig. 13. An auxiliary voltage Vj,; is produced from
another winding N,,x. Viat represents the flat part of the after
rectifier input voltage. The diode Dy, is used to block Vi, from
the rectified ac input voltage. When the absolute value of the
ac input voltage is higher than Vj,, the diode Dj is reversely
biased. The power delivered to the LED load is from the ac input
power. When the absolute value of the ac input voltage is lower
than V., Dy is forward biased, and the input bridge rectifier
is reversely biased. The energy stored in C,,y provides the
energy to Vyo.

Fig. 14 shows the simulation result of the modification on
the power stage circuit shown in Fig. 13. During the time in-
tervals [t,1 —tp1], the input power is flattened and kept higher
than P,5(¢). As a result, the voltage dip on V,, is removed,
and V,, follows its reference voltage very well. During the
same time interval, the energy supplying the output Vs is
from the capacitor C,,y, which causes Vj.; decrease from
41.7 to 39.5V. With C,,x being 20 pF in the simulation, the
amount of energy provided by C,x is calculated to be around
2 mlJ, which contributes 3% of the total energy (or around
70 mJ) supplied to the LED load in a half line cycle. Since the
winding N,y refills the energy to capacitor Cyyx, Naux does
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not carry significant current and very small size wire can be
used to save the winding space.

As the input rectifier is reversely biased, a zero-crossing dis-
tortion is introduced for the ac input current. In order to mini-
mize this impact, it is desirable to design Vj,¢ as low as possible.
Meanwhile, Vg, should be high enough to generate the Py,
that is no less than P,. As shown in Fig. 11, the input voltage
is equal to V;, when the input power is equal to P,. Therefore,
Viat should be designed slightly higher than V. The process of
deriving the voltage V}, is shown as follows.

The input voltage and the input current can be expressed
as follows:

Vvin(t) = \/5 X Vin,rms 008(271- X fline X t)
Iin(t) = V2 X Ly s cos(2m X fiine X t).

Therefore, the input power waveform can be expressed
as follows:

(23)
(24)

Pi (t) — 2‘/injms X Iinlms + Pin,avg COs (477 X fline X t)

(25)
also, we have
Vinjm% Vin (t)
- = 26
Iinims Iin (ﬁ) ( )
and
Rn,avg = V{n,rms X IiIlJ‘IIlS' (27)

Substituting (27) into (26), the relationship between in-
put power and input voltage can be further expressed
as follows:

‘/{H t 2 X -Pin av
-Pi ( t) _ ( ) - -avg .

inrms

(28)

At the same time, the ripple of the Vo output power is 270° out
phase of the ripple of the input power, P,»(t) can be expressed
as follows:

3
P,y (t) = PoQ,avg + PoQ,rip,pp X COS (47T X fline X t— 271’)

(29)
where

PO?ing = Vo2.avg X Iigp. (30)

And P,s i}, p,p 18 the peak to peak ripple of the Vo output
power. By combining (25), (28), and (29), the mathematic ex-
pression for V;, can be solved. The output P, (t) is around its
averaged value when P, (t) and P, (t) cross. As approxima-
tion, the 1.3P,5_avg can be used to substitute the left side of
(28) to obtain the optimum Vj,; as follows:

‘/;)2 _avg

Vhat = Vvin,rms X 1.3 x (31)

VLED
As shown by (31), if VOQM!,/VLED is designed to be con-
stant, the required Vj,; changes proportionally with the RMS
input voltage. The maximum requirement for Vj,; occurs when
the RMS input voltage is at the maximum. For example, under
110-Vrms nominal input with variation from 90 to 130 Vrms, the
maximum Vj,; is required when the input voltage is 130 Vrms.
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winding NV, starts working. Because V,,x1 is equal to N,x2,
the voltage Vij,io 1S, therefore, two times of V.11 and Vi be-
comes idle. Fig. 16 shows the simulation results with the adap-
tive Vi,¢ generating scheme. The flat voltage, Vj,¢, is equal
to 40 V under 110-Vrms input while is equal to 80 V under

IV. CRITICAL DESIGN CONSIDERATIONS

In the aforesaid sections, the basic working principle of
the proposed energy channeling LED driver has been intro-
duced. In this section, more detailed design considerations will

A. Pulse Width Modulation Scheme for Q2

MOSFET @) is controlled under leading edge modulation.
The turn off edge of G is fixed at the end of the switching

Fig. 13.  Power stage of the energy channeling LED driver with the added flat input voltage V..
Input voltage (after rectifier)
150
100
50
20 .
15 220-Vrms input.
10
5
0
48
8
44
\ be included.
o ¥
4
0.26 0.265 0.z 0.275 0.28
Time (s)
Fig. 14. Reshape the input power to remove the voltage dip on V2.

With V4, being designed for 130 Vrms input, the entire operat-
ing condition can be covered. With V,,5_avg tobe 5V, Vi gp to
be 50 V, the voltage Vj,+ under 130 Vrms input is calculated to
be around 45 V by using (31).

However, when universal ac input voltage (120/220 Vrms)
is required; Vg, should be around 90 V for input voltage of
265 Vrms. This would be too high for 90-Vrms input. There-
fore, an adaptive Vj,; generating scheme is introduced. For
example, when 110-Vrms input voltage is detected, the system
will generate 45 V for Vy,.. When 220-Vrms input voltage is
detected, the system will generate 90 V for Vj,.. The improved
circuit is shown in Fig. 15.

Two levels of auxiliary voltage, Vias1 and Vi, can be pro-
duced by the circuit. The turns’ ratio between the winding N1
and N, .x2 is 1:1. An RMS input voltage detection circuit is used
to determine whether the LED driver is connected to 220-V
input voltage rail or 110-V input voltage rail. As a low-cost
implementation, a resistor divider with a filter capacitor Cy,
can also be used to control MOSFET (J3. When 110-Vrms input
voltage is detected, the comparator will keep the MOSFET Q3
off. Therefore, the winding N,y is not working. The voltage
Vhat1 1s proportional to the winding N,,x1. When 220-Vrms
input voltage is detected, the comparator turns ON (03 and the

cycle while the turn-on edge is determined by the crossover of
the saw tooth and V,;,;. The inductor current commutes from
winding N; to winding N> when it has already been greatly re-
duced from its peak. For example, 10% and 90% of the inductor
energy is delivered to V2 and V,,1, respectively in Fig. 17. It can
be calculated that when applying leading edge modulation on
@2, the peak switching current of Qo (with reflect to the main
winding) is 31.6% of the peak inductor current.

B. Additional Conversion Loss Minimization

For the proposed Buck—Boost energy channeling LED driver,
the operation during the time interval [tp—t;] and [t; — to] is
the same as the conventional Buck—Boost LED driver. There-
fore, this part of the conversion loss will not be discussed. The
different operation occurs on the time interval [ty — ¢3] and the
conversion loss is identified as follows.

First, there is the conducting loss with the diode Ds and
Q2 during the time interval [t — t3]. Equation (20) gives the
RMS current of the Dy and )2 in one switching cycle and
the parameters Ly, ., N2, Vo2 and T affect the RMS current.
Changing these parameters can reduce the RMS current in D,
and Q2. However, all these parameters are also restricted by the
other design considerations. Changing these parameters will not
benefit the overall design given the fact that less than10% of the
output power is delivered through V,» Therefore, in order to
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Fig. 16.  Simulated key waveforms of the adaptive V. generating.

reduce the conduction loss, the most effective way is to use low
on-resistance diode Dy and MOSFET ().

There are also switching loss during this time interval. The
inductor current commutes from the winding N; to winding Ny
at time ¢5. The diode Ds is already forward biased before the
time ¢o. Therefore, the switching loss with the diode Dy is zero.
This transition is hard switching for the MOSFET ()» and the
main output diode D;.

For the MOSFET (-, the switching loss can be further divided
into V-I overlap switching loss, gate charging switching loss

Dy, & ADy,
D,
+ C Nauxz
Ve T "2+
- . | Nauxl
_RQ, V flml-:‘zcaml
Under 220Vrms input

Q3 is on

Adaptive Vj, circuit to cover universal range input voltage (The darker line in the V,,, generating circuit indicates the current flow path).

After rectifier input voltage

and MOSFET output capacitor loss. For the V-I overlap loss with
Q- the general rule applies here: minimize the turn on transi-
tion time, reduce the voltage and current stress. Equations (13)
and (17) give the voltage and the current stress of () in one
switching cycle. The parameters Ni:Ny, T, V,2, and Ly a6 N2
affect the voltage and current stress. Again, these parameters
are restricted by other design considerations, and it will not
effectively improve the overall efficiency by changing these pa-
rameters. However, one can reduce the current spark with )9
to reduce the V-I overlap switching loss. The current spark is
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induced by the reverse recovery of the main output diode D;.
By choosing a Schottky diode for D, the current spark with Q-
and the switching loss associated with the reverse recovery of
D1 can be greatly avoided. For the gate charge loss and MOSFET
output capacitor loss, one can select the low gate charge and low
output capacitor MOSFET for (s .

Although generating V,, introduces extra power loss, this
portion can be managed to be a very small portion of the overall
power loss as long as the aforesaid suggested design practice
is applied.

C. Component Selection

1) Selection of Capacitor C,,: The function of capacitors
C,1 and the C, is different in the proposed LED driver. Since
the majority of the input power is transferred to the output V,,
the capacitor C),; is used to buffer most of the energy imbalance
between the input and the output in a half line cycle. The peak
to peak amplitude of the V,;’s twice-line-frequency ripple is
directly related to the capacitance of C,; and their relationship
can be approximately expressed as follows:

ILED
2 X T X fline X Col

‘/allip,pp ~ (32)
where in (32), V,,1 +ip_pp represents the peak to peak amplitude of
V,1’s twice-line-frequency ripple voltage. A smaller capacitor
C,1 will result in a larger ripple voltage on V. It is desirable
to use a smaller C,; to reduce component cost.

Although the ESR of the capacitors also produce ripple on
V,1 (also on V,9), the actual twice line frequency ripple created
by the ESR is ignorable as compared to the ripple generated by
the imbalanced energy between the input side and the output
side in a half line cycle. Besides, the total twice line frequency
ripple voltage (produced from both energy imbalance and from
ESR) of V,1, as a whole, is sensed by the control system. It will
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be cancel by the ripple voltage of V2. Therefore, the impact of
the ESR is not a problem in design.

Because the ripple voltage from V,; is compensated, a larger
ripple voltage from V,; does not have a direct impact on the
output light flicker. However, it will affect the power factor
performance. When the ripple voltage from V,,; is increased, the
ripple voltage and the dc value of V,» will need to be increased
to achieve compensation. According to (31), V,: needs also be
designed with higher value when the dc value of V5 is increased.
By rearranging the (31), the maximum dc voltage of V5 can be
approximately expressed as follows:

‘/iIlIHIS

V 2
vozavgmax:o.59><( fat ) X Vigp.  (33)

One can design the dc voltage of V9 to be 1.2 times of the
peak amplitude of its ripple as shown in

1
V;;Q,avg =12x (2‘/;)11'ippp> . (34)

Combining (32)—(34) yields

ILED Mnlms ’
Co min — X . 35
- 7 X fiine X 2 X VLED ( Wiat ) G

Therefore, when I1.gp, Viep, and Viae (Viag s close related
to the zero-crossing distortion) are determined, the minimum
capacitor C,; can be selected according to (35). C,; should be
chosen considering both the cost as well as its impact to input
current zero-cross distortion. In the experimental prototype, the
C,1 value is chosen to be 133 pF (100 pF + 33 pF).

2) Selection of Capacitor C,o: The capacitor C,o is only
used to filter the switching frequency ripple of the output V.
A small ceramic capacitor, in the range of approximately 10 pF,
is usually enough for a low-power design.

3) Selection of Capacitor C,.x: During the zero crossing of
the input voltage, the capacitor Cl,x provides the energy to Vjs.
Therefore, the voltage on Cl, is decreased. The capacitor Cy
should be designed to meet the following requirement:

1 1
5cauxvﬁit — =Chux (Vilar — AV)? > E (36)

2
where AV and E represent the voltage drop on C,,x and the
amount of energy transferred from capacitor C,x to V9 in a

half line cycle. E can be approximately expressed as follows:
E = PyatThat- (37)

Th.. represents the time that input bridge rectifier is reverse
biased. It can be calculated as follows:

arccos {1 — Iﬁ%}
That — in.ave (38)
: ™ X fline

Also, the instantaneous input voltage and the input power
have the following relationship:

Vin (t)* X Pinave
V2 '

in_rms
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Substituting the input voltage in (39) with V4, yields

‘/ﬂdt X Pln 1vg

Pﬂat - (40)
‘/;fl rms
Combining (36)—(38) and (40) yields
2% ‘/ﬁat X Pln _avg X arccos |:1 Lff"ﬁ_:|
CduX - inoms (41)

(2Viiar — AV) x AV X T X fiine x Vi2

m-orms

For example, under 110-Vrms input voltage, with Vj,; and
AV being designed at 40 and 3 V, respectively, C, . is calcu-
lated to be higher than 26 pF. Since both (37) and (40) are all
approximation expression, the result that calculated with (41) is
reasonably accurate.

4) Coupled Inductor Design: It is important to select the
value for the magnetizing inductor (looking from ac voltage
side) and the winding turns, N7 and N». As the circuit operates
the same as the conventional Buck—Boost LED driver from
power factor correction point of view, the magnetizing inductor
value can be selected in the same way as the conventional LED
driver [24].

Once the magnetizing inductance is selected, /V; can be de-
termined based on the core size. /N5 should be chosen to meet
the relationship described by (1). The turn’s ratio of N;:Ny af-
fects the voltage stresses of Dy and (), as indicated by (11) and
(13). Once the inductance of the winding N; is determined, the
turn’s ratio also affects the inductance of the winding Ny. As
indicated by (17), the current stresses of () and D, are related
to the inductance of winding Ns. Therefore, the selection of
N;:Nsy should also consider the impact to the voltage and cur-
rent stress of (2 and Ds. The winding N; and N, are 90 and
20 turns, respectively, in the proposed LED driver.

5) MOSFET QI and Diode DI: For the proposed LED
driver, the voltage and current stresses for Dy and ()1 can be
calculated the same way as in a conventional Buck—Boost con-
verter design. Equations (10) and (12) express the current and
voltage stress of Dy and ;. As also shown in Fig. 18, the volt-
age and current stresses on (), and D; are similar to those in
a conventional single-stage LED driver design. Therefore, ),
and D; can be selected by following the general guideline used
to design a conventional single-stage LED driver.

6) MOSFET Q2 and Diode D2: The current rating for Q5
and D, can be chosen according to (17). Since I,gp, 1, and
Ly ag N2 are fixed values in design, the peak switching current
of Q2 /D5 changes along with the output V2 (t). The maximum
peak switching current occurs when V9 is at its maximum,
which agrees with the fact that the most amount of inductor
energy is needed to sustain V,o when V, is at its maximum
value. The voltage rating for ) and D5 can be chosen according
to (11) and (13). Both the voltage and current stress of (o
and Ds relies on the turn’s ratio V| :Ny. With the experimental
prototype, N1:Nj is set to be 9:2, a reasonably small voltage
and current stress of ()5 and D, are obtained.

The components stresses of the proposed LED driver, as well
as a conventional LED driver, are shown in Fig. 18. The voltage
and current stress of 1, D are almost the same, which is 200 V
and 1.2-A peak in both designs under 110-Vrms input. In the
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Fig. 18. Simulation result of the components voltage / current rating:

(a) Proposed Buck—Boost LED driver. (b) Conventional Buck—Boost LED driver
(under 110-Vrms input).

proposed LED driver, the voltage and current stresses of D,
are 35 V and 1.6-A peak, respectively. The voltage and current
stress of (Jo are 8.1 V and 1.6-A peak, respectively, which are
reasonably low.

V. EXPERIMENTAL RESULT

An 8.5 W, 50 V/0.17 A output experimental prototype is built
to verify the proposed energy channeling LED driving method.
Table I shows the critical component of the experimental
prototype.

Fig. 19 shows the 120-Hz twice-line-frequency ripple cur-
rent comparison between the proposed energy channeling
LED driver and a conventional Buck-Boost LED driver.
These two LED drivers are connected with the same 133 pF
(100 pF + 33 pF) output capacitors and the same LED loads.
Fig. 19(a) shows the key waveforms of the proposed LED driver.
Ripple voltage cancelation is achieved between the main output
V,1 and the small output V,2. A dc LED voltage is produced
and drive LED load with a dc LED current. The 120-Hz twice-
line-frequency LED ripple current is measured to be around
20-mA peak to peak with the proposed LED driver, which is
only 5.8% of the averaged 170-mA LED current. Fig. 19(b)
shows the waveforms of the conventional Buck-Boost LED
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TABLE I
CRITICAL CIRCUIT PARAMETERS OF THE PROPOSED BUCK—BOOST ENERGY CHANNELING LED DRIVER PROTOTYPE

Critical component

Value / PN

Output capacitor C',

Output capacitor C 9

Coupled inductor

Main MOSFET Q1

Controller for Q1

Main rectifier diode D1

Energy channeling MOSFET Q2
Controller for Q2

Output Diode D2 for V2

Auxiliary voltage output capacitor C',y x
Auxiliary voltage blocking Diode D,
LED load

ECA-1JM101 (63 V, 100 pF) ECA-1JM3301 (63 V, 33 pF)

CL31A226MOCLNNC (16 V, 20 pF)

Ferrite core EF16 with main winding inductance 800 pH N :Ny:N, ,x = 90 : 20 : 90

STP3NKS0Z(800 V, 2.5 A)
FL7732
MURS360-E3/57T (600 V,3 A)
NTD4906N (30 V,10.3 A)

Implemented with discrete components LM311 and TLV272 based on Fig. 9

SS35-E3/57T (50 V, 3 A)
ECA-2CMA470 (160 V, 47 pF)
DLMI0E-ATI (400 V, 1 A)

25 LEDs connected in series Part number: LR W5AM-HZJZ-1-Z

driver. A 3-V pk—pk 120-Hz twice-line-frequency LED ripple
voltage is observed, which introduces a 100-mA peak to peak
(29.5% of current ripple) LED ripple current. Therefore, the
proposed LED driver achieves an 80% ripple current reduction
(from 100 to 20 mA) in the experiment.

Fig. 20 shows the key switching waveforms of the proposed
energy channeling LED driver. The switching cycle starts at
time ¢y. During the time interval [ty — 1], the main MOSFET
(1 is on, and the inductor is charged through winding NV;.Q,
is turned OFF at time ¢;. Since ()7 is not on during the time
interval [t; — 5], the inductor current continues circulating in
winding N; and transfers the energy to output V1. is turned
ON at time ¢o and the inductor current commutes immediately
from winding N; to winding N». The inductor current at ¢, has
already been greatly reduced from the peak value at ¢;, which
results in a low current stress on Q5. The inductor current keeps
decreasing in winding N> until it becomes zero at time ¢3. In
order to achieve a high power factor, the proposed LED driver
operates under DCM condition and does not immediately turn
on again when the inductor current drops to zero. There is a
short time of turn on overlap between ); and @2 due to the
limitation of the implementation circuit. It will not impact the
circuit operation since the diode D is reverse biased when ()1
is on. This overlap can also be avoided with more sophisticated
circuit design.

Fig. 21 shows the rectified input voltage and the ac input
current under 110-Vrms input and when the voltage Vj,; is
provided. During the time interval [t, — ], the rectified voltage
is flat, and the ac input current becomes zero. A power factor of
0.97 has been measured with the prototype. Similar waveforms
had also obtained from 220-Vrms input. A power factor of 0.93
has been measured. The power factor performance exceeds the
0.9 PF requirement for LED lighting applications.

Fig. 23 shows the waveform of adaptive Vj,; generation.
When the input voltage changes from 110-Vrms input to
220-Vrms input, Vq,¢ voltage changes from 40 to 80 V, which
agrees with the previous analysis.

Fig. 24 shows the dynamic LED current response of the pro-
posed LED driver. By applying the control signal, the current
sensing resistor is programmable. The LED current changes
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Fig. 19. Ripple current comparison between the energy channeling LED driver
and a conventional Buck—-Boost LED driver with 50 V/0.17 A output. (a) Energy
channeling Buck—-Boost LED driver. (b) Conventional Buck—Boost LED driver.

from 100 to 170 mA in the experimental measurement and
shows stable operation.

Fig. 25 shows the efficiency of the proposed Buck-Boost
experimental prototype under 110 and 220-Vrms input voltage.
In total, 86% and 83% efficiency are achieved at full load with
110 and 220-Vrms input, respectively. The experiment focused
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Fig. 20. Key switching cycle waveforms of the proposed energy channeling
LED driver.
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Fig. 22.  220-V input voltage (after rectifier) and ac input current waveforms
when the input power is reshaped.
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on the feasibility of the proposed LED driving method, and the
efficiency can be further improved with an optimized design.
Table II shows the THD measurement of the proposed LED
driver and Fig. 26 shows each order of the input current harmonic
versus the [EC-61000-3-2 standard. Under 110-Vrms input, the
measured input current harmonics are within the standard limit.
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Fig. 25. Efficiency of the proposed LED driver under 110 and 220-Vrms
input voltage.

Under 220-Vrms input, after ninth order, the measured har-
monics are marginally within or slightly surpassed the standard
limit. With a better EMI filter design, the input current har-
monics under 220-Vrms input can be managed to fall into the
standard limit. Fig. 22 shows the photo of the experimental
prototype.



3906

TABLE II
THD MEASUREMENT OF THE PROPOSED LED DRIVER

Load current (mA) Under 110 Vrms (%) Under 220 Vrms (%)

50 17.7 23.0
70 16.9 20.4
90 18.2 18.9
110 17.1 17.5
130 16.3 15.4
150 16.4 15.6
170 17.8 15.8
35
S B [EC-61000-3-2 Class C
é 25 = Input current under 110Vrms input
S
g 20 = Input current under 220Vrms input
=
5 15
3
210
§ 5 Iy y
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Fig. 26.  Input current harmonic measurement versus IEC-61000-3-2 Class C.

Fig. 27.

Photo of the experimental prototype.

VI. CONCLUSION

In this paper, the concept of energy channeling LED driver
has been proposed. It is a true single-stage solution with high
power factor and flicker-free LED driving performance. The
input power is split into two portions to produce two output
voltages. The main output provides energy storage and contains
a 120-Hz twice-line-frequency ripple voltage. The auxiliary out-
put is controlled to cancel the ripple voltage of the main output.
This way, a dc LED driving voltage is produced and drives
the LED load with flicker-free performance. Both simulation
and experiment have been performed to verify the proposed en-
ergy channeling LED driving method. The 8.5 W, 50 V/0.17 A
prototype achieves 5.8% 120-Hz twice-line-frequency ripple
current, 0.97 power factor, and 86% full load efficiency under
110-Vrms input.
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