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AC-DC LED Driver With an Additional Active
Rectifier and a Unidirectional Auxiliary Circuit for
AC Power Ripple Isolation

Zhenyu Shan

Abstract—Single-phase ac light-emitting diode (LED) lamps re-
quire long-lifespan and high-efficiency ac—dc power converters for
power factor correction (PFC) and current regulation. In such
converters, the inherent double-line-frequency ripple power from
the ac source is isolated from the load by large electrolytic capac-
itors (E-caps) or E-cap-less active circuits to improve reliability
and lifespan. This paper presents an ac—dc LED driver with an
additional active rectifier and a unidirectional auxiliary circuit for
ripple power isolation. As compared with other similar designs,
the proposed LED driver operates with reduced redundant power
processing and a lower voltage on the storage capacitor, and the
additional active circuits include fewer power components. The
prototype with small polymer-hybrid capacitors and ceramic ca-
pacitors is separately tested in the experiment.

Index Terms—AC-DC converters, auxiliary circuit, light-
emitting diode (LED), LED driver, power factor correction (PFC).

1. INTRODUCTION

IGHT-EMITTING diode (LED) lamps are widely used in
lighting systems and are expected to dominate the future
lighting market [1]-[4]. Different from other lighting devices,
such as incandescent bulbs and fluorescent tubes, LEDs are
driven by dc current source, which is generally realized by
switching-mode power converters [5]. For LED lamps powered
by the utility grid, the LED driver achieves a typical power
conversion from a single-phase ac source to dc loads.
The power flow in ac—dc LED drivers is illustrated in Fig. 1.
At the input side, the power flow p;,(¢) includes a constant
power P, and a double-line-frequency ripple power p, (t) when
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Fig. 1. Power flow of a conventional unity PF ac—dc LED driver with a large

storage capacitor.

a unity power factor (PF) is achieved. At the output side, the
voltage V,, is clamped and close to the forward voltage of the
diode Vp, and the current /, must be regulated. The resulting
power flow P, at the output port is constant. In traditional ac—dc
converters, a large capacitor is directly connected to the output
port to isolate the ripple power p, (t) from the load, as shown in
Fig. 1. As presented in [6], the required minimum capacitance
is determined by

F,
2mfV,

where f is the line frequency and AV is the allowed voltage
ripple on the output port. In LED applications, AV must be very
small because LED devices have a small equivalent series re-
sistance. A small voltage ripple may cause a substantial current
ripple and flicker that should be avoided in most lighting sys-
tems [7]-[9]. To meet the requirement for storage, electrolytic
capacitors (E-caps) are routinely used. However, the lifetime of
general E-caps is in the order of thousands of hours, which is
much shorter than LEDs’ lifespan of up to 100 000 h [10]. Cur-
rently, although long-lifespan E-caps are available [11], [12],
the cost is still prohibitive for most lighting systems, and such
E-caps are bulky.

Several approaches to minimizing the capacitance for power
ripple isolation have been reported [13]-[21]. A cascaded two-
stage ac—dc LED driver with small capacitors has been pro-
posed [13]. In such structure, the first-stage converter operates
for power factor correction (PFC), and the second-stage con-
verter for output current regulation. The intermediate voltage
allows a relatively large ripple, which can significantly reduce
the required capacitance for power ripple isolation. However,
the efficiency of this LED driver may suffer from redundant

CAV =

ey
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Fig. 2. AC-DC LED driver with a bidirectional buck—boost auxiliary circuit
for double-line-frequency power ripple isolation [23].

power processing [14]. Another approach to reducing the ca-
pacitance is to intentionally generate a high-order harmonic
current at the input port of the LED driver [15], and two similar
designs have also been presented [16]-[18]. The combination
of the double-line-frequency power ripple and the high-order
harmonic power can be buffered by much less energy storage.
However, the input PF of these circuits is sacrificed. The afore-
mentioned LED drivers feed a continuous current to the load,
while a high-frequency pulsating-current LED driving method
has also been proposed [19]. The duty cycle of the LED driving
current is manipulated to make the average current constant over
each switching cycle. At the end, the capacitance requirement
is reduced due to larger allowable voltage ripples. Two simi-
lar approaches have also been proposed [20], [21]. However,
as reported in [22], such LED drivers may lower the lighting
efficiency of LED devices.

Apart from the approaches mentioned above, a single-stage
configuration comprising a flyback converter operating in dis-
continuous current mode (DCM) for PFC and an auxiliary circuit
for ripple power isolation has been developed [23]-[35]. This
configuration achieves a unity PF and high efficiency while
allowing a high-voltage ripple on the storage capacitor to re-
duce the capacitance requirement. In [23]-[25], a bidirectional
buck—boost converter is employed to fully absorb the double-
line-frequency power ripple at the output port of the LED driver,
as shown in Fig. 2. The storage capacitor Cj, is isolated from the
LED loads by the auxiliary circuit, and therefore, allows higher
dc voltage and larger voltage ripple. The power processed by
the auxiliary circuit is 2P, /7. A similar topology based on the
ripple port concept [6] has been proposed [26]. In [27], a series
of LED drivers based on a three-port flyback converter were
proposed. This concept is illustrated in Fig. 3, where a unidi-
rectional auxiliary circuit is connected to the third port and the
LED load. When the input power of the flyback converter is
higher than the load power, the surplus part of the power flows
to capacitor C}, through the third port and is then stored there;
otherwise, the auxiliary circuit operates to make the power flow
from capacitor Cj, to the load. Comparing with the configuration
shown in Fig. 2, the power processed by the auxiliary circuit is
reduced by half of the ripple power, namely P, /m. Other LED
drivers derived with the similar concept were presented in [28]—
[31].In[32] and [33], a bidirectional full-bridge auxiliary circuit
with capacitor C, is connected in series to the output port of
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Fig. 3. LED driver based on a three-port flyback converter topology [27].
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Fig. 4. AC-DC LED driver with a bidirectional full-bridge auxiliary circuit
for ripple voltage cancellation, where the ripple power is partially processed by
the bidirectional circuit [32].
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Fig. 5.  AC-DC LED driver with a bidirectional buck—boost auxiliary circuit
for ripple voltage cancellation, where the ripple power is partially processed by
the bidirectional circuit [34].
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TABLE I
CHARACTERISTICS OF THE PROPOSED LED DRIVER AND OTHER SIMILAR WORKS IN RIPPLE POWER DECOUPLING FOR AC-DC LED DRIVERS
No. of components .
LED Ref.  Output Power . .o Storage capacitor
. in the aux. circuit
driver power/voltage  processed
(PolVy) by the aux. 0 Trans- . .
- . . ther Operating Capacitance Voltage Volume
circuit Switches Diodes former Type 3
(L, C) windings voltage (V) (uF) rated (V) (cm?)
Fig. 2 [23] 33.6 W48V 0.637P, 2 0 2 0 85—136  2x10 250 Film cap. 18.3
[24] 33.6 W/48 V 2 0 2 0 125—195 4.7 250 Film cap. 7.3
[25] 20 W/33 V 2 0 2 0 230—250 3.7 Not reported
Fig. 3 [27] 135 W/45V 0.318P, 2 1 1 1 120—210 3.3 400 Film cap. 18
[28] 13.5W/45V 0.318P, 2 2 1 1 120—250 3 630 Film cap. 24.3
[29] 20 W/29.5 V > 0.318P,, 1 2 2 1 36—128  2x5.6 160 Film cap. 14.9
< 0.637P,
[30] 19.6 W/28 V 0.318P, 1 3 3 1 310—350 2x3.3 450 Film cap. 359
[31] 16 W/80 V 0.318P, 2 2 2 100—170 3x2.2 400 Film cap. 32.4
Fig. 4 [32] 100 W/150 V  0.124P, 4 0 3 0 132—169 56 250 Film cap. 574
[33] 100 W/150 V. 0.161P, 4 0 3 0 129—171 2x22 250 Film cap. 37.9
Fig. 5 [34] 35W/50V 0.096 P, 2 1 3 1 43—48 470 63 E-cap 5.12
Fig. 6 [35] 8.5 W/50V ~0 2 5 3 2 45—49 100 + 33 63 E-cap 1.18
Fig. 7 23 W/46 V 0.065P, 2 2 2 0 37—43 3x100 50 Polymer E-cap 3.0
(proposed 0.076 P, 2 2 2 0 33—45 100 + 56 50 Polymer E-cap 2.0
LED driver) 0.109P, 2 2 2 0 26—45 100 50 Ceramic cap. 6.8
the flyback converter, as shown in Fig. 4. In this configuration, Ripple is;t)lation Voltage
. . . . capacitor
most of the double-line-frequency ripple power is directly ab- > E v,
. o c _ )
sorb.e.d by Q;,, E}nd the ripple voltage on it is comper}s'ated b'y th.e 7777777777777777 N /V\
auxiliary circuit. The power processed by the auxiliary circuit Flyback Ss|1E2(3 .
. . . . o converter | =9 T § 5 Vo ac line cycle
is proportional to the amplitude of the ripple voltage and can be c ECIE-EA / —
L . b =1} — )
further reduced. In addition, the voltage stress of the auxiliary / S &
circuit is much lower than the LED voltage. An LED driver with - éLé
.. . . & . . Additional active rectifier / \w .
the similar architecture (see Fig. 5) was proposed in [34]. In this Time

LED driver, the output voltage of the auxiliary circuit is a bias dc
voltage plus the ripple voltage. An LED driver with the energy
channeling technology for voltage ripple cancellation was pro-
posed in [35], as shown in Fig. 6. The power processed by the
auxiliary circuit can be ideally reduced to almost zero. However,
a primary-side auxiliary circuit that includes many components
(not shown in detail) is needed.

A comprehensive comparison among these LED drivers and
the proposed LED driver in this paper are shown in Table I. The
auxiliary circuits proposed with the LED drivers in [23]-[25],
[27]-[31] and shown in Figs. 2 and 3 consist of fewer compo-
nents. The auxiliary circuits presented in [32]-[35] and shown
in Figs. 4-6 process a lower power, which potentially achieve a
lower energy loss for a given efficiency. This paper presents an
LED driver with such two advantages, namely, a simple struc-
ture and low power processing of the auxiliary circuit.

The LED driver proposed in this paper consists of a flyback
converter, an additional active rectifier, and a unidirectional aux-
iliary circuit, as shown in Fig. 7. As compared with the topolo-
gies in Figs. 2-6, the advantages of the proposed LED driver
can be summarized as follows.

Auxiliary circuit operates

Fig. 7. Structure of the proposed ac—dc LED driver with an additional active
rectifier and a unidirectional auxiliary circuit for power ripple isolation.

1) The auxiliary circuit with an additional active rectifier
is implemented by only six components and does not
need an additional winding in the flyback transformer.
The LED driver proposed in this paper is comparable to
that presented in [27]-[31] in terms of the number of
components and the complexity. Furthermore, the output
voltage of the auxiliary circuit is only a small part of the
load voltage, which makes the power processing much
lower than that in Figs. 2 and 3.

The output voltage of the auxiliary circuit is connected
in series to the storage capacitor, which is similar
to the design reported in [32]-[35] and illustrated in
Figs. 4-6. However, it processes the unidirectional power
flow as the input power of the LED driver is lower than
its mean value. This potentially helps further reduce re-
dundant power processing and the power loss. In addi-
tion, the proposed auxiliary circuit is composed of fewer

2)
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Fig. 8. Power stage of the proposed ac—dc LED driver.

components, comparing with these existing similar
configurations.

3) The operating voltage of the storage capacitor is lower
than the LED voltage, which helps reduce the size and
cost. In most E-cap-less LED drivers, high-voltage film
capacitors are used and occupy large space in [23], [24],
and [27]-[33] (see Table I) and in [13] and [15]-[20].
Due to a low operating voltage of the proposed auxiliary
circuit, an E-cap-less LED driver is realized with low-cost
and low-volume ceramic capacitors in this paper.

II. OPERATING PRINCIPLES OF PROPOSED LED DRIVER

The proposed structure in Fig. 7 can be realized by the topol-
ogy shown in Fig. 8. The flyback converter (main converter)
consists of a diode bridge, a transformer 7, with the turns ratio
of n; : 1, and a switch @,,. The additional active rectifier is
composed of an active switch (), and a diode Dy;,. Moreover,
the auxiliary circuit is composed of a switch @, an inductor L,,
and a diode D, , which is similar to buck—boost circuits that are
used for charge balancing in battery packs [36]. Here, capacitor
C} is used to buffer the input power ripple, and capacitor C,
is used for ripple isolation and filtering switching ripples of the
auxiliary circuit and the flyback converter.

The key waveforms of the proposed LED driver (neglecting
switching ripples) are illustrated in Fig. 9. The main converter is
operating in DCM with a constant duty ratio applied to @), . The
input current i;, (t) and voltage v;, (¢) are inherently in phase.
Thus, the input power p;, (t) has a double-line-frequency vari-
ation about the mean value P, as shown in Fig. 9(a) and (b).
When p;, (t) > P,,, the additional rectifier operates with power
P, flowing to the load and the surplus power p;, (t) — P, stored
in capacitor Cy,. When py, (t) < P, the power P, — pi, (%)
flows to the load from C}, and the auxiliary circuit operates to
charge C, to compensate the voltage dip on Cj,. The internal
waveforms of the LED driver are shown in Fig. 9(c)—(e), in-
cluding voltages on C,, and C}, [v., (t) and v, (¢)], the currents
flowing to the load from the flyback converter and the storage
capacitor [is, (t) and 4, (¢)], and input/output currents of the aux-
iliary circuit [44; (t) and i,,(t)]. For ease of presentation, two
time intervals, [7/8,37/8] and [3T'/8,5T'/8] are, respectively,
referred to as charging cycle and discharging cycle, since the
storage capacitor C is, respectively, charging and discharging
in these two periods of time.
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Fig. 9. Input and internal waveforms of the proposed LED driver in one cycle

of the input voltage neglecting all switching ripples.

A. Operating Principles in Charging Cycles

During charging cycles [pi, (t) > P,,], the additional active
rectifier operates to channel the input power and regulate the
output current ¢, whereas the auxiliary circuit is not working.
The secondary current i4(¢) is divided into two parts, namely,
is0(t) and i, (t), as shown in Fig. 8. Current i, (¢) flows to the
load, which is ideally equal to load current I,,. Moreover, current
isp(t) is mainly charging the storage capacitor C},, which causes
vep(t) to rise and v, (t) to fall, and the sum of the two voltages
is inherently equal to the LED voltage V,,, as shown in Fig. 9(c).

The detailed operating principles of the LED driver are illus-
trated in Fig. 10. The key waveforms in each switching period
Tsw_m are shown in Fig. 10(a). In duration [t1,¢2], the main
switch @, is on with duty cycle D,, which makes current i,
zero and capacitors C, and C, discharged with voltage drops
Awv; and Awsy, as shown in Fig. 10(b). Switch @,, is turned
OFF at the instant of ¢9, and current ¢, becomes nonzero. In the
duration [t9, t3], current is, = is flows through diode D, and
charges the capacitors, leading to voltage increases Avs and
Awy, respectively, on C, and C}, as shown in Fig. 10(c). The
switch )y turns ON at the instant of ¢3. In the duration of [t3, t4],
current i, = 5 flows through diode Dy, resulting in voltage
decrease Avs on C, and voltage increase Awvg on Cy, as shown
in Fig. 10(d). For ease of presentation, the above-mentioned
durations are defined as d,., T, _, and d,, T, , respectively.
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Fig. 10. Illustration of detailed operating principles of the LED driver in
charging cycles. (a) Key waveforms in each switching period. (b)—(d) States of
the secondary-side circuit (the LED load is represented by a voltage source Vj,)
in different durations.

The circuit state in duration [t4, 5] is the same as that in [ty , t2].
The voltage changes on C, and C}, in these two durations are
considered together and denoted by Awv; and Awvs. Over the
entire switching period, the net change of the voltage v., + v¢p,
i.e., the sum of Av; to Avg, must be zero.

B. Operating Principle in Discharging Cycles

During discharging cycles, the auxiliary circuit operates to
manage the voltage of C,, and regulate the load current, while
the additional active rectifier is OFF. The current i, (¢) is flowing
to the load, and the power insufficiency, namely P, — pi, (%),
is made up by the energy storage in capacitor Cj. With C},
discharging and voltage v, (t) falling, the auxiliary circuit is
charging C,, to make v, (t) rise and the sum of them equal to
V,, as shown in Fig. 9.

v Ay, +Avg
Vm+vcb + *
A tAvs Avg 4wy,
I Iy Iy Iy T
T ‘ T T sw_m
D)' TS w_m d" 0 TS w_m
Fig.(b)  Fig.(c) Fig.(b)
(@)
iSO iO LO iIOZiS iO LO
P —— P
DY()
+ : +
-1 AVQ (Vcab ]
<+
Avyy (Vchb
(b) (©)

Fig. 11. Illustration of detailed operating principles of the LED driver in
discharging cycles without the auxiliary circuit. (a) Key waveforms in each
switching period. (b) and (c) States of the secondary-side circuit in different
durations (the LED load is represented by a voltage source V).

Since the flyback converter and the auxiliary circuit can oper-
ate individually, the operating principles of these two parts are
separately described and illustrated in Figs. 11 and 12. When
only the flyback converter is considered, voltage changes on ca-
pacitors C,, and C}, during [tg, tg] are denoted by Av; to Avyg,
as shown in Fig. 11. Since the mean current from the flyback
converter 44, ,v, is lower than the load current, i.e., the sum of
Av; to Avy over one switching period is negative. Therefore,
if the auxiliary circuit is not operating, voltage v., + v, will
fall, as shown in Fig. 11(a).

When the auxiliary circuit is simultaneously operating, the
operating principle of the LED driver is illustrated by Fig. 12.
In this situation, voltage v., + v., Wwill be fixed at V, with a
small ripple, as shown in Fig. 12(a). For ease of presentation,
the actual current from the flyback converter is replaced by
its mean value i ,_avg, as shown in Fig. 12(b)—(d). In duration
[t10,t11], switch @, is ON with duty cycle d,, and the auxiliary
circuit is sinking current ¢,;, leading to the voltage change of
Awvy; and Ao, respectively, on capacitors C, and C, as shown
in Fig. 12(a) and (b). In duration [¢;1, t12], the auxiliary circuit
is releasing current 4,, to charge capacitor C,, resulting in the
voltage change of Avy3 and Awvyy, respectively, on C, and C},
as shown in Fig. 12(a) and (c). During [t;2, t13], the voltage
changes on C, and C} are, respectively, denoted by Av;; and
Awvyg, as shown in Fig. 12(a) and (d). When the output current
is well regulated, the sum of Avy; to Avyg over one switching
cycle will be equal to zero. It is noted that the switching period
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load is represented by a voltage source V,, and the pulsating current 5, from
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of the auxiliary circuit may not be the same as that of the main
converter, which is denoted by T%,, .

III. CIRCUIT ANALYSIS AND PARAMETER DESIGN

The required volume and voltage rating of capacitors can be
derived from an analysis of the power flow of storage capacitors
and the characteristics of the flyback converter circuit. Subse-
quently, the required inductor value of the auxiliary circuit can
be obtained.

A. Power Flow of the Storage Capacitor

It is assumed that there are no power loss and high-frequency
switching ripple in the LED driver that is operating with the
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unity PF. If the input voltage of the LED driver is
2

the instantaneous input power with double-line-frequency ripple
will be

Ui (t) =V, sinwt

Pin(t) = P, (1 — cos 2wt). (3)
Then, the ripple power p, (¢) can be formulated as
p,(t) = —P, cos 2wt. 4)

Assuming that the ripple power is buffered by the capacitors
and the energy storage there takes the form of

1 1
We.(t) = §vacb(t)2 + icavm (t)? 6)
we can get
dVVC (t) _ dv(:b (t) dvca (t)
dt — vacb (t) dt + Cavca (t) dt
= — P, cos2uwt. (6)

Substituting v., (t) =V, — v (t) into (6), the solution of the
equation is derived as

Ca

’Ugb(t) = K1 + \/ K2 - K3 Sin2wt,K1 = m‘fo,
Vo1
Ky = Vo — K1)%, Ky = ———2— 7
2 = (Viro 1), K3 Co+ Co)w (7

where V., represents v, (0), namely the initial value of v, (¢).
Then, i, (t) can be derived as

i) = C dvep(t) _ — K cos 2wt o Cy P,
cb YTt VE; — Kssin2wt ' Co+Cy
(8)

When C, is much smaller than Cj, v (t) and 4., (t) can be
approximated as

P, sin 2wt

vep(t) =V, 1— ——— 9
b(t) b0 VonZCro )
and
. —P, cos 2wt
iep(t) ~ (10)
P, sin 2wt
Vebor |1 — ——=—
Vepo ™ Cyw

B. Flyback Converter With the Additional Rectifier

According to the description in [23], and assuming no power
loss in a flyback LED driver operating at DCM, the duty ratio
of the magnetizing period is determined by

2
.Dy == Wn POLp/TS’an

where L,, is the magnetizing inductance of the transformer at the
primary side and V},, is the magnitude of the input sinusoidal
voltage. As shown in Fig. 10(a), the two duty ratios of each

(1)
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demagnetizing period can be expressed as

L . .
dyo(t) = VT :’} [iso0pk () — Tsppr ()],
L, t
dr(t) = —Lobsvot (D) (12)

nt2 Uch (t)nw,vrz

where iy, 5 (t) and iy, 5 (t) represent the peak values in one
switching period of current i, (¢) and iy, (t), respectively. Since
the average value of i, (t) for t € [T'/8,3T/8] can be approxi-
mated as the load current, we have

(t)2 ‘/Onf QTSWJN,

dra
o ()igo pi (t) — =1,. 13
(D11 5 (13
According to [23], we obtain
Plswm | .
isopk (t) = 2ny 4 | —| sinwt|. (14)
P
For t € [T'/8,3T/8], substitution of (14) into (13) yields
1 P, L, .

dyo(t) (2| sinwt| — v/ —2cos 2wt) . (15)

‘/0 Uz Ts w-m

Rearranging (12) and substituting (14) and (15) in it for ¢ €
[T'/8,3T/8], we can get

1 BL,
Ueh (t)nz‘ Tsw,m

dp(t) = V=2 cos 2wt.

(16)

To make the flyback converter operate in DCM, (17) should be
satisfied for ¢ € [T'/8,3T/8].

P,L, [ 2 N 2 sinwt]
— S W
Tsw,m Vm ntv;)

1 [11] \/m}gl (17)
vep(t) Vo

D:u + dra(t) + dv'b(t) =

Uz

C. Voltage and Volume of the Storage Capacitor

Instead of (17), a conservative inequality

P,L 2 2—+2 2
B + V2 + V2 <1 (18)
Ts w_m ij Uz ‘/o Uz ‘/(:b min

can be used, where Vi, represents the minimum value of
vep (t). Rearranging (18) yields

1

E TSU)JVL _nt\/i_ \/5_1
\/§ PoLp Vm Vo

In order to ensure that the LED driver can operate with the entire
range of the input voltage, V,, in (19) should be the minimal
amplitude of the input ac voltage. The maximum value of v, (¢),
namely V.5, must be lower than V,. According to (9), the
required capacitance Cj, and its initial voltage can be obtained

V;:bmin Z (19)

as

2P,

2 2
W(‘/cbmax *V;:bmin )

Cy =

‘/(:I)O = \/(‘/cbmax2 + ‘/(31)1111112)/2- (20)

In the actual circuit, the voltage and energy flow on capacitor
Cy are also related to the size of capacitor C,. This is because
C, is charged with the energy from C, through the auxiliary
circuit to compensate the voltage ripple on C} in discharging
cycles. This implies that the auxiliary circuit with a smaller
C, is processing lower power. However, C, also functions as
a high-frequency filter for suppressing switching ripple on the
output current, and cannot be too small. Considering these two
factors, a 20-uF capacitor is used in this paper.

D. Inductance Value of the Auxiliary Circuit

The auxiliary circuit is assumed to be operating in DCM in
discharging cycles. As shown in Fig. 12(a), the average input
current of the auxiliary circuit over a switching period for ¢ €
[37'/8,5T'/8] can be expressed as

iai(t) = vep (t)da (t)QTswfa/@La)v do(t) < [Vo — e (D)]/V,
2n
which yields

L, <

2
U{zb(t)Tsuul |:V0 — Vb (t)} . (22)

204, (t) V,

In this equation, v, (t) can be substituted by (7), and i, (t) (see
Fig. 8) can be expressed as

Gai(t) = —icp(t) — iy (t) (23)
where i, (t) can be substituted by (8), and ; (¢) is
in(t) = —pr(t)/ Vo = I, cos 2wt (24)

fort € [37'/8,5T1/8]. The upper bound of inductance L, defined
by (22) is a function of ¢, and can be plotted with T, , = 5 us,
C, =20 uF,Cy, = 150 uF, V40 =40V, V, =46V, I, =0.5A,
andw = 27 x 60rad/s. The plotted curve is shown in Fig. 13.1tis
observed that the maximum inductance requirement is 20 ©/H. To
enhance the dynamic performance and ease the control design,
a 10-pH inductor is used in the experiment.

IV. EFFICIENCY COMPARISON

The power processed by the auxiliary circuit can be
expressed as

Pa (t) = Uch (t)iai(t)

where v, (t) and i,;(t) are explained in (7) and (23), respec-
tively. The curves that represent the power processed by the
proposed and other auxiliary circuits are plotted in Fig. 14, us-
ing (25) or according to [23] and [32]. The buck—boost circuit
in [23], the full-bridge circuit in [32], and the proposed unidi-
rectional auxiliary circuit are denoted as circuits I, II, and III,
respectively. In this case, the power processed by circuits II and
IIT are comparable and much lower (about 8% of that processed

(25)
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Fig. 14.  Instantaneous power processed by the three circuits for power ripple

isolation in one period of the input ac voltage. Circuit I represents a bidirectional
buck—boost circuit presented in [23] and shown in Fig. 2. Circuit II represents
a bidirectional full-bridge circuit presented in [32] and shown in Fig. 4. Circuit
IIT represents the proposed unidirectional auxiliary circuit.

by circuit I). The explanations for this are as follows. The out-
put power of the auxiliary circuit is v, (¢)i4, (). Since voltage
Veq (t) is much lower than V,, and current 4, () is slightly higher
than 4, (¢), the operating power of the auxiliary circuit is only
a small fraction of the ripple power V,i;,(t). Furthermore, the
mean value of power loss from circuit III can be derived as

5T/8

Piioss = VV{LW/7r : (1/77a - ]-)a W, = / pa(t)dt (26)
3

3T/8

for a given efficiency 7,. A comparison of P, .4 from the three
circuits is shown in Fig. 15, which implies that circuits II and
IIT will not significantly lower the efficiency of the LED driver
even if they are not very efficient.

Note that the additional power loss from the additional rec-
tifier is not considered. Because switch (), has much lower
turn-on resistance than that of rectifier diode Dy, the added
conduction loss by @ is negligible. In addition, the voltage on
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Fig. 15.  Power loss from the auxiliary circuits vary with their efficiencies.
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Fig. 16.  Schematic diagram of the controller for the proposed LED driver.

@, is close to the level of v, , which is very low. Therefore, the
switching loss is neglected in this paper.

V. CONTROLLER DESIGN

A simplified diagram depicting an analog implementation of
the controller for the proposed LED driver is shown in Fig. 16.
The controller senses the load current, the voltage of the capac-
itor C, and the input voltage to control three switches, @,,,
@y, and ), in the power stage. A general proportional-integral
(PD) control scheme is used to regulate the output power of the
flyback converter and manage the additional rectifier and the
unidirectional auxiliary circuit.
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A. Control Design of the Flyback Converter

A PI unit is used to control the turn-on duty ratio of the
main switch in the flyback converter to regulate the load current
that is sensed by a current shunt resistor 25 and a differential
amplifier circuit GG1 . The output signal of G; denoted by 7, sense
is fed into a low-pass filter (LPF) implemented by the LPF IC
MAX7403. The filtered signal is subtracted from the reference,
and the difference is processed by a PI unit. Next, the duty-ratio
signal D, is generated according to the following traditional PI
control expression:

Dy = Kpl (IOJef - iO,LPF) + Kil /(IOIef - ioLPF)dt

(27
where I, .t and i, 1pp represent the reference and the mean
value of the load current, respectively. In the experiment, K,; =
1.5 x 107% and K;; = 1.1. The pulsewidth-modulation (PWM)
signal that is generated by a modulator with a sawtooth-wave
clock drives the switch (),,, through a gate-driver circuit. The PI
control unit with the PWM signal generator is realized by the
PWM controller UC3843.

B. Control Design of the Additional Rectifier

In the charging cycles, the turn-on time of the additional recti-
fier is controlled to regulate the load current and the mean value
of the capacitor voltage v, that is sensed and scaled down by a
differential amplifier circuit GG5. Then, the sampled v, is pro-
cessed by a LPF and then subtracted from its reference through
the subtractor implemented by the amplifier IC LT1995. Then,
the voltage-error signal e,y = Ay b (Veporer — VepLpr ) 1S gen-
erated (A, is the attenuation factor of sensing circuits, V,po et
is the reference for V¢ value, and v, 1,pr is the mean value of
vep). The voltage-error signal e, ., and the current signal 7, sense
are separately fed into the PI unit through resistors R, and
R3. The duty-ratio signal of the additional rectifier is generated
according to

Dy + dro = p?(IOJef - io) + Ki? / (IOJef - 'Lo>dt
+ KU(Ible2 (UchPF - ‘/cbO,ref)
4 KK [ (e = Vnsu)dt - 29

where K,» = 3.15, K;» =23.3 x 10°, and K, = 0.029.
Since perturbations on v, are slow, a very small factor K, ;1 is
used. The PWM signal generated by the controller drives switch
@, through an inverting gate driver, and its turn-on duration is
1 — (Dy + dyo)|Tswm- Note that the clock used to generate
this PWM signal must also be the same as that used in the
flyback converter control.

C. Control Design of the Auxiliary Circuit

In the discharging cycles, the auxiliary circuit operates to
manage the load current and the capacitor voltage v, Its control
design includes one PI unit with a modulator, similar to the one
used for the additional rectifier, as shown in Fig. 16. The inputs

TABLE II
PARAMETERS VALUES AND COMPONENT PART NUMBERS OF THE PROTOTYPE

Parameter/component Value/part number

Input voltage 90-240 V/60 Hz

Output voltage/current (full load) 46 V/0.5 A
Loads High-flux LED CXA1304 x 5
Diode bridge DF04S
Transformer Magnetic core RMI10
Turns ratio (n;) 2
Magnetizing inductance (L) 80 uH
MOSFET m C2M0080120D
Qu,Qp TK7S10N1Z
Diodes Do, Dgy, D, C3D02060E
Inductor L, 10 uH
L, 33 uH
Capacitor Cq 20 uF
Cy 100-300 puF
Switching frequency fswm» fswa 200 kHz

are signalS i, sense and e,.;,. The duty-ratio signal d,, is generated
according to the formula

da = pB(I()Jef - Z'o> + KiS / (IOJef - Zo>dt
+K1rcb2Kp3 ('Ucb,LPF - V;:bOJef)

+Kmb2K7:3/(’UchPF — Veporet )dt (29)
where K3 = 1.07, K;3 = 15.0 x 10°,and K, s = 0.026. The
PWM signal with the duty ratio d, is fed into a noninverting
gate driver that is driving @, .

D. Switch Enable Signal

Since the additional rectifier and the auxiliary circuit alter-
nately operate in different periods of time, a signal Sg v is used
to enable the switch that is to operate. The input ac voltage is
sensed and scaled down by differential amplifier G'5. Then, the
input-voltage signal is squared and fed into the LPF, yielding
a pulsating signal X?(1 — cos 2wt) having a mean value X?2.
Subsequently, the Sgy signal is generated by comparing the
signals mentioned above, and will be logic high during charg-
ing cycles or low during discharging cycles. The gate-driver
circuits for switches @), and @, are, respectively, enabled by
Sgn and its inverted signal.

VI. EXPERIMENTAL VERIFICATION

A prototype with high-flux LED loads has been built to ver-
ify the proposed LED driver, as shown in Fig. 8. The parameter
values and part numbers of the components in the prototype
are shown in Table II. The required minimum storage capac-
itance (Cp) is 83 uF, and the associated operating voltage of
the capacitor is 23.5-45 V, which is determined by the param-
eters of the flyback converter, and (19) and (20). Note that the
switching frequency of the flyback converter with the additional
active rectifier should be set as low as possible to reduce the
switching loss. However, the auxiliary circuit may operate at a
higher frequency to obtain faster response to the ripple power.



694

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 1, JANUARY 2019

TABLE III
FOUR CONFIGURATIONS OF THE PROTOTYPE IN EXPERIMENTS

Configuration Topology and storage capacitors Voltage of the storage capacitor
v, (for full load) Vero
Config. I Conventional flyback converter (see Fig. 1), 3300-uF aluminum E-cap
Config. II Proposed topology with additional 300-pF polymer-hybrid capacitors 37 V43V Vepo =40V
32.5V-39V Vo =36V
Config. I1I circuits 156-14F polymer-hybrid capacitors 33 V45V Vepo =39V
Config. IV (see Fig. 8) approximately 100-¢F ceramic capacitors 26 V46 V Vepo =36V

In the prototype, one 200-kHz clock signal is used to simplify
the control circuit. This frequency is determined by considering
the capability of the MOSFETS and their gate-driver circuits.

To comprehensively evaluate the performance of the proposed
LED driver, four configurations of the prototype are tested with
different storage capacitance. In Config. I, the prototype is op-
erating as a conventional flyback ac—dc LED driver shown in
Fig. 1, with a 3300-xF aluminum E-cap connected to the out-
put port. In Config. II, the proposed additional circuits and two
small capacitors are connected (see Fig. 8), and the capacitance
(' is 300 pF, which is realized by three 100-uF polymer-hybrid
capacitors with long lifespan and compact size. In Config. III,
the storage capacitance is reduced to 156 yF. In Config. IV, a
100-pF ceramic capacitor bank is used for energy storage. Be-
cause the capacitance drift is significant when the voltage of
ceramic capacitors is close to their rating level [37], 90 ce-
ramic capacitors are connected in parallel to achieve the re-
quired equivalent capacitance. With Config. IV, a long-life and
compact E-cap-less LED driver can be realized. The description
of the configurations are summarized in Table III. The photos
of the prototype with different storage capacitors are shown in
Fig. 17. Note that the prototype occupies much larger space than
commercialized LED drivers with the same power level. This
is because many analog components are used in the controller.
However, these circuits may be integrated as a single IC, or
the controller can be implemented by a digital signal processor
circuit. In that case, the size will be significantly reduced. In
addition, the transformer is over designed, and its size can be
further reduced for commercialization.

A. Experimental Waveforms

The experimental waveforms of the LED driver with
Configs. I and I at the full-load condition are shown in Fig. 18.
The load current ¢, of the LED driver with Config. I contains
a peak-to-peak 50-mA 120-Hz ripple, as shown in Fig. 18(a).
However, in the proposed LED driver with Config. II, the output
current contains very low ripple although the voltage ripple on
the storage capacitor C, is substantial, as shown in Fig. 18(b)
and (c). The input current and voltage are in phase, because the
additional circuit installed at the load side does not affect the
flyback converter operating. The waveforms for the LED driver
operating at the half-load condition are given in Fig. 19.

The key waveforms of the proposed LED driver with
Config. II are shown in Figs. 20 and 21. It is observed from
these figures that the auxiliary circuit operates (the current iy,

Auxiliary circuit
Flyback converter Additional rectifier \

T A [ s o

Board demension:
10 cm x 7.8 cm

Control circuit

1 cm
2x1x1

4 cm
Volume (cm’)

4xqx1

(b)

Fig. 17.  Prototype photograph with dimension indicators for the board and the
capacitors for different configurations. (a) Proposed LED driver with Config.
II1. (b) Aluminum E-cap for Config. I, the polymer-hybrid capacitors for Config.
111, and the ceramic capacitors with 10-uF capacitance, 50-V voltage rating, and
1206 package for Config. IV.

is nonzero) only in discharging cycles, with energy flowing from
Cj to C,,. The operating voltage of the capacitors are set at differ-
ent levels. At the full-load condition, the voltage v, is varying
from 37 to 43 V when V., =40V, and the voltage v, is corre-
spondingly varying from 9 to 3 V, as shown in Fig. 20(a). When
Vepo =36V, v,y is varying from 32.5 to 39 V. Correspondingly,
Veq varies from 13 to 6.5 V, as shown in Fig. 20(b). Thereby,
the voltage of v., + v., 1s kept as 46 V, and the load current
regulation is achieved. Similarly, the load voltage is kept at 44 V
with the load regulated at its half level, as shown in Fig. 21. The
key waveforms of the proposed LED driver in a short-time scale
are shown in Fig. 22. The waveforms of the LED driver with
Config. III are shown in Fig. 23, where larger voltage variations
are observed due to a smaller storage capacitor.

The waveforms of the LED driver with Config. IV are shown
in Fig. 24. As compared with the waveforms in Figs. 20, 21, and
23, voltage v, contains the largest ripple (26-to-46 V), because
of the low equivalent storage capacitance (about 100 uF) in
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Fig. 18. Input voltage v;, and current é;,, , output current i,, and the voltage of storage capacitor v,; in the LED driver with (a) Config. I (vin yms = 220 V),
(b) Config. I (viy_yms = 220 V), and (c) Config. II (viy_yms = 110 V) at the full-load condition (i, = 0.5 A).
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Fig. 19. Input voltage v;, and current é;,, , output current i,, and the voltage of storage capacitor v,; in the LED driver with (a) Config. I (viy yms = 220 V),
(b) Config. I (viy_yms = 220 V), and (c) Config. II (viy_yms = 110 V) at the half-load condition (i, = 0.25 A).
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Fig. 20. Capacitor voltages v., and v.,, inductor current iy ,, and output current i, of the proposed LED driver with Config. II. (a) V.59 = 40 V.
(b) Vepo = 36V at the full-load condition.
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Fig. 21. Capacitor voltages v., and v.,, inductor current ir,, and output current i, of the proposed LED driver with Config. 1. (a) V.59 = 40 V.
(b) Vepo = 36V at the half-load condition.
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Fig.22. Waveforms in a short time scale in the proposed LED driver with Config. II. (a) Transformer secondary current (is,, 755 ). (b) Inductor current (iz,, ) in
auxiliary circuit.
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Fig. 23.  Capacitor voltages v.; and v.,, inductor current ¢y,,, and output current 7, of the proposed LED driver with Config. III. (a) Full-load condition.
(b) Half-load condition.
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Fig. 24.  Capacitor voltages v.; and v.,, inductor current iy,,, and output current ¢, of the proposed LED driver with Config. IV. (a) Full-load condition.
(b) Half-load condition.

this configuration. In addition, spikes periodically appear on Feedforward control
current ¢, as the auxiliary circuit stops operating, which can be
improved with control optimization. Specifically, the duty ratio
of the auxiliary circuit needs to swiftly change to follow the
large variation of the input power and the capacitor voltages.
However, the duty-ratio signal is directly generated by a PI
controller, which cannot offer such fast dynamic response.
For this reason, the output current i, is not ideally regulated,
and apparent deviations occur at the end and beginning
of each discharging cycle. This can be solved by using a Fig.25. Feedforward control scheme for improving the dynamic response of
feedforward-based control scheme shown in Fig. 25. In that theauxiliary circuitin the proposed LED driver.

Duty ratio

a

Feedback control in this work
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Fig. 26.  Efficiency comparison of the LED driver with different configurations and parameters. (a) Full-load condition. (b) Half-load condition.
TABLE IV
EFFICIENCY COMPARISON AMONG THE PROPOSED LED DRIVER AND OTHER SIMILAR DESIGNS
LED driver Ref. Operating voltage (V) Efficiency Efficiency reduction from the auxiliary circuit
Fig. 2 [23] 90-264 Full load: 87.8%-86.8% 3.2%-2.5%
[24] 90-264 Full load: 87%-86.5% 49%-3.7%
[26] 90-264 Full load: 81%-77% Not reported
Fig. 3 [27] 100-220 Full load: 66%—-60% Not reported
[28] 110-220 Full load: 80%-76% Not reported
[29] 100-260 Full load: 89.5%-85.2% Not reported
[30] 90-265 Full load: 87.5%—-80% Not reported
[31] 85-130 Full load: 90%-89.9% 1.34% @ Vi, = 110 V
1/3 load: 82%-80%
Fig. 4 [32] 90-264 Full load: 92.2%-89.9% 1.1%-0.59%
[33] 90-264 Full load: 92.4%-89.8% 1.23%-0.54%
Fig. 5 [34] 110-230 Full load: 85.6%—-85.5% 1%-0.9%
Fig. 6 [35] 110-220 Full load: 86%—-83% Not reported
Proposed LED driver (Config. I and V., = 40 V) 90-240 Full load: 88.4%-86.7% Full load: 1.6%-1%

Half load: 84%-78% Half load: 3.4%-2.4%

case, the duty-ratio signal will be dominated by the feedforward
signal that is generated with

[ i),
dolt) =\ o for t € BT/S,5T/8] - 30)

and other associated equations, and the calculation error can be
compensated by a PI controller.

B. Experimental Efficiency Analysis

The efficiency of the prototype with different configurations,
line voltages, and load conditions are shown in Fig. 26. The
traditional flyback LED driver achieves a much lower efficiency
(89.7%—88% for the full load and 87.2%-80.5% for the half
load) than most commercially available LED drivers. However,
the prototype can be further improved, e.g., by optimizing the
magnetic design to reduce the transformer leakage inductance.
Since this paper focuses on the ripple power decoupling, the
prototype with such efficiency can be used to verify the proposed
design.

A comparison among the proposed LED driver and other
alternates in the literature in terms of efficiency is shown in Ta-
ble IV. For the full-load efficiency, the proposed LED driver is
better than most designs in the table. In addition, the efficiency
reduction from the auxiliary circuit with Config. Il and Vg =
40 V is comparable to the value achieved in [32]-[34] at the
full-load condition, which verifies the low power processing on
it. Note that, in the worst case, the efficiency reduction is up to
2.8% at the full-load condition, or 4.1% at the half-load condi-
tion (see Fig. 26). Nevertheless, there is still a large room for
enhancing the efficiency. For example, the conduction loss and
the magnetic loss on the auxiliary circuit can be further reduced
by operating it at continuous-conduction mode instead of DCM.

Moreover, it is observed that a lower voltage on Cj leads
to a lower efficiency from comparison between the two curves
associated with Config. II. It is concluded that V., value should
be set as high as possible. In addition, a lower capacitance of C},
results in a lower efficiency by comparing the curves associated
with Config. IT (V.39 = 40 V) and Config. IIT (V.30 = 39 V).
However, higher capacitance means higher cost on capacitors
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and larger space occupied by them. There will be a tradeoff
between the size or cost and the efficiency of the proposed LED
driver.

VII. CONCLUSION

In traditional ac—dc LED drivers, a large storage capacitor
is required to buffer double-line-frequency power ripple from
the ac source, which may limit the lifetime of LED lamps or
add cost to the lighting systems. Previous works have shown
that a dedicated bidirectional auxiliary circuit can be used to
isolate the ripple power with a lower capacitance requirement.
This paper proposes an LED driver with an additional active
rectifier and a unidirectional auxiliary circuit that processes very
low power (about 8% of the ripple power). Compared with
previous similar designs, the proposed auxiliary circuit operates
at a lower voltage and consists of fewer components, which can
lower the cost and ease the circuit design. In the experiment, the
prototype with various low-volume and long-lifespan capacitors
is tested. An efficiency comparison of the LED driver with
various configurations is given.
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