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Abstract—A family of dimmable ac light-emitting-diode (LED)
drivers fed from dc voltages, is presented in this paper based on
zero-current-switching quasi-resonant converters. The proposed
family of drivers is based on replacing the diode in the conven-
tional converter topologies (i.e., buck, boost, or buck-boost) by a
string of high-brightness LEDs (HB-LEDs). Hence, the HB-LED
string will be working as the rectifier diode and the load, switching
at the same frequency of the main switch. In this case, the output
current, which is experimentally validated, shows a negative cur-
rent peak due to the reverse-recovery effect of the HB-LEDs. In
order to reduce the reverse-recovery effect on the HB-LEDs, the
main switch of the proposed topologies is replaced with a full-wave
resonant switch, which makes possible to reduce the di/d¢ during
the turn-off of the HB-LED string, therefore the reverse-recovery
effect is eliminated. Moreover, the dimming of the HB-LEDs is done
by means of changing the switching frequency of the converter by
varying the turn-off, while keeping a constant turn-on time. The
proposed converters are suggested to be used in a postregulator
stage of an ac—dc converter or as the interface between the low-
voltage bus and the HB-LED string in a dc nanogrid. In order to
validate the analysis, the proposed topologies have been experi-
mentally tested on a constructed prototype with an output power
of 7.5 W, that is able to achieve an electrical efficiency of 94.5%
and a luminous efficacy of 110 Im/W at full load. Moreover, the
analysis has been extended to a comparison in terms of reliability
with the conventional topologies on a 700-h test.

Index Terms—AC light-emitting diode (LED), boost, buck-
boost, LED driver, zero-current-switching quasi-resonant convert-
ers (ZCS-QRC).

I. INTRODUCTION

IGH-BRIGHTNESS light-emitting diodes (HB-LEDs)
H are increasingly becoming our main source of the artifi-
cial light in our homes, offices, or streets due to their reliability,
long life, luminous efficacy, and low maintenance requirements.
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However, HB-LEDs are diodes, which means that the current
is able to go through them in only one direction. This feature
has made the driving of HB-LEDs from the mains an important
research topic in a wide range of power [1]. For this reason, it
is required the use of an ac—dc converter that feeds the string of
HB-LEDs with either a constant [2] or a low-frequency pulsed
current in the range of hundreds to thousands of kHz [3]. In
fact, for output powers higher than 25 W, it needs to be able
to achieve power factor correction (PFC) [4]. Traditionally, an
ac—dc HB-LED driver, when cost is not the main concern and
reliability and efficiency are of more importance, uses a two-
stage [5] or three-stage [6] approach. In fact, the last stage of
the driver (i.e., second or third stage) is normally used for the
sole purpose of dimming the HB-LEDs, which is traditionally
done by lowering the mean value of the output current. In this
case, that last stage is also referred as a postregulator. This
postregulator stage needs to be cheap and achieve both high
efficiency and high power density [7]-[10].

The idea presented in this paper is based on using the basic
dc—dc converter topologies (i.e., buck, boost, and buck—boost),
which are depicted in Fig. 1(a), (d), and (g) and replace their
diode D; with the string of HB-LEDs while short circuiting
their output. As a result, two different converters can be ob-
tained: LED paralleled with switch (DL//S, i.e., Fig. 1(e)) and
LED paralleled with inductor (DL//L, i.e., Fig. 1(b) and (h)). It
should be noted, that while in the conventional buck, boost, and
buck-boost converters, the HB-LEDs are supplied with a con-
stant current, in DL//S and DL//L, the HB-LED string is supplied
with a pulsed current, pulsing at the same frequency as the main
switch (i.e., S71). The operation of HB-LEDs at high frequencies
(i.e., >100 kHz) acting as the regular diodes of a power con-
verter, also referred in the literature as high-frequency ac-LED
driving, has been studied by means of resonant dual half bridges
applying a sinusoidal high-frequency current waveform to the
HB-LEDs [11]-[13], a flyback converter working in discontin-
uous conduction mode [14] and self-oscillating topologies [15].
However, there is no factual evidence on how will the HB-LEDs
perform under a high-frequency sinusoid or triangular current
waveform in terms of light quality, reliability, or correlated color
temperature (CCT).

Following the same principle, some studies have been ded-
icated to the driving of white HB-LEDs (i.e., pulsewidth
modulation dimming) under different current waveforms
(i.e., sinusoidal, square, and triangular) at 50 Hz [16] or up
to 1 MHz with square waveforms [17], [18]. Some important
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Fig. 1.
(g) Buck—boost converter. (h) DL//L converter. (i) DL//L ZCS-QRC.

conclusions can be extracted from these works. First, the in-
crease of frequency in a square current waveform from 100 Hz
to 300 kHz does not have a negative impact on either the junc-
tion temperature or the light efficiency. Second, pulsed current
is actually better for white HB-LEDs in terms of degradation
over time. Third, the pulsed current technique is also regarded
as a better driving technique than constant current in terms of
chromaticity shifts [19]. And fourth, the switching of HB-LEDs
at higher frequencies than 3 kHz presents no visible flicker or
harmful effects to the viewers [20].

Regarding the previous facts, it is necessary to understand
how well would an HB-LED operate as a diode due to the lack
of dynamic characterization in the manufacturer datasheets of
white HB-LEDs. In the previous literature, some studies have
characterized the frequency response of white HB-LEDs for vis-
ible light communications [21], showing a bandwidth of up to
3 MHz for regular white light. However, this study does not add
any information on how fast can the LED truly switch. There-
fore, a study to characterize the HB-LED string under high-
frequency switching operation in power converters is required
to observe, whether the well-known phenomena of reverse re-
covery [22] could occur in the proposed topologies when an
HB-LED is used as the rectifier of the converter. Considering
that the reverse-recovery effect could occur on the HB-LEDs,
the di/dz during the turn-off of the HB-LED needs to be lowered
to diminish its effects or even eliminate it. The di/df reduction
can be performed by either increasing the count of switches
[23], which is not desirable, or by means of a zero-current-
switched quasi-resonant converter (ZCS-QRC). This last fact is
achieved in ZCS-QRCs, whose main characteristic is achieving
zero-current switching (ZCS) on the main switch, due to the in-
clusion of an inductor in the path of the main switch that causes
the current through the rectifier to diminish steadily to the zero
value. The ZCS-QRC equivalent will be obtained by replacing
the main switch of DL//L and DL//S with the full-wave resonant
switch [24]-[26]. This renders two converters: DL//L ZCS-QRC
[i.e., Fig. 1(c) and (i)] and DL//S ZCS-QRC [i.e., Fig. 1(f)].

Basic converters. (a) Buck converter. (b) DL//L converter. (c) DL//L ZCS-QRC. (d) Boost converter. (e) DL//S converter. (f) DL//S ZCS-QRC.

The proposal of this paper is for these converters to be used
as a postregulator when driving HB-LEDs from the mains or
as the required interface between the low-voltage bus and one
of the several strings of HB-LEDs that can be present in a dc
nanogrid [28]. Moreover, the dimming of the HB-LEDs is done
by means of changing the switching frequency of the converter,
by varying the turn-off and keeping a constant turn-on time in
the main switch.

Summarizing, this paper analyses the working principle, from
a static point of view, for both proposed topologies: DL//L ZCS-
QRC and DL//S ZCS-QRC, which is carried out in Section II.
Furthermore, in order to validate the analysis carried out in
Section II, two prototypes based on the two proposals of this
paper have been constructed an experimentally tested and its
results have been summarized in Section III. In this section,
the results of a reliability test that has been carried out for
700 h comparing a conventional boost, a DL//S and a DL//S
ZCS-QRC are also summarized. Finally, some conclusions are
discussed in Section IV from the aforementioned experimental
results.

II. WORKING PRINCIPLE

The concept of the dc—dc HB-LED drivers presented in this
paper is based on using the HB-LEDs as the rectifier diode of
a dc—dc converter with a full-wave resonant switch. The main
reason for using a full-wave resonant switch, is based on one
of the key characteristics that this driver needs to have, which is
the ability to achieve full dimming. It is a well-known fact that
the input/output relationship of a half-wave ZCS-QRC varies
greatly with the load. In a driver in which the output current will
be varying from zero to maximum current to meet the driving
requirements, this fact will complicate unnecessarily its control.
Hence, this analysis is only going to be considered for full-wave
resonant switches that are invariable with its load.

In the forthcoming analysis, the HB-LEDs are considered to
be an ideal diode in series with their dynamic resistance (rpgp )
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Fig.2. Equivalent circuits of the proposed DL//S ZCS-QRC. (a) [to, ¢1 ] linear
stage. (b) [t1,t2] resonant stage. (¢) [t2,t3] delay stage. (d) [¢3,¢4] lighting
stage.

and their forward voltage (V, 1gp). Moreover, the MOSFET
(S1) will be considered as an ideal switch. It is also important
to note that the main inductor (L;) is going to be considered
much larger than the resonant inductor (L, ) in order for L; not
to affect the resonant frequency between L, and the resonant
capacitor (C, ), which is a well-known fact in ZCS-QRCs [24].
Moreover, in the case of the proposed topology, L; needs to be
large enough to satisfy that the current ripple is also as small
as possible. Hence, being able to consider the output current as
constant during the conduction of the HB-LEDs. This reason
makes the increase of the switching frequency an attractive
solution to diminish the size of L;, which will be the most
limiting factor in terms of size in the proposed driver.

The resonant tank comprised by L, and C.., will resonate at

1

Wy = ———— 1
— 1)
and the characteristic impedance is defined by
L,
Ty = A —. 2
. 2

A. Static Analysis of the DL//S ZCS-QRC

The operation of the HB-LED driver is summarized in Fig. 2,
where the four equivalent circuits that the DL//S ZCS-QRC
undergoes during its operation are depicted. Fig. 3 shows the
most representative waveforms for said topology with the same
time basis as Fig. 2.

1) Linear Stage [ty,t1], Fig. 2(a): Coming from the lighting
stage Fig. 2(d), in which the HB-LED string is supplied with a
constant current, this stage starts when S; is turned ON. At the
time S; is turned ON, iy, will start increasing steadily and i, will
decrease accordingly with the same slope, until it reaches the
zero current value.

The initial conditions for this stage will be i,(0) =
Ly, i, (0) = 0, and v¢,.(0) =V, where V,, is the maximum
output voltage obtained during the freewheeling stage, being
the state equations of this stage defined as

Ly = ip, (t) + C 2@ 4 (1)
e, (t) =1, (t)anED + nVA/?LED 3)

Lr %ﬁ = UCT (t)
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Fig. 3. Most representative time-domain waveform for DL//S ZCS-QRC.

where n represents the number of HB-LEDs in series on the
string, I;, represents the input current considered as a con-
stant due to the larger value of Ly, iy, () is the current through
L, ,1i,(t) is the current through the HB-LED string, v¢, (¢) is the
voltage that the HB-LEDs will withstand, and V, is the voltage
withstood by the HB-LEDs during their conduction.

By solving (3), the analytical waveforms for this stage can be
obtained as

vo, () = (I’IEM) A +V,B() @

rLED O

Vo

i () = 12 A() + (

Linriep + Viisn
rLED Cr

Jew  ®

where A(t), B(t), and C(t) are defined as follows:

A<t)2wn\/1§27—1 <e(£\/f271>w”t — e(£+\/€271)wnt>
(6)
s
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From (3) and (4), i, (¢) can be derived, which can then be used
to determine the duration of this stage since it finishes when i, ()
reaches the zero value. However, it would be unpractical to use
(4) and (5) in this calculation. Hence, an approximation can
be obtained by considering v, (¢) as a constant voltage, since
during this stage, the voltage on the HB-LED string diminishes
until it reaches nV, 1rp, as shown in Fig. 3.

By using this approximation, (3) can be simplified to

L %el) —y, (10)
io(t) = I — iz, (1). (11)

Combining (10) and (11), the duration of this stage can be
yielded

LrIin
V;J .

As can be seen the value of L, controls the duration of this
stage, hence, controlling the di/dr of ¢,. Therefore, with an ad-
equate selection of the value for L,, the effects of the reverse
recovery caused by the HB-LEDs due to their operation as rec-
tifiers in the proposed topology can be diminished or even elim-
inated. Therefore, this stage is key for the correct operation of
the proposed driver and (12) marks the first design criteria for
the current driver, which will define the minimum the value
of L.

2) Resonant Stage [t1,t,], Fig. 2(b): This stage starts when
the HB-LEDs are turned OFF and finishes in a resonant period
when S; is turned OFF. However, when the current on ir,, be-
comes negative, the switch no longer controls the flow of the
current, as the parasitic diode is the one in control causing inac-
curacies to occur in terms of the on time. If that were the case,
the stage will finish when the current reaches the zero value.
The state equations are similar to the boost ZCS-QRC [24], and

1)(}7, (t)

are defined by
dig, (t) _
{ L, =5 =
C e — p iy (#)

with the next initial conditions: vo, (¢1) = nV, rep and iz, (1)
derived from (5) at the end of the last stage.

From (13), the waveforms of the most important variables
can be derived as

tl —t[) == (12)

13)

V.. .
Z.L,- (t) = Iin + % sin (wnt) + (iL,- (tl) - Iin) COs (Wnt)

n

(14)
ve, (t) =nV,, ., cos (wpt) — Z, (ir, (t1) — Lin) sin (wyt).
5)
The duration of this stage can be approximated by
ty— b = = (16)
w”

considering that (iy, (t1) — Iiy) is negligible when compared to
the other terms in (15) and where « can be defined as

_Iian, 3
a:arcsin< I),W<o¢<27r. (17)
nVyLED 2
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3) Delay Stage [ta,ts], Fig. 2(c): During this stage, C,
keeps being charged until vc, (t) reaches nV,, 1 gp, which marks
the end of this stage. The initial conditions for v, (t) is set by
the previous stage as v, (t2). This stage can be defined by

due, (1)
Cy,———= = Iy. 18
7 (18)
Hence, C, gets charger following the next expression:
Iin
ve, (t) = 6 t+ vc, (tg) (19)

C, is being charged lineally, and the time this stage lasts can
be yield as follows:

Cy (nVYLED —ve, (tQ))
I in

which means that the higher the value of C) the longer it will

take the HB-LEDs to start illuminating. Therefore, (20) marks

another key equation in the design of the driver under study.

4) Lighting Stage [ts,t,], Fig. 2(d): Having reached
ver (t3) = nV, LED, at the end of the delay stage, the HB-LEDs
start turning ON during this stage as their current increases. The
state equations for this stage are

{Iih =iy () + C, et

ve, (t) = to(t)nrLep +nVy LED.

ty —ty =

(20)

2

From the aforementioned equation, the next expressions can
be derived

ve, (t) = Iin nrLED (1 — e T t) +nV,1ep  (22)

i(t) = I (1 . 67’5) (23)

where it can be seen that 7, (t) increases exponentially until it
reaches [;,. The time it takes to reach [;,, can be approximated
by

tqg —t3 = dSnrLep C, 24

considering that it will take five times the time constant to reach
said value, which is completely dependent of C... Here, (24) is
a key equation in the selection of C), and the designer needs to
use the most restrictive of (20) and (24) in the design. This stage
will end when S; is turned ON again, hence, entering once more
in the linear stage.

After the thorough analysis carried out for the four stages
that comprise the full operation of the ZCS-QRC DL//S, a re-
lationship needs to be established between the input, and the
output current, to understand how this driver is controlled. For
that reason, the average value of 4, (t) is going to be calculated
by integrating i, (¢) in the whole switching period, considering
for practical reasons that the linear and the delay stages are neg-
ligible, when compared to the duration of the resonant and the
lighting stages. Hence

1 Ty =T T9 - Tn r
%:Tf/ iJﬂﬁLn<‘ 7”“DC> (25)
s 0

TS TS

where I, is the average value of the output current, 7§ is
the switching period, and 7;, is the resonant period. In (25),
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nrpgpC, defines the time constant of the lighting stage,
see Fig. 2(c), whose value can be considered negligible. There-
fore

1, = Iy (]- - ,Uf) (26)
where p is the control variable of the driver defined by
Tfl f9
= — == 27
.~ 7. @n

where f, is the switching frequency and f, is the resonant
frequency. From this analysis, it can be seen that the driver can
control I, by varying the switching frequency while keeping a
constant on-time (t,,, ), similarly to a conventional dc—dc boost
ZCS-QRC. Fig. 4 shows a comparison between the dc—dc boost
ZCS-QRC and the DL//S ZCS-QRC, in terms of the relationship
between I, and Ij,, versus . As can be seen, the behavior of the
proposed driver is similar to the dc—dc boost ZCS-QRC until it
reaches a certain value of ;1 at which the driver is not able to
enter in the lighting stage due to the inability of v, (¢) to reach
nV, 1,ED, hence not being able to turn-on the HB-LED string. A
real scenario is used for this comparison, with the minimum
at which the driver is not able to supply current to the HB-LEDs
being dependent on the nV, 1gp of the selected string and on
the design specifications of the driver.

The last part of this analysis is to study the condition that
guarantees the ZCS of the proposed driver so that the switch
can be turned OFF during this time. For that reason, (17) needs
to be studied to attain the values that give valid solutions of the
arcsine in the range under study to achieve that the current is
zero on iy, (t) at instant ¢». Hence, yielding

% > Iin-

(28)

B. Static Analysis of the DL//L ZCS-QRC

Similarly, the analysis is carried out for the DL//S ZCS-QRC;
this subsection will analyze in detail the operation of the DL//L
ZCS-QRC. The current through L; will also be considered

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 10, OCTOBER 2018

(© )

Fig.5. Equivalent circuits of the proposed DL//L ZCS-QRC. (a) [to, ¢1 ] linear
stage. (b) [t1,t2] resonant stage. (c) [t2,t3] delay stage. (d) [t3,t4] lighting
stage.

Fig. 6. Most representative time-domain waveform for the DL//S ZCS-QRC.

constant (/) as the inductor will be selected to be much larger
than L, and to also have as little ripple as possible.

It should also be noted, that the topology selected to carry out
this subsection is not the one depicted in Fig. 2(c) and (i), but
an equivalent with its main switch referred to the ground of the
input voltage. The main reason for this change, is to simplify
the driving of the main switch, which is possible since the load
of the converter is based on an HB-LED string.

The four equivalent circuits that this driver undergoes during
its operation, are depicted in Fig. 5. Furthermore, the most rep-
resentative waveforms to correctly exemplify its operation are
presented in Fig. 6, sharing the same time basis as the equivalent
circuits of Fig. 5. From Figs. 5 and 6, it can be seen that the
converter operates similarly to the DL//S ZCS-QRC.

1) Linear Stage [t,t,], Fig. 5(a): Coming from the free-
wheeling stage, see Fig. 5(d), in which the HB-LED string is
supplied with a constant current, this stage begins when 5] is
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turned ON. At that time, i;,,(t) will start increasing steadily and
io(t) will decrease accordingly with the same slope, until it
reaches the zero current value.

The initial conditions for this stage will be i,(0) =
I1,i5,(0) =0, and ve, (0) = V,. Hence, the state equations
of this stage are defined by

Oy G = () + Tr — o (1)
ve, (t) = i, (t)nrLep + nV,y LED

Lr dii;l‘t(t) - Vin + vc, (t)

(29)

By solving the aforementioned equation, the analytical wave-
forms for this stage can be derived as

Vieer — Vi
ve, 0=V + (1 + "2 ) ) - (11, + V) B0
nriep C,
(30)
. ‘/in + ‘/o n‘/ﬂ ) - Vvin
in t) = ———— A ty— (1 —LED T C(t).
tin (¢) I (1) (L+ — ) (t)
3D

In a similar fashion to what was done in the last subsection
during the linear stage, v¢, (t) will be considered constant to
obtain a practical estimation of the duration of this stage. Hence,
the state equations can be presented as

{IL = iy (t) + io(t)

.. (32)
Ly dllr‘l‘t(t> =Vin +V,.

From the aforementioned equation, the duration of this stage
can be yielded by obtaining i, (t), and then, solving the equation
for i,(t1) = 0. Hence

LI
C Va+ V)

As the aforementioned equation shows, the value of L, con-
trols the duration of this stage in a similar fashion to the one
explained in the previous subsection for the DL//S ZCS-QRC.

2) Resonant Stage [t1,t,], Fig. 5(b): This stage starts when
the HB-LED string is turned OFF and it finishes in a resonant
period when S; is turned OFF. The state equations are defined
by

t1 — 1 (33)

= o (t)

dig, (1)
{Lﬂdt =

(34)

with its initial conditions being: ve, (t1) = nV, 1gp and &y, (t1)
derived from (31) at the end of the last stage.

From (34), the waveforms of the most important variables
can be derived as follows:

i, (t) =1Ir + % sin (wy t)

+ (i, (t1) — I) cos (wpyt) (3%5)
ve, (1) = Vin — (Vin +nV, ) ) cos (w,t)

+ Z, (ig, (t1) — I ) sin (w,t) (36)
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The duration of this stage can be approximated by
ty —t) = b 37)
wn

considering that (i, (t1) — I,) is negligible when compared to
the other terms in (35), and where 3 can be defined by

—ILZn 3
[ = arcsin () , — < a<?2T. (38)
VE“ + nVYLL‘D 2

It should be noted that during this stage the HB-LED string
will withstand a negative voltage, which in the case of the DL//S
ZCS-QRC was equal to the n-V,, 1 gp. However, in the DL//L
ZCS-QRC is 2V;, +nV, 1gp, as shown by (36). According
to manufacturers, HB-LEDs are able to withstand a negative
voltage equal to nV, gp, which complies in the case of the
DL//S ZCS-QRC but not in the one currently under study [29].

3) Delay Stage [ta, 1], Fig. 5(c): In this stage, C, continu-
ously charges until v, (t) reaches nV, ,gp, which marks the
end of this stage. The initial conditions for v, (t) is set by the
previous stage as v, (t2). This stage can be defined by

dvc, (t)
C,— =1. 39
i L (39)
Hence, C, gets charger following the next expression:
Iy,
'UCT (t) = 6 t + UC,» (tz) (40)

C, is being charged lineally, and the time this stage lasts can
be yield from (41) as
C, (nV,

YLED

I;

— e, (t2))

t3 —ty = (41)
which follows the same principle as the one presented for the
which follows the same principle as the one presented for the
previous driver.

4) Lighting Stage [ts,t4], Fig. 5(d): Having reached
ver(ts) =n -V, 1ep, the HB-LEDs start illuminating. The
state equations that define this stage are summarized as

{Q:%@+Q“%m

‘ (42)
ve, (t) =i, (t)nrLep +nV, LED-

From the aforementioned equation, the next expressions can
be derived as

ve, (t) = It nrLep (1 — e T t) +nV,Lep  (43)

io(t) = 1 (1 e T (44)
where it can be seen that i, (t) increases exponentially until it
reaches I;. The time it takes to reach I, can then be approxi-
mated by (24). Hence, (24) and (42) are key equations for the
selection of C),.. This stage will end when the switch .S, is turned
ON again, hence, starting the linear stage.

If the same considerations are done in the previous section to
calculate 4, (t), then by integrating (44) in a switching period,
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Fig. 7. Comparison of I, / I}, versus y, for the de—dc buck-boost ZCS-QRC

and DL//L ZCS-QRC.

1, can be obtained as

1 Ts =T T9 - T‘n r
/ io(t)dt = I, ( s —Tn _ nrienC > .
0

L= T T,
4s)

From the aforementioned equation, a relationship between
I;, and I, can be obtained. However, it is necessary to relate
1, to the average input current ([;, ), which can be obtained by
relating /;, and [;,,. Keeping in mind the considerations made

T,

Ly =1 ==,

T (46)

Taking into account that, nrygp C, can be considered negli-
gible in comparison to the resonant and lighting stage, the next
expression can be obtained as

(47)

From this analysis, it can be seen that the driver can be con-
trolled by varying the switching frequency while keeping ¢,
constant, similarly to the DL//S ZCS-QRC introduced in the
previous subsection. Fig. 7, shows a comparison between of a
conventional dc—dc buck—boost ZCS-QRC and the DL//L ZCS-
QRC, in terms of the ratio I, / I;,, as a function of i, where it can
be seen that the behavior of the proposed driver is similar to the
conventional dc—dc buck—boost ZCS-QRC. However, this hap-
pens from a certain value of x at which the driver is able to enter
in the lighting stage, since it is capable of reaching nV,, 1 rp on
vy (t). Hence, being able to illuminate the HB-LED string.

The last part of this analysis is to study which condition
guarantees that the proposed driver achieves ZCS so that the
switch can be turned OFF during this time. For that reason, (38)
needs to be studied to obtain the values that make the arcsine
valid in the range under study while achieving zero current on
iin (t) at instant 5. Hence, yielding

VEH + n‘/“n,m) Iin

> =,
Zn Top @
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Fig.8. Comparison of f, versus P, , for three different commercial HB-LEDs
as a load of the DL//S ZCS-QRC.

TABLE I
CHARACTERISTICS OF HB-LEDS UNDER STUDY

Vy1ep[V]  rLep(Q]
HB-LEDI1 2.9 0.44
HB-LED2 2.6 1
HB-LED3 2.6 0.44

C. Design Criteria

The design criteria will only be detailed for the DL//S ZCS-
QRC and should follow the same principle for the DL//L ZCS-
QRC. First, (12) needs to be used with the design requirements
to select a value of L, that guarantees that the time of the linear
stage lasts long enough to eliminate the reverse recovery of
the diode. This effect is completely reliant on the selected HB-
LED, but aiming for a di/df of 500 A/ns can be considered a
good design practice for the newer HB-LEDs on the market.
Once L, is selected, a tradeoff needs to be found between (20),
(24), and (28). In most scenarios, the most restrictive equation
would be (28) that guarantees that ZCS is achieved in the driver.
However, if the switching frequency cannot be lowered due to
design restrictions, the ZCS condition can be ignored, as this
will cause longer times on the delay stage or the settling stage.
Hence, causing the HB-LED string to work with higher currents
during shorter times to compensate for the longer off times.

Once the driver is designed and f,, is available, it is impor-
tant to understand how does the driver operate depending on
the characteristics of the HB-LED. Fig. 8 shows the frequency
range in relation to the output power of the driver for three
different HB-LEDs with similar power characteristics, and dif-
ferent V, 1,5p and ry,rp, which are summarized in Table I. From
Fig. 8, it can be seen that 7, gp determines the wideness of the
frequency range, whereas V, pgp determines the starting fre-
quency of the driver. In that sense, considering the dependence
of the parameter with the junction temperature, the designer
should consider V,, ;,gp at the operating junction temperature
to select the starting frequency of the driver.

The last element that needs to be determined for the pro-
posed driver is the main inductance (L;). The determination
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Fig. 9. Most representative waveforms of DL//S. (a) Switching operation.

(b) Zoom during the reverse recovery.

of its value can be done by considering that the inductance is
magnetized during the on time. Hence, rendering
V2
Ll — 11
2-Pin Al % f n
where ATy is the percentage ripple of the input current and P,
is the input power of the LED driver.

(49)

III. EXPERIMENTAL RESULTS

Before tackling the actual design of the drivers, it is neces-
sary to observe whether the HB-LEDs will have a representative
reverse-recovery effect when working as the rectifier of a dc—dc
converter. For that reason, a DL//S driver has been designed and
built for a maximum power of 7.5 W. The most important wave-
forms of that driver are summarized in Fig. 9 with said driver
switching at 500 kHz. As can be seen in Fig. 9(a), the output cur-
rent (i, (t)) presents an undesirable ringing toward the turn-off.
If the area is zoomed, see Fig 9(b), it can be seen that the ringing
is caused by the huge reverse recovery effect of the HB-LED
string. In order to evaluate the impact of the reverse recovery on
the light output generated by the HB-LED string, the light has
been measured with a high bandwidth photodiode (S5972) used
in conjunction with a transimpedance amplifier [21]. The green
signal, represents the voltage measured by the transimpedance
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Fig. 10.  Designed and constructed prototype. (a) DL//S ZCS-QRC. (b) HB-
LED string of Lumiled LXML-PWC?2.

amplifier (viight ), Which coincides with the light the HB-LED
string is supplying. The ringing causes an activation of the HB-
LEDs, which makes them to turn-off slower due to their inability
to replicate the ringing of 7,. This ringing has a frequency of
24 MHz, that is not replicated because of the bandwidth limita-
tion of the HB-LED string, causing a minimized effect on the
generated light. However, even if this effect is not critical in
terms of light, it is significant in terms of actual losses causing
the HB-LED string to undergo an increase of more than 15 °C
when compared with the conventional continuous current sce-
nario. The temperature increase is the main reason why their
QRC-ZCS counterparts are proposed to diminish the undesir-
able effect of reverse recovery.

Therefore, this section summarizes the most important exper-
imental results for both drivers under study, which have been
designed and experimentally tested for a maximum power of
7.5 W, feeding eight HB-LEDs (LXML-PWC?2). Fig. 10 shows
a picture of one of the drivers and one of the HB-LED strings,
with their size measured in centimeters. It should be noted,
that the size of all the prototypes discussed in this section will
coincide with the one showed in Fig. 10(a).

Furthermore, the analysis will be extended for the DL//S ZCS-
QRC, as it will be compared to a conventional dc—dc boost, see
Fig. 1(d), and the DL//S, see Fig. 1(e), in terms of reliability
to correctly study whether the effect of the reverse recovery
observed in the DL//S has an actual impact in terms of actual
degradation on the HB-LEDs. This comparison requires for the
drivers to be working for several hundred hours (i.e., 700 h),
which means that in order to assure that I, is kept constant, a
control loop will be required and designed as similar as possible
for all the drivers. For the sake of the comparison, all the drivers
under test use the same analog integrated circuit (MC33023) in
order to diminish the uncertainty that will cause the usage of
different controllers, which in the case of the DL//S ZCS-QRC
and DL//L ZCS-QRC requires some extra circuitry.

A. Experimental Results for the DL//S ZCS-QRC

The DL//S ZCS-QRC has been designed for an input voltage
of 12-V feeding a string of eight HB-LEDs, which are equivalent
to an output voltage of 24 V at 0.3 mA. Following the design
criteria introduced in the previous section, Table II summarizes
the components selected in the design, which have been selected
to completely eliminate the reverse recovery while achieving the
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TABLE II
COMPONENTS OF THE EXPERIMENTAL DL//S ZCS-QRC
Fig. 1(f) Reference VALUE
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CH3 500m#4  CHA S00my  3-O0ct=17 10:05 265.4¢
(b)
Fig. 11.  Most representative waveforms for the DL//S ZCS-QRC. (a) Output

current and reference waveforms. (b) Resonant current and reference wave-
forms.

ZCS condition. Moreover, the switching frequency of the HB-
LED driver varies from 235 kHz at full dimming to 265 kHz at
full load, being HB-LED1 from Table I the one used as both the
rectifier and the load.

Depicted in Fig. 11(a) are the waveforms of the DL//S ZCS-
QRC converter, which show no reverse recovery by adjusting the
turn-off di/dt of 4, (t) with an adequate value of L,. Moreover,
the converter achieves the ZCS condition as shown in Fig. 11(b).
It should be noted that some ringing appears during the turn-on
of the HB-LED string due to the conduction of the parasitic
diode of S at the end of the resonant stage.

B. Experimental Results for the DL//L ZCS-QRC

Following the same principle as the previous driver, the DL//L
ZCS-QRC has been designed in order to eliminate the reverse
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TABLE III
COMPONENTS OF THE EXPERIMENTAL DL//L. ZCS-QRC

Fig. 5(a) Reference VALUE
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Fig. 12.  Most representative waveforms for the DL//L ZCS-QRC. (a) Output

current and reference waveforms. (b) Resonant current and reference wave-
forms.

recovery effect, while fulfilling the ZCS requirement. Its com-
ponents have been summarized in Table III for an input voltage
of 24 V feeding two strings of four HB-LEDs, which are equiv-
alent to 12 V at 0.6 mA.

Fig. 12 shows the most representative waveforms for this
driver. As can be seen in Fig. 12(a), i, () presents an undesired
negative current peak in the middle of the turn-off of the HB-
LED. Even though, this current peak does not have any impact in
terms of the generated light, it will decrease both the lifetime and
the luminous efficiency of the driver greatly. This peak happens
due to the high reverse voltage, which causes a new unexpected
stage to occur. In fact, as Fig. 12(b) shows, the driver is unable
to achieve full ZCS due to this limitation.

A test over time has been done for the driver under study, in
order to observe the implications of applying a negative volt-
age higher than the maximum forward voltage of the string in
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Fig. 13.  Luminance versus wavelength in the visible spectrum for different
time instants.

terms of the light output provided by the HB-LEDs. Fig. 13
shows the measured luminance with the help of a spectropho-
tocolorimeter and an integrating sphere. As can be seen, in a
time span of an hour, the HB-LED string is rendered useless
due to the limitations of the reverse blocking capabilities of
HB-LEDs. This limitation cannot be simply overcome without
adding more components to the circuit, which will hinder the
efficiency of the driver. Hence, the topology being discarded for
driving HB-LEDs unable to block reverse voltages higher than
their Vfy LED-

C. Control Strategy

Before jumping into the reliability testing, the control of the
DL//S ZCS-QRC needs to be discussed. In order to reduce the
cost of the proposed converter to make it suitable for an appli-
cation, a commercial analog integrated circuitry (IC) capable of
switching up to 1 MHz is going to be used. The DL//S ZCS-QRC
requires for its frequency to be controlled in order to regulate
the output either in terms of current, or the light output [30]. Pre-
vious works have tackled this topic on ZCS-QRCs, by adding
a simple external circuit to commercial ICs in order to have
control over the off time [31]-[33].

Fig. 14 shows the proposed circuitry to control the driver.
The idea is based on using a PNP bipolar junction transistor
(BJT) in conjunction with the analog multiplexer to generate
a precision controlled current source that is able to regulate
the charge of C'r, which can be faster or slower depending on
the output voltage of the compensator (v.). The BJT will be
working in the linear region taking into consideration its current
source capabilities. Hence, changing its current source value
depending on the voltage supplied by the control loop.

In order to keep a constant on-time, the BJT needs to work
as a current source only during the OFF time. Hence, an analog
multiplexer is used to switch OFF the bipolar transistor during
ton and switch it ON during £, .

This circuit has been validated in open loop by controlling
the driver switching frequency with an external power supply
assuring that I;;, and I, follow the relationship introduced in
(26) for the whole range of operation. It is important to note,
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Fig. 14.  External circuitry proposed to control the turn-off duration.
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Fig. 15.  Current across the LEDs in the DL//S ZCS-QRC for different dim-

ming conditions.

that in the proposed driver the LEDs are dimmed by varying
the frequency of the converter. By doing so, the average current
lowers with the switching frequency. At the same time, the
converter demands less power and the input current decreases,
causing the current peak on the LEDs to decrease, which means
that the ZCS condition is guaranteed during the whole operation
of the LED driver in accordance to (48). Hence, by dimming
the LEDs, the switching frequency and the current through the
LEDs changes, see Fig. 15 for the DL//S ZCS-QRC. In fact, the
variation of two different design parameters normally require
a complicated control loop, however, in the case of study, the
input current is dependent on the switching frequency, so only
the switching frequency is required to be controlled through the
control loop.

In order to study how to design the compensator, the open-
loop gain of the DL//S ZCS-QRC has been measured by means
of a Venable 6320. The results of these measurements are sum-
marized in Fig. 16 for four different operating points (i.e., 100%,
80%, 50%, and 20% of the load), where it can be observed that
the most restrictive condition is set at full load. Hence, a com-
pensator has been designed to assure stability for all the range of
operation with a crossover frequency of 10 kHz, a gain margin
of 22.5 dB and a phase margin of 62°.
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Fig. 16.  Open-loop gain of the DL//S ZCS-QRC for different dimming con-
ditions.

D. Comparison and Reliability Testing

As it was previously introduced in this section, the DL//S
ZCS-QRC is going to be compared with a dc—dc boost con-
verter, which requires an additional power diode and an output
capacitor of 10 pF to diminish the current ripple, and a DL//S.
The comparison will be done in terms of luminous efficacy,
which will be measured in Im/W considering the losses of the
control circuitry, and CCT. Even though, the electrical efficiency
is not going to be compared, as the luminous efficacy makes for
a fairer comparison between the drivers under study, the electri-
cal efficiency for the DL//S ZCS-QRC is higher than the other
two drivers achieving a 94.5% at full-load conditions, measured
in open loop not considering the losses of the extra components
used for closed loop operation (i.e., analog multiplexer, BJT,
and operational amplifier for closed-loop operation).

The integrating sphere used in the testing is shown in Fig. 17,
and it was used in conjunction with an spectrophotocolorimeter
from LabSphere Inc. Fig. 18 shows a comparison between the
three drivers for both luminous efficacy and CCT in terms of the
output current for different dimming conditions. The measure-
ments are normalized at the value of maximum output current
measured on each driver to fairly compare the drivers behavior.
As can be seen the DL//S ZCS-QRC presents less variation in
luminous efficacy when varying the reference of the control loop
to attain the different dimming conditions. It should be noted,
that the CCT does not present significant variations as a function
of 7, and that the dc—dc boost is the best in the aforementioned
conditions.

For the reliability testing, 12 prototypes have been designed
four for each driver under test, with two of drivers operating
at 150 mA and the other two at 300 mA of average ¢, for
700 h uninterruptedly. The measurements have been done in
the integrating sphere every 175 h to exemplify the degradation
behavior of each driver over time.

The experimental results in terms of luminous efficacy for
the three drivers are summarized in Fig. 19(a) for 150 mA and
(b) for 300 mA of average output current. As can be seen, the
DL//S luminous efficacy plummets becoming irreversibly less
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Fig. 17. Integrating sphere and spectrophotocolorimeter from LabSphere Inc.
used for the measurements.
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Fig. 19. Measurements for the three drivers under test. (a) Luminous efficacy
at 150 mA versus time. (b) Luminous efficacy at 300 mA versus time.

efficient than the proposed converter in roughly 600 h due to
the reverse-recovery effect, as it was assumed at the start of this
section. In fact, the dc—dc boost degrades at a higher rate than
the DL//S ZCS-QRC in both scenarios. This last fact, has been
proved in other studies comparing dc and pulsed-current HB-
LED driving, where the efficiency of the HB-LEDs would keep
falling at a higher ratio on 3 000-h test [17]. Even though, the
difference is not as high as for the DL//S, this fact will arguably
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Fig. 20. Measurements for the three drivers under test. (a) CCT at 150 mA
versus time. (b) CCT at 300 mA versus time.

make the proposed DL//S ZCS-QRC a solution able to achieve
a longer lifespan than the conventional proposal. It should be
noted that, at higher currents, the drivers degrade with a higher
ratio, but it does not seem to be noticeable over the period of
time that was studied. Furthermore, the difference in terms of
luminous efficacy at the start of test between the DL//S and the
DL//S ZCS-QRC can be explained due to the extra components
required for the closed-loop operation, as the total power losses
are considered in its determination. The difference between the
dc—dc boost and the other two drivers were also expected as
pulsed-current driving is less efficient than dc driving [17].

Finally, Fig. 20 shows that there is no relevant variation in
terms of CCT over time for any of the drivers under study, under
the two different current conditions.

IV. CONCLUSION

A family of ac-LED, ZCS-QRC, converters fed from dc volt-
ages, which uses the HB-LEDs both as the rectifier diode and
the load of the converter, switching at high frequencies has been
presented. Moreover, both the DL//S ZCS-QRC and the DL//L
ZCS-QRC have been designed and experimentally tested. The
experimental results for the DL//S ZCS-QRC matches the pre-
dicted behavior of the theoretical analysis. However, the DL//L
ZCS-QRC requires a higher blocking negative voltage on the
HB-LEDs to avoid its reverse conduction, which makes it an
inadequate solution for driving HB-LEDs.

In order to understand how well does the DL//S ZCS-QRC
stand in comparison to a classic solution and the DL//S, several
prototypes have been designed and constructed with closed-loop
operation to assure the nonvariation of the average value of the
output current. After a preliminary comparison that showed that
the DL//S ZCS-QRC does have a lesser fluctuation in terms
of luminous efficacy for different dimming conditions, all the
prototypes were left working for 700 h with its HB-LEDs re-
placed with newer ones that had not been operated before. This
last test showed that, even though, the DL//S ZCS-QRC initial
luminous efficacy was the lowest, its degradation over time in
terms of this parameter was the smallest being able to match
that of the DL//S in a period of 500 h and arguably being able
to do the same with the dc—dc boost over longer periods of
time, if the tendency is kept the same for both drivers. This
better performance in terms of its lifetime, the ability to remove
the rectifier and diminishing the size of the output capacitor of
the de—dc boost, and the capability to reach higher frequencies
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due to the soft-switching operation make the DL//S ZCS-QRC
an interesting solution for the high-frequency HB-LED driving
as postregulators or as the interface between the HB-LEDs and
the nanogrid.
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