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Improving the Dimming Performance of
Low-Power Single-Stage AC—DC HBLED Drivers
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Abstract—The design of efficient single-stage high-
brightness light-emitting diodes (HBLEDs) ac—dc drivers
with power factor correction (PFC) in low-power applica-
tions is addressed in this paper. The PFC is achieved by
using a switching converter with both step-up and step-
down voltage capability. It is well known that a good track-
ing of the input reference current close to the zero crossing
is challenging, in particular when the LED output current
is low, hence jeopardizing the power quality at low power
levels. A solution is proposed to improve the power qual-
ity in ac-dc LED drivers under inner current loop based
on a variable hysteresis modulation scheme. An adaptive
hysteresis window modulated by the input voltage and the
output LED current reference is used. The double modu-
lation strategy helps to avoid the distortion near the zero
crossings of the input current and to improve the dimming
performance of the HBLEDs. This results in a low value
of total harmonic distortion (THD) under low current/power
conditions and therefore in a very good dimming perfor-
mance in single-stage ac—dc HBLEDs drivers with PFC. The
operation principle of the proposed technique is presented
and numerical simulations are shown to demonstrate its
functionality. A laboratory prototype is designed and tested
to verify its feasibility obtaining a significant improvement
in terms of power quality. Under universal input voltage op-
eration, good efficiency and low THD can be achieved even
for low power levels.

Index Terms—AC-DC power converters, dimming, LED
lamps, lighting control, power factor correction (PFC).

[. INTRODUCTION

OLID-STATE light is of significant interest in modern
lighting applications. In particular high-brightness light-
emitting diodes (HBLEDs) provide comparable efficacy to high-
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efficiency discharge lamps with the added advantages of no use
of mercury, long lifetime, low-operating voltages, and compact
size [1]-[3]. All of this gives an additional incentive to use these
devices, and they are quickly replacing halogen and compact
fluorescents lamps in residential, commercial, and industrial
applications [4]-[8]. In addition a significant improvement in
thermal design [9]-[11] and a decrease in manufacturing cost
are already obtained in HBLED technology making them com-
petitive with many other kinds of lamps. Therefore, they are
considered as the future trend in lighting applications such as
in modern vehicles lights, homes, street lighting, traffic, and
commercial signs among others.

Nevertheless, it has to be taken into account that LED drivers
cannot be as simple as those of the incandescent lamps. A draw-
back is presented in the relationship between temperature, lu-
minous flux, and current. In [12]-[16] details of the problems
caused by the temperature and the consequent effect on perfor-
mance and lifetime of the LEDs are presented. In addition, the
requirements regarding voltage and current are completely dif-
ferent from the rest of lighting devices. HBLEDs are based on
semiconductors thus requiring a dc supply current. Considering
the high efficiency obtained in these HBLEDs, its adaptation
stage must have a similar performance in terms of conversion
efficiency. High efficiency, high power density, and high control
accuracy can be achieved with switching power supplies. Power
quality is also a key issue in LED drivers. High total harmonic
distortion (THD) due to low power quality can provoke an an-
noying lamp flickering apart from causing serious problems on
the ac line. Hence, for LED drivers that use an ac input source,
an ac—dc power stage is needed and an active power factor cor-
rection (PFC) circuit to meet relevant harmonic standards (e.g.,
IEC61000-3-2 [17], [18]) is necessary. The purpose of an active
PFC circuit is to minimize the input current distortion and to
make the current in phase with the input voltage imposing the
circuit to behave as a resistive load. Therefore after rectifying
the ac line voltage, a dc—dc stage is required.

Conventionally, several stages are used to drive LEDs; a first
stage to work as a PFC circuit, and the last one (second or
third stage) to control the LEDs current. In [6] several LED
driver topologies are introduced and different ac—dc converter
candidates to operate as PFC circuits are also presented. In [19],
Shrivastava et al. propose a single-level dimming concept imple-
mented with current injection technique using a Zeta converter.
In [20], a zero current switching isolated LED driver based on
a SEPIC-flyback converter without electrolytic capacitor was
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considered. In [21], Huang-Jen et al. present a dimmable LED
driver with adaptive feedback control for low-power lighting
applications.

Single-stage ac—dc converter topologies for PFC are preferred
in LED driving because of their simple power circuitry and sim-
ple control. It has to be pointed out that using a hysteresis con-
trol, the input current i;,, () must be a continuous (non pulsating)
function of time, this implies that the current in the input port of
the dc—dc converter must be an inductor current. The boost con-
verter, which is the simplest topology fulfilling this requirement
and which is the commonly chosen system to perform PFC for
many applications, cannot be applied in this case because it only
allows step-up operation. Typically, the LEDs voltage Vi,gp is
smaller than the maximum value of the time varying line volt-
age, the converter topology should have the ability to step-up and
step-down the input voltage in order to raise or lower the rectified
voltage to obtain the appropriate dc voltage value. To improve
the power quality in single-stage ac—dc LED drivers, high-order
PFC topologies such as Sheppard-Taylor [22], SEPIC and mod-
ified SEPIC [23], and Cuk and modified Cuk (with an additional
diode in series with the output inductor) [24] can be used. The
last topology having the advantages of the Cuk converters, such
as a nonpulsating input current, a nonpulsating output current,
minimum storage elements, minimum switch number, and high
energy storage density using a capacitor instead of an induc-
tor [25], and allowing at the same time a better input current
tracking near the zero crossing area of the input voltage [24] is
considered the optimum topology and will be used in this work
to illustrate the performances of the novel modulation strategy
proposed in this paper. It should be noted that, in LED driving
applications, because it is the output current that is used to drive
the LED, an inductor current must also exist in the output port
of the converter being the inverted polarity of the output voltage
in all Cuk converters not a drawback since it will only imply
connecting the LED lamp in the backward direction.

In most of the studies, fixed frequency modulation techniques
are used. However, variable frequency control techniques such
as critical mode control, hysteresis control, and constant ON-
time control have also been applied in LED driving applica-
tions. For instance, in [26], a single-stage boost converter with
high conversion ratio was studied using SiC devices working
at the boundary between continuous and discontinuous conduc-
tion modes. In [27], a variable ON-time control strategy for a
critical conduction mode flyback converter is proposed. In this
paper, a variable frequency strategy based on hysteresis mod-
ulation is used to design an efficient HBLED driver with PFC
in low-power applications. The hysteresis window is modulated
by the time varying line input voltage to avoid harmonic dis-
tortion close to the zero crossing of the input voltage and also
modulated by the output current reference in order to improve
the dimming performance of the HBLEDs.

The rest of the paper is organized as follows. After revisiting
the problem of power quality at low power levels in ac—dc LED
drivers with PFC in Section II, the new technique is described
in Section III and its operation principle is presented. The per-
formance of the system under the new control technique is illus-
trated in Section III by using numerical simulations performed
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Fig. 1. PSIM schematic diagram of the proposed system.

on a system level switched model of the system implemented
in PSIM software. These simulations demonstrate the function-
ality of the proposed technique. A laboratory prototype is also
designed and experimental validation of the proposed technique
and its practical feasibility is addressed in Section IV, where
time domain waveforms and frequency domain spectra demon-
strate that the technique is able to provide a low THD at very low
power levels. Finally, the conclusions of this study are collected
in Section V.

[I. PROBLEM STATEMENT

The luminous flux of HBLEDs is determined by their for-
ward current and therefore, a constant current regulation is
needed to achieve constant brightness of HBLEDs. Dimming
is another highly desirable requirement for these devices. How-
ever, dimmable HBLED drivers exhibit a remarkable increase
in the input current THD [28], [30]. Although each individ-
ual HBLED driver meets the IEC 61000-3-2 class C standards
[8] in commercial or industrial applications, many lamps are
combined in series/parallel and used resulting in a high THD.
Variable frequency control techniques such as hysteretic control
and constant ON-time control have the advantages of fast sys-
tem response in front of parameter changes. The drawback of
using hysteretic control with a fixed hysteresis window is that
the switching frequency is variable and reaches very low values
near the zero crossing area of the input voltage. This decrease
in the switching frequency in this area provokes a harmful har-
monic distortion. To mitigate this problem, a technique has been
introduced in [28], which consists of modulating the hystere-
sis window near the zero crossing area of the input voltage.
While the technique works quite well for relatively high values
of the input current/power, when the system is dimmed at low
current/power, an increase in its THD is observed. The system
that will be used to illustrate the problem of harmonic distor-
tion and the proposed solution is the modified Cuk converter
reported in [24]. The numerical simulations presented in this
section are obtained from PSIM software. The PSIM schematic
circuit diagram of the system with the inner and the outer current
controllers is shown in Fig. 1. First, the modulation of the hys-
teresis window will be disabled. The same scheme can be used
for simulating the system with conventional hysteresis control
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TABLE |
DESIGN SPECIFICATIONS AND PARAMETER VALUES FOR THE CUK
LED DRIVER

Component Value
Input voltage Vip = 230 V rms
9 x HBLED, Cree, Inc. “Xlamp Ve ~100V,ry =300, P, =
MC-E” (Cool White) 45 W, Inom = 350 mA
L, 10 mH
Ly 2 mH
Cy 40 nF
Cy 500 uF

g = ks G kg gain of the voltage
sensor
A': Modulated hysteresis width

P,=45W, g = Po/V} . =

1/1000 k, = 1/5000, Grer =5 S
10% I, @Ihom — Adp = 30 mA

by making the hysteresis width constant. The system is supplied
by an input voltage v;, = 220 V rms @ 50 Hz. The load con-
sists of a string of nine serial HBLEDs of “Xlamp MC-E” (Cool
White) of Cree, Inc., whose nominal load currents are 350 mA,
as detailed in Table I. The nominal value of the output power
of 45 W with a corresponding output LED current at 300 mA.
When a user wants a dimmed power, the admitted range is be-
tween 5% and 120% of the output current. The allowed ripples
for the inductor currents and capacitor voltages are between 5%
and 10%. The intermediate capacitor is responsible for transfer-
ring energy between the input and the output ports, and therefore
it must have a low capacitance value. Finally, the output capac-
itor is responsible for filtering the ripple corresponding to twice
the line frequency, hence it will be an electrolytic capacitor with
a relatively high value of capacitance. Using the expressions
detailed in [29], the design specifications leads to the parame-
ters depicted in Table I. The system is under a hysteretic inner
current loop shaping the input current according to a template
provided by the product of the input voltage v;, and a con-
ductance g given by the outer current loop regulating the LED
current. The outer loop consists of a PI controller whose time
constant 7; = 2.86 ms and proportional gain x, = 1 have been
selected to get a 66° of phase margin at a crossover frequency
of 36 rad/s. The controller parameters were designed by using
a simple averaged model. Since the design is for a low-power
application, with a relatively high input voltage, the system may
operate with very low rms current values.

Each LED can be modeled by its dynamics resistance ry =
3.28 Q in series with its forward voltage V» = 9.77 V. Fig. 2
shows the waveform of the input current of the system con-
trolled by two different hysteresis control techniques. The first
one uses a conventional constant hysteresis width. The second
one uses a hysteresis window modulated by only the input volt-
age vi,. The results in Fig. 2 show the input variables ;,, and
gui,, output current i, = I gp, and the hysteresis window A
for two different values of output currents I;gp = 100 mA
and It gp=20 mA. As can be observed, for constant hysteresis
width, harmonic distortions are exhibited near the zero cross-
ing area of the input voltage [see Fig. 2(a)]. These distortions
are more pronounced for low output current/power levels [see
Fig. 2(b)]. With a hysteresis window modulated by the input
voltage, the problem of harmonic distortion is alleviated for

relatively high current levels [see Fig. 2(c)] but not for low
values of the output LED current [see Fig. 2(d)].

[lI. NEw TECHNIQUE FOR IMPROVING DIMMING
PERFORMANCE OF HBLEDS DRIVERS

To mitigate the increase in the THD problem even at low
power levels, a new technique is proposed, which consists of
adding an extra feedforward loop in the control stage to adapt
the hysteresis window A, using the HBLEDs forward current
reference.

A. Description of the Control Technique

The new control strategy works according to the block di-
agram depicted in Fig. 3. The control strategy is given by a
hysteretic control law with the following expression:

(1) = {0, ife(t) >+Aor|e(t) < Aande(t™) = +A
11

ife(t) < —Aorle(t) < Aande(t™) = —-A

ey
where € = guy, — ¢; is the input current error, which is also
the input to the hysteresis controller, and ¢~ is the last instant
when the control signal hit the switching boundaries defined by
+A. To avoid the harmonic distortion close to the zero crossing
of the input current for all current levels ¢,o, the hysteresis
window was modulated by the time varying line input voltage
vin and a second modulation was applied in terms of the load
current reference i,.¢. Therefore, the hysteresis width A can be
expressed according to the following expression:

QVip (t)iref; if QVip (t)iref < Amax Z.ref

A(t) = )

A7;1 iref7 if QViy (t)iref > Amaxiref

where « is a suitable constant gain and A, is the maximum
allowed hysteresis width when modulation with the current ref-
erence is not present. The waveforms of the modulated hys-
teresis window A(t) is depicted in Fig. 4. Because during one
switching cycle, the waveforms of the error signal € can be con-
sidered triangular, the switching frequency f, can be derived as
follows:

1 1 1 Mon Moff
fs - 7 =

T ton + toﬁ B % Mon + Mot

with m,,, and m.g being, respectively, the slopes of the control
signal € for v = 1 and for u = 0. By substituting the expressions
of these slopes in (3), the following expression for the switching
frequency is obtained:

3

. Vin (t)?]
e (t) - QA(t) (Uin (t)2+ U?)

where v, is the output voltage. Therefore, the values of o and
A ax can be selected in such a way that the switching frequency
be within a specified desired range. According to (4), a minimum
switching frequency is obtained close to ¢ = 7/w; (w; is the
angular line frequency) and a maximum frequency is obtained
close to the zero crossing area. Note that, like in a conventional
hysteretic controller, the switching frequency depends on the
hysteresis width A(t). However, in the conventional strategy,
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Waveforms of the Cuk HBLED driver controlled by hysteresis modulation (only the input voltage is used for the modulation), input variables

iin and guiy, output current: Iy gp = iyet, hysteresis width for (left): I, gp = 100 mA, (right): ILgp = 20 mA.
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Fig. 3. Block diagram of the new technique.

the switching frequency reaches very low value near the zero
crossing area causing harmonic distortion. With the proposed
double modulation scheme, these distortions are alleviated and
the power quality is significantly improved.

B. Validation of the Technique Using Numerical
Simulations

With the aim of verifying the previous proposed technique,
time-domain numerical simulations performed on a system-
level switched model implemented in PSIM software are first
presented here.

To avoid the distorting effects when ¢,.; decreases, the new
technique shown in Fig. 3 is used. The results are depicted in

Modulation in terms of the input voltage

o Nrm(t )

AW i £ 8

Fig. 4. Evolution of the modulated hysteresis window A(¢) in terms of
the input voltage and the output LED current. Near the zero crossing
area, the hysteresis width shrinks periodically to zero whatever is the
value of i,. Far away from the zero crossing area of the input voltage,
the hysteresis width is proportional to the current reference i,st = I, 5D
and the input voltage vin.

Fig. 5 where contrarily to the results shown in Fig. 2, a good
proportionality between the input variables can be appreciated
even for low power levels. In particular, it can be observed
that modulating the hysteresis window according to the load
reference improves the waveforms quality providing a clean
input current and yielding an improvement in the power factor
and a decrease in the THD even when the HBLED current
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System responses under (a) hysteresis control with a hysteresis window modulated by the input voltage; and (b) hysteresis control with a

hysteresis window modulated by the input voltage and the current reference for different levels of this reference.

is lower than 6% of its nominal value. Hence, a significant
improvement in the system performance at low current/power
[see Fig. 5(b)] can be obtained.

The evolution of the doubly modulated hysteresis window is
also depicted at the bottom of Fig. 5. For the sake of compar-
ison, in Fig. 6, the system responses under hysteresis control
with a hysteresis window modulated only by the input voltage
and that with the new technique are shown for different levels
of the LEDs current reference. One can note that while sim-
ilar system transient responses are obtained for both control
strategies, the second control with doubly modulated hystere-
sis window outperforms the first one for low power values in
the steady-state regime. It should be noted that the fact that the
same transient response is obtained for both control schemes
means that the system stability is unaltered by the introduction
of the new modulation scheme and that conventional techniques
based on averaging and linearization procedures can be used for
designing the closed-loop system under the proposed control
strategy. In fact, the same procedures were applied to design the

system with a 66° of phase margin at a crossover frequency of
36 rad/s as in Section II.

Fig. 7.
Cuk LED driver with a hysteresis control.

9 HBLEDs
AC Power Supply

Photograph of the implemented experimental prototype of a

IV. EXPERIMENTAL RESULTS 303

The experimental laboratory prototype is depicted in Fig. 7 304

and its parameters are the same as those listed in numerical 305
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simulations (see Table I) and its corresponding OrCAD schemat-
ics is shown Fig. 8.

The experimental waveforms corresponding to Fig. 4 are de-
picted in Fig. 9, where a modulation of the hysteresis window in
terms of the input voltage and the output current reference can
be observed.

In this section, the results obtained from the modified Cuk
converter LED driver prototype are summarized. The new mod-
ulation scheme is implemented according to the block dia-
gram of Fig. 3 using analog devices. The conductance g is
given by g = Gk, where the value of k, is determined by
ks =k, /(AttAD633 X k;), being k, the voltage sensor gain

OrCAD circuit schematics of the implemented modified Cuk converter and the proposed double modulation strategy.

(k, = 1/50), k; the current sensor gain (k; = 10), and At-
tAD633 the attenuation (AttAD633 = 10) of the analog multi-
plier AD633. Thus, the value of &, is 1/5000, which was chosen
with the aim of obtaining a wider range of control in the power
transfer; and consequently a greater control over the load cur-
rent. As a power source, an ac power supply (Pacific power
source model 118acx-upcl) was used instead of the grid. As in
the results corresponding to the numerical simulations, the rms
value was 220 V and its frequency was f; = 50 Hz. The same
load was also used consisting of a string of nine serial HBLEDs
of “Xlamp MC-E” (Cool White) of Cree Inc. whose nominal
current is 350 mA. A bank of electrolytic capacitors of 500 pF
was used at the output of the converter. The inductors were pro-
vided by Panasonic Electronics Component ELC18Bxxx. Their
inductances have the same nominal values as for the theoretical
and simulations results presented previously, i.e., L; = 10 mH
and Ly, = 2 mH. The intermediate capacitor C; = 40 nF, 500 V
is a bank of multilayer Ceramic capacitor. The power MOSFET
is a Fairchild semiconductor FCP11N60F with a rated voltage
of 650 V. The diodes used are Silicon Carbide (SiC) Schottky
diodes (IDD04SG60C Infineon) with a VRRM voltage of 650 V.
For precise current sensing, resistors with 0.1 {2 were used to-
gether with the operational amplifiers MCP6044 for obtaining
the required gains. An analog multiplier (AD633JNZ) was used
for the control and modulation block that requires a parame-
terized input voltage and the load current reference to generate
the doubly modulated signal A. This signal and its opposite are
compared to the error signal € by means of two comparators
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Experimental measurements of a dimmable Cuk HBLED driver with LED output current i,.; = 100 mA (left) and i,.; = 20 mA (right).

(a) and (b) Fixed hysteresis width; (c) and (d) hysteresis control with a hysteresis window modulated by the input voltage; and (e) and (f) hysteresis
control with a hysteresis window modulated by the input voltage and the current reference (new technique).

(LM319N) and a SR latch was used to generate the binary sig-
nal u that drives the MOSFET (FCP11N60F). The driver used
was TC4427.

Fig. 10 show the experimental steady-state system responses
for three different modulation schemes and under two dif-
ferent power levels or equivalently output current reference
It gp = iret- The panels a, ¢, and e in this figure correspond
to an output current i, = 100 mA while the panels b, d, and f
correspond to 7.t = 20 mA. The top panels correspond to the
conventional fixed hysteresis window. The ones on the middle
correspond to a hysteresis modulation with a window modu-
lated by only the input voltage. The bottom ones correspond to
a hysteresis modulation with a window modulated by both the
input voltage and the output current reference. The operation
points and the parameter values are the same ones used in the
PSIM numerical simulations in the previous section. As can be

observed, a perfect proportionality between the input current
and the input voltage in the new modulation technique, and low
harmonic contents are obtained even at i, = 20 mA, that is less
than 6% of the nominal HBLED forward current. The results
obtained show a perfect proportionality between the input port
variables, without significant harmonic content. Using the new
technique, a very low THD is obtained and a wide dimming
range is guaranteed. For comparison, Table II shows the THD
values, their absolute and relative improvements for the three
different control schemes under two current/power conditions.
In the worst case (¢;.f = 20 mA) an improvement of 60% and a
relative improvement of 80% have been obtained. It is worth to
note that when the proposed modulation of the hysteresis win-
dow is not applied and with low values of the output current, the
LED lamps start causing an annoying flickering. This is because
the caused distortions in the input current propagate through the
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TABLE I
THD AND ITS RELATIVE IMPROVEMENTS

Load current ILep 100 mA 20 mA
Fixed hysteresis window 15.8% 82.0%

THD Input modulated hysteresis 5.3% 75.0%

window
Input and reference modulated 3.4% 14.5%
hysteresis window
Relative improvement 35.85% 80.67%
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Fig. 11. Response of the system to step changes in the line voltage
from 220 to 150 V rms. (a) From 150 to 220 V rms. (b) From 220 to
150 V rms.
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Fig. 12. Response of the system to step changes in the operating load
current.

system to output port and a distortion in the HBLED current
ripple takes place and starts to reach unacceptable values. With
the proposed technique all of these effects are avoided.

To check the robustness of the system against line distur-
bance, step changes were applied in the input voltage amplitude

Q&1 200v/div 1MQ By:500M @ 130.1kHz
&2 100mA/div 1MQ By:20.0M - 153.0kHz
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Fig. 13. FFT spectra corresponding to It,pp =100 and 14 mA.

from 220 to 150 V rms and vice versa. These step changes
can represent dips in the grid. The corresponding system re-
sponses are shown in Fig. 11. To test the system response to
step changes in the operating load current, a periodic square
wave signal was also applied to the output current reference
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Fig. 14. Efficiency of the Cuk LED driver for different power levels.

using the function generator GFG 2004 from ISO-TECH. The
corresponding response is shown in Fig. 12. All the tests demon-
strate the robustness of the technique against changes in the grid
and the load. The FFT spectra depicted in Fig. 13 correspond
to the input line current for two different values of the power
conditions corresponding to It zp =100 and 14 mA, the second
case representing a 4% of I,,,, = 350 mA. Additionally, the
standards IEC61000-3-2, class C norms [17], [18] are checked
to be met. Finally, Fig. 14 shows the efficiency of the system for
different power levels. It can be observed that the implemented
prototype reaches an efficiency of 75% at a power level of 20 W
and 84% for a power level between 50 and 100 W. Compared
with [20, Fig. 12], at low power levels and with similar rms value
of the input voltage, the proposed technique shows comparable
efficiency. In [20], a better efficiency was obtained at relatively
high power levels between 50 and 100 W. However, the effi-
ciency at this range of power depends on the switching devices
used and the optimization of other aspects, such as the reactive
components and many other factors, but not on the modulation
strategy used, which is the main focus of the present study.

V. CONCLUSION

The harmonic distortion under low-power dimming condi-
tions can cause harmful effects in single-stage high-order LED
drivers with PFC under variable frequency hysteresis control,
and hence can provoke serious power quality problems on the
ac line and also annoying flickering of the lamps. In this paper,
a new modulation technique based on a time-varying hystere-
sis width was proposed to solve this problem. Modulating the
hysteresis window by an extra feedforward loop in the control
stage, using the current reference, has been shown to decrease
the THD of HBLED drivers under low current/power condi-
tions, and hence improving the dimming performance of the
ac—dc LED driver. By using the new technique, a very low
THD is obtained and a wide dimming range is guaranteed. The
topology of the modified Cuk converter was built to verify the

proposed control strategy. The experiments performed in the
laboratory for the proposed control verify the theoretical and
simulation results, which corroborate the correct operation of
the proposed control strategy. Moreover, the performance of the
new technique algorithm was compared with conventional and
already existing strategies. The comparison shows that the new
control method is a robust technique and is compatible with the
standards IEC61000-3-2, class C norms at low power levels.
Hence, the results presented in this paper provide a new way for
improving the dimming performance of low power single-stage
ac—dc HBLED drivers. The technique can be applied to any ac—
dc PFC topology where a hysteresis switching decision is used
and the switching function have a triangular shape.
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