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Abstract—A comparative study is presented on the
efficiency of an offline single-stage AC-DC LED driver for
various LED strings. To ensure a fair comparison among
different types of power converters, averaged switch models of
non-isolated LED drivers, based on peak current control, are
employed for buck, buck-boost, and boost converters. The
averaged switch model allows for easy determination of
performance metrics, such as power factor (PF), total harmonic
distortion (THD), and output power (POUT). Additionally, it
provides a fair means of comparing performance by altering
the number of LED strings used with different types of power
converters. In this paper, the power boundary of LED strings
for each type of power converter is clearly defined, given a
constant AC input voltage.
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I. INTRODUCTION

High-brightness and high-efficiency light-emitting diode
(LED) technology is increasingly popular due to its extended
lifetime and superior efficiency [1-12]. Furthermore, LEDs
are viewed as environmentally friendly devices because they
do not contain mercury and emit very low levels of carbon
dioxide.

LED drivers for general lighting applications regulate the
output power of LEDs derived from the AC outlet. A crucial
metric in this power conversion is the power factor (PF),
which indicates how efficiently electrical power is
transferred from the AC line voltage to the load. Another
significant aspect is the total harmonic distortion (THD) of
the input AC current. High THD can interfere with other
electronic equipment, potentially shortening their lifetimes.
To enhance the PF and THD in LED driver applications, an
inductor-based switching-type DC-DC converter followed
by the power factor correction (PFC) circuit can be utilized.
The PFC circuit can be implemented by either through a
controller-based active approach or a valley-fill passive
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method. However, given the elevated manufacturing costs
associated with extra PFC circuits, AC-DC converter types
of LED drivers have emerged. Unlike DC-DC converters,
AC-DC converters can achieve PFC without necessitating an
additional PFC circuit, by utilizing a time-varying signal as
a control loop reference.

LEDs have been used in both indoor and outdoor lighting
applications with varying output power requirements. For
optimal performance, the type of power converter should be
selected based on the number of LEDs corresponding to the
AC line voltage range. Typically, indoor applications
demand fewer LEDs than outdoor ones due to lower output
power needs. For indoor settings, AC-DC converters often
employ step-down conversions, like buck converters [1-4],
or step-up/down conversions, such as flyback [5] or buck-
boost converters [2], given the relatively few LEDs in use.
For higher output power in outdoor settings, which
necessitate a larger LED count, both step-up/down and step-
up conversions, like boost converters, are suitable. Step-
down conversion isn't advisable for extensive LED arrays,
especially if the LED's forward voltage exceeds the
fluctuating AC input voltage. Although various converter
types have been implemented in LED lighting applications
[1-5], the appropriate boundaries for each converter type
concerning different output power ranges remain undefined.

In this paper, an efficient solution for non-isolated LED
drivers across various output power ranges is analyzed,
focusing on the buck, buck-boost, and boost converter
operations. A guide map for efficient driver solutions is
introduced based on LED string counts. Additionally, the
averaged switch models for each converter are described,
based on peak-current control, to ensure a fair performance
comparison under consistent conditions.

This paper is organized as follows. Section II introduces
a averaged behavior model of buck, buck-boost, and boost
type LED driver. Section III provides the simulated results,
and Section IV describes a comparison among various types
of LED drivers. Conclusions are provided in Section V.
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Fig. 1. AC-DC LED driver based on peak current control (a) Buck converter. (b) Buck-boost converter. (c) Boost converter.

II. AVERAGED BEHAVIOR MODEL OF LED DRIVER

A single-stage, non-isolated LED driver can be
implemented using various types of power converters such as
buck, buck-boost, and boost converters, as shown in Fig. 1.
The converter operates based on a peak current-controlled
pulse-width-modulation (PWM) method, which controls the
inductor current (ir) using a current reference (irgr). The
sensed inductor current is compared at its peak level to the
current reference, which in turn controls the duty cycle (D).
Since the given current reference is a time-varying signal, the
inductor current follows its form, albeit with some ripple.

To enable a fair comparison under different load
conditions, the averaged switch model can be employed for
analyzing various LED drivers. Assuming that the buck
converter operates in continuous conduction mode (CCM)
using a properly sized inductor at a given switching
frequency, the averaged switch model for the buck converter
can be expressed as follows [13, 14]:

dlL.avg

L
dt

=D-Viy = Vour (D)
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dVour
dt

where D is the duty-cycle, iour is the output current flowing
into LEDs, C is the output capacitor between the diode string
and ipavg 1s the average of the inductor current.

To model the peak current-controlled PWM method
within the averaged switch model, the duty cycle for each
switching cycle must be calculated to account for the time-
varying current reference. Fig. 1(a) (right) depicts the
waveform of both the current reference and the inductor
current within a single switching period. Even though these
are time-varying signals, they can be considered as DC for
each switching cycle, given that the switching frequency (f;)
which is usually at a few tens or hundreds of kHz is much
higher than the rectified AC line frequency (e.g. 100—120
Hz).

c

= lpavg — lour

To calculate the duty cycle, the switching inductor
current is needed, as the duty cycle is set at the point where
the inductor current meets the current reference. Using the
averaged switching model, the initial point of the inductor
current can be expressed as:
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TABLE 1
AVERAGED POWER CONVERTERS MODEL BASED ON PEAK CURRENT
CONTROL
Type i lour Avg. switch model Duty-cycle (D)
L4 py -,
Buck Di ; at N oot 2(iger — i)Lfs
L L Y 1
converter AVoyr _ . . Vin = Vour
“dt l, = lout
L4 py -,
Buck-boost | p D'i ae ™ our 2(iger — i)Lfs
L L - v
converter dVoyr _ ,. . Vin
C——=D"i, —igyr
dt
L3y o,
Boost ; D' dae N our 2(iger — i)Lfs
L L - v
converter AVoyr _ ,. . Vin
C—dt =D"i, —igyr

D' = 1-D, C is the output capacitor across the LED string.

i, 0) = lReF — Z(iREF - iL.avg) = ZiL.avg — iggr

2)

Since the rising slope of inductor current at buck
converter is (Vix — Vour)/L, the inductor current at variable
duty-cycle can be represented as below,

(Vin = Vour) D
L £ 3)

By setting the point when ir(D) = irgr, the duty-cycle of
peak current control can be expressed as below,

=2'(iREF_iL)'L'fS

VIN - VOUT

i, (D) =i, (0) +

b )

Since the input current only flows when the switch is on-
state, it shows a discontinuous form. The output LED current
(iour) is equal to the inductor current in the buck converter.
Therefore, the input current and the output current can be
expressed as below,

iIN = D : iL

. . %)
lour = 1,

where, iy is the input current from rectified input voltage

and iour is the LED current.

III. SIMULATION RESULTS

Fig. 2 illustrates the simulated waveforms of each power
converter based on the averaged switch model. These
simulations were conducted using the Cadence Spectre tool.
An input voltage of 110 VAC was applied, and the output
power was adjusted by using a varying number of LEDs. The
inductor current in all cases emulates a sine-wave form due
to the peak current control with a sine-wave current
reference (irer). The maximum duty-cycle is capped at 0.8
for practical implementation considerations.

Fig. 2 (a) presents the simulated waveform of the buck
converter, which has a peak output voltage of 16 V. The
output current mirrors the sine-wave form, identical to the
inductor current. In this scenario, the PF and THD are 0.941
and 29.5% respectively. Due to the step-down power
conversion topology, the output voltage fails to sustain the
forward voltage of the diode at low input voltages. This
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Fig. 2. Simulated waveform with sine-wave reference control. (a) Buck
converter. (b) Buck-boost converter. (c) Boost converter.

segment is referred to as the "dead zone", which expands as
the number of LEDs increase.

Fig. 2 (b) shows the simulated waveform of the buck-
boost converter, which achieves a peak output voltage of 78 V.



IDEC Journal of Integrated Circuits and Systems, VOL 10, No.1, January 2024

200 L

100 //‘\\\

0 S /]
wl Vi) =
209 PF = 0.941

3 fac (mA) THD = 29.5 %

PF = 0.995

= THD = 9.1 %

-75 =

600 irer (MA)

500

400 4 i N

300 v A

200 /'.’l ‘\

100 4 >,
4’ \\

0

0 1
Time (ms)

(a)

200 L

100 /._\

° 3 AN ' /]
4003 Vg (V) N /
200 A | PF =0.978

72 1 iac (MA) THD =17.2 %
50 4

PF = 0.994
THD =5.3 %

(b)

Fig. 3. Simulated waveform with different reference control. Solid line shows
the sine-wave reference control and dashed line shows the reference control
proposed in [2]. (a) Buck converter. (b) Buck-boost converter.

Contrary to the buck converter, the buck-boost converter can
both step up and step down the output voltage in relation to
the input. As a result, it can drive a larger number of LEDs
compared to the buck converter. The conversion ratio for the
buck-boost converter is defined as D/(1-D), and it is limited
to 4 given that the maximum duty-cycle is set to 0.8. In this
instance, the PF and THD values are 0.992 and 11.1%
respectively.

Fig. 2 (c) shows the simulated waveform of the boost
converter, where the peak output voltage reaches 174 V.
Here, the PF and THD are 0.997 and 8.1% respectively. The
forward voltage of the LEDs must exceed the input's peak
voltage since the boost converter only facilitates up-
conversion.

One advantage of the averaged switch model is that it
allows for the straightforward extraction of output results
under various parameter conditions and for different forms
of the current reference (irgr). The PF and THD can be
improved by applying the current reference of the sin’
function for the buck converter, and the reference of a - sin +
(1- o) - sin?> function where o is a Vourpeak/(VouTpEak+
Vacreak) for the buck-boost converter [2]. Fig. 3 shows the
simulated waveform with the current reference proposed in
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Fig. 4. Performance results. (a) PF. (b) THD. (¢) Pour.

[2] (dashed line) compared to the sine-wave current
reference form (solid line). The PF and THD are enhanced
significantly for both buck and buck-boost converters by
applying the proposed reference in [2], and the shape of the
input current is closer to the sine-waveform.

IV. PERFORMANCE COMPARISON

Fig. 4 compares the performance of each power converter
while varying the number of LEDs. Although the buck
converter exhibits a higher Pour than the buck-boost
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TABLE II
PERFORMANCE SUMMARY
VOUT,PEAK
TS | MinPF | Max. THD | o™
AC.PEAK Pour.max
Buck <0.28 0.99 13.1% 0.26
converter'
Buck-boost <1 0.995 95% 045
converter'
Boost >1 0.996 8.9 % 1.0
converter

Performance comparison has been made that can obtain PF > 0.99.

fCurrent reference of sin? and o sin + (1-a) - sin? function is used here
for the buck and buck-boost converter, respectively [2].

converter at the same Vour level due to its continuous output
current flow, its PF and THD deteriorate rapidly as the output
voltage rises. This is attributed to the expanding range of the
dead zone. To achieve a PF above 0.99, the buck converter is
suitable for a Vourpeak/Vacreak ratio of under 0.28. For
ratios above 0.28, the buck-boost converter should be used.
Additionally, the buck-boost converter operates over a
broader range of Vour and offers better performance than the
buck converter. The boost converter, on the other hand, can
attain the highest Pour but is limited to operating above the
input voltage (Vac) range. For the boost converter, a higher
Vour doesn't substantially increase the Pour, owing to the
duty-cycle limitation. When comparing the buck-boost and
boost converters at an equivalent Vour level, the boost
converter demonstrates approximately double the Pout of the
buck-boost converter. As a result, the inductor current level
for the boost converter can be reduced by half to match the
output power of the buck-boost converter. Table II provides
a summary of the performance of each power converter,
detailing their optimal operating ranges to maintain a PF
above 0.99.

V. CONCLUSION

This study compares efficient single-stage AC-DC LED
drivers using the averaged switch models of power
converters based on peak current control. From a fair
comparison of results, it is evident that the buck converter is
optimal for LED string peaks less than 0.28 of Vacpeak to
maintain a PF above 0.99. The buck-boost converter can be
employed up to the point where the LED string peak reaches
Vacreak. For LED string peaks surpassing Vacrpeak, the
boost converter is the preferred choice, offering the
advantage of significantly reduced inductor current
compared to the buck-boost converter.
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