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ABSTRACT
In this paper, we investigate a circuit design to reduce light flicker from an alternating current (AC) light-
emitting diode (LED) lighting system. AC LEDs in the commercial marketplace have been criticized for 
the light flicker that they produce. In general, light flicker is an unwelcome phenomenon in a lighting ap-
plication because of the health hazards it may cause. Some solutions have been proposed to reduce 
flicker from light sources, but they suffer from issues such as low power factor, low power efficiency, or 
bulky size. Here we propose an approach that can effectively reduce light flicker from an AC LED lighting 
system while maintaining normal power factor and high power efficiency.
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1. Introduction
The alternating current light-emitting diode (AC 

LED) is a type of solid-state light source that can be 
directly driven by line voltage, eliminating the need for 
an external driver to function. The AC LED was intro-
duced to the lighting industry in 2005, and since then it 
has experienced rapid development. In today’s market-
place, there are basically two types of AC LED. One 
type consists of two anti-parallel connected micro-LED 
strings, and the second type uses a bridge rectifier to 
drive one micro-LED string1)‒4). The absence of external 
drivers provides great advantage to AC LEDs, such as 
smaller system envelope, lower cost, and potentially 
high system efficiency. Nevertheless, a “congenital” de-
fect, light flicker, is preventing AC LEDs from being 
widely accepted. Due to the structures of both AC LED 
types, the sinusoidal oscillation of line voltage causes 
current fluctuation through the micro-LEDs, which in 
turn creates periodic change in the light output inten-
sity̶that is, light flicker1)‒3). The existing AC LEDs in 
today’s commercial market produce light flicker at 
twice the line frequency (e.g., 120 Hz in North America 
and 100 Hz in Europe and China). A number of human 
factors studies have shown that light flicker with a fre-
quency between 3 and 70 Hz may cause severe health 
hazards like epileptic seizures, while light flicker with a 
frequency between 70 and 160 Hz can induce eye strain, 
malaise, dizziness, headache, and so forth5)‒10). Several 
solutions are known to reduce light flicker from lighting 
systems, such as increasing the driving frequency with 
a ballast11)‒13), and reducing percent flicker by multi-
phase power system14)‒17), or by filtering current ripples 
through the LEDs4)18). But these solutions suffer from 

drawbacks. The high-frequency driver can increase the 
driving frequency from 50/60 Hz to tens of kHz, at 
which human eyes can hardly perceive light flicker, but 
usually it cannot be integrated with light sources, so an 
independent envelope is required for it. Even for regu-
lar LED drivers with a DC‒DC converter, the power 
loss is not ignorable19); the multi-phase power system 
also needs an independent envelope. The filtering ca-
pacitor can effectively reduce the current ripple through 
LEDs, but it causes low power factor because the out-
put current waveform is highly distorted4)8). In a power 
system, power factor is the ratio of input active power 
to input apparent power20). In the United States, the 
ENERGY STAR program requires the power factor to 
be above 0.9 for solid-state luminaires used in commer-
cial applications and above 0.7 for residential ones21). 
Power efficiency is the ratio of the output active power 
on the load to the input active power of the system22)23). 
Commercial LED drivers available today typically have 
power efficiency between 80 and 90% or higher24)‒27).

A human factors study demonstrated that several 
factors can affect human perception of light flicker, such 
as frequency, percent flicker (also called modulation 
depth), waveform, correlated color temperature (CCT), 
and duty cycle, among which frequency and percent 
flicker are the two dominant factors28)29). In one flicker 
cycle, the percent flicker is defined as the difference 
between the maximum and minimum light levels di-
vided by their sum, as is shown in Figure 130). Another 
metric, flicker index, was also proposed to evaluate the 
perception of light flicker. Flicker index is defined as 
the ratio of the waveform area above the average light 
level to the total waveform area in one cycle. Equations 
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(1) and (2) define percent flicker and flicker index, re-
spectively.

max min

max min
Percent Flicker 100%L L = L L ×

+
－   (1)

Area 1Flicker Index = Area 1 + Area 2   (2)

Another study showed that for some specific wave-
forms, such as sinusoidal, square, triangular, and saw-
tooth, flicker index is in positive correlation with per-
cent flicker31). Other researchers found that when 
percent flicker is reduced from 100 to 33%, the accept-
ability of light flicker can be significantly improved32).

In this study, we used percent flicker, instead of flick-
er index, to evaluate light flicker. Three metrics were 
used to assess the performance of an AC LED lighting 
system: percent flicker, power factor, and power effi-
ciency. For percent flicker, its benchmark was set at 
33%; for power factor, its benchmark was 0.7; and for 
power efficiency, the benchmark was set at 85%. The 
objective of this study was to optimize a driving scheme 
for an AC LED lighting system to keep percent flicker 
below 33%, power factor above 0.7, and power efficiency 
above 85%.

2. Circuit design and simulation
A basic principle in electronics states that when a ca-

pacitor is driven by a sinusoidal-wave voltage, the cur-
rent through the capacitor will lead the voltage33). Based 
on this principle, for this study a circuit with two branch-
es (one resistive and one capacitive) was designed, as 
shown in Figure 2. In this circuit, Load 1 was driven in 
the resistive branch (hereafter referred as R-branch), and 
Load 2 was driven in the capacitive branch (hereafter 
referred as C-branch). Load 1 was made of two AC LED 
modules connected in series, while Load 2 consisted of 
two AC LED modules connected in parallel. Each AC 
LED module contained two anti-parallel connected high-
voltage (HV) LEDs with typical forward voltage of 53 V 

(ES-AADBHV45 from Epistar Corporation)34).
For simplicity of calculation, some assumptions were 

applied to the theoretical simulation: 1) Load 1 and Load 
2 were considered as two resistors and their resistances 
(r1 and r2) were constant in the simulation; 2) the ca-
pacitor C2 was purely capacitive; and 3) there was no 
distortion in the voltage and current waveforms of the 
two loads. A restriction was also applied so that the 
light output intensities from Load 1 and Load 2 were 
balanced.

In this study, R1 and R2 and C2 were changeable. Be-
cause R1 was assumed to be pure resistance, it did not 
affect the phase shift between the R-branch and the C-
branch. However, the capacitor C2 could produce a 
phase shift. The changes of R1, R2, and C2 resulted in 
changes of percent flicker (%F), power factor (PF), and 
power efficiency (η) for this lighting system. This al-
lowed for investigations of the variations of %F, PF, and 
η as functions of phase shift (ϕ) between both branches, 
so that an optimized solution could be identified to meet 
the three benchmarks.

Theoretical analyses demonstrated that the phase 
shift ϕ, percent flicker %F, power factor PF, and power 
efficiency η can be expressed as functions of R1, R2, and 
C2, as shown in Equations (3)‒(6).
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Figure 1 One cycle of flicker waveform30)

Figure 2   Proposed circuit design of an AC LED lighting sys-
tem
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It was found from Equations (4)‒(6) that percent flicker 
%F can be expressed as an explicit function of phase 
shift ϕ, but power factor PF and power efficiency η can-
not. However, by changing R1, R2, and C2, a series of 
corresponding values of ϕ, %F, PF, and η can be ob-
tained; thus, the variations of %F, PF, and η as functions 
of ϕ can be identified, as presented in Figure 3. Three 
theoretical results were identified from Figure 3 show-
ing that when phase shift ϕ increased, percent flicker 
%F and power factor PF decreased, but power efficien-
cy η increased.

3. Experiment and results
An experiment was conducted to verify the theoreti-

cal analyses and to investigate an optimal solution for 
this circuit design. Figure 4 illustrates the experiment 
setup. The apparatus included:

•  A white, non-luminescent matte painted box with a 
photodiode for combining the light output from Load 
1 and Load 2, as well as to avoid ambient light;
•  Two switches, K1 and K2, and a photometer to bal-
ance the light output from both loads;
•  Two rheostats, R1 and R2, and a variable AC capaci-
tor, C2;

•  A powermeter (YOKOGAWA WT200) to measure 
the input active power and the power factor of the 
whole system;
•  Two current monitors to take current waveforms 
through both loads;
•  An oscilloscope (Tektronix TDS 3014C) to take 
waveforms of voltage across both loads and the 
waveforms of current through both loads, for calcu-

lating phase shift ϕ and the output active power on 
both loads;

•A computer for collecting and analyzing the data.
In the experiment, R1 was fixed at 600 Ω so that the 

RMS current through Load 1 was about 20 mA, which 
is the rated current for the HV LEDs in use. While 
keeping R1 fixed, R2 and C2 were adjusted to produce 
different phase shifts between the R-branch and the C-
branch. Here the RMS current through Load 2 was 
maintained at about 40 mA, twice the amount of cur-
rent in Load 1. The two AC LED modules in Load 1 and 
Load 2 were connected in series and in parallel, respec-
tively. To balance the light outputs from both loads, the 
RMS current in Load 2 should be twice that in Load 1.

The experimental results are shown in Figure 5. In 
order to confirm the variations of %F, PF, and η, linear 
fittings were conducted to show that with 95% confi-
dence, the experimental variations were consistent with 
the theoretical predictions.

Figure 3 Simulation results of percent flicker, power factor, and power efficiency as functions of phase shift

Figure 4 Setup of the experiment
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The performance of the circuit design in the experi-
ment is illustrated in Figure 6, from which it can be 
found that with a phase shift ϕ between 66° and 68°, an 
optimized solution can be achieved to meet the bench-
marks of percent flicker %F<33%, power factor PF>0.7, 
and power efficiency η>85%. Figure 7 demonstrates the 
waveforms of current that flow through Load 1 and 
Load 2, as well as the intensity of total light output at 
the phase shift of 67°.

The values of electrical components and power data 
are listed in Table 1. The input power is around 5 watts, 

Figure 5 Experimental variations of (a) percent flicker %F, (b) power factor PF, and (c) power efficiency η as functions of phase shift ϕ

Figure 6   Performance of the circuit design in the experiment, 
including phase shift, power factor, and power effi-
ciency

Figure 7   (a) Current waveforms in Load 1 and Load 2, and (b) 
waveform of the total light output from Load 1 and 
Load 2, at phase shift of 67°

Table 1 Electrical component values and corresponding power data, at R1=600Ω

C2 (μF) R2 (Ω) ϕ (deg) Power in 
Load 1 (W)

Power in 
Load 2 (W)

Output 
power (W) η Input 

power (W) PF Apparent 
power (VA)

2.122 311 55 2.043 2.116 4.159 0.753 5.523 0.824 6.703

2.080 211 60 2.097 2.173 4.270 0.783 5.454 0.781 6.983

2.065 151 62 2.102 2.204 4.306 0.812 5.303 0.749 7.080

2.056 128 63 2.105 2.207 4.312 0.833 5.177 0.747 6.930

2.050  81 65 2.116 2.222 4.337 0.840 5.163 0.733 7.044

2.037  50 67 2.121 2.231 4.352 0.872 4.991 0.714 6.990
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which is suitable for residential use.

4. Discussion
To simplify the theoretical analysis, it was assumed 

that the HV LED is a linear component (current-voltage 
relationship is linear), which is not true in the entire 
voltage range. However, the main purpose of the theo-
retical analysis was to predict how the phase shift 
changes with electrical component values and how the 
dependent variables (percent flicker, power factor, and 
power efficiency) change as a function of phase shift. It 
was not meant to derive exact values of the dependent 
variables. The theoretical and the experimental results 
show similar trends in the percent flicker, power factor, 
and power efficiency change as a function of phase shift, 
indicating the validity of the assumption for the intend-
ed analysis.

The advantages of this circuit design include: 1) sig-
nificantly reduced light flicker compared with existing 
AC LED products in the market; 2) potentially higher 
reliability than existing AC LED products, owing to 
very simple circuit design and much fewer components 
compared with existing LED lighting systems; 3) very 
low cost of driving components (resistor and capacitor) 
and simplicity of replacement if any driving component 
fails; 4) lower power loss during current conduction in 
wires and soldering, owing to the usage of high-voltage 
and low-current LEDs.

A big tradeoff in this circuit design is between power 
factor and power efficiency. As one can see in Figure 6, 
power factor and power efficiency vary in opposite di-
rections as phase shift changes, meaning that when one 
seeks high efficiency, power factor will be sacrificed, 
and vice versa. Additionally, the component values in 
both branches are correlated; for example, when R2 
changes, in order to balance the light outputs from both 
loads, R1 should also change.

The main disadvantage of such a circuit is the diffi-
culty involved in designing optics to redistribute the 
light. Due to the large emitting area, achieving a uni-
form light distribution with this circuit design will be-
come a new topic of future research.

5. Summary
The proposed circuit design was shown to success-

fully reduce light flicker from an AC LED lighting sys-
tem. The circuit contained a resistive branch and a ca-
pacitive branch, and each branch drives a load made up 
of high-voltage LEDs. Based on this circuit design, an 
optimized scheme was achieved to maintain normal 
power factor and high power efficiency.
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