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Abstract—TIn this paper, a static and dynamic photoelectrother-
mal model including the impact of low-frequency current ripple
on light-emitting diodes (LEDs) performance is proposed. The ob-
jective of this study is to evaluate the dynamical interaction among
thermal, photometrical, and electrical properties of the LEDs when
they are supplied by a dc constant current with a superposed low
frequency sinusoidal ripple, which is the common case in offline
LED drivers. Therefore, this paper presents both a model and
experimental data for analyzing the LED photometrical behav-
ior in terms of luminous flux, efficacy, flicker, and chromaticity.
Three laboratory prototypes with different heat sinks and LED
models have been tested. Experimental results are presented to
evaluate the LED photometrical behavior under the aforemen-
tioned operating conditions and to validate the proposed modeling
methodology.

Index Terms—LED photometrical model, light-emitting diode
(LED), light flicker, low-frequency current ripple, offline LED
drivers.

1. INTRODUCTION

OWADAYS, light-emitting diodes (LEDs) are an attrac-
N tive alternative for lighting under several perspectives.
High luminous efficacy, robustness, long lifetime, high color
rendering index (CRI), white light emission, and high reliability
make them good candidates for applications on general indoor
lighting, as well as being suitable for use in street lighting [1]-
[3]. All these features make the white LED a good candidate to
replace incandescent, fluorescent, and other discharge lamps in
many applications [4].
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When LEDs are supplied from the ac power grid (50/60 Hz),
the driving circuitry (e.g., the offline LED driver) imposes a cur-
rent ripple on the LED at twice the line frequency (100/120 Hz).
This oscillation is due to ac—dc conversion, and is usually fil-
tered by the driving circuitry so as to deliver an almost constant
current to the output; however, it cannot be entirely eliminated.
Therefore, a sinusoidal current ripple (ac component) with a dc
level is the waveform commonly found at the output of offline
LED drivers. The LED current ac component may cause flicker,
which is the cyclical variation of light in time, i.e., flicker is
a modulation of light [5]. The human being is unable to di-
rectly perceive flicker perturbations with a frequency higher
than the critical flicker frequency, which value is around 60—
90 Hz. However, indirect perception of flicker is possible due to
stroboscopic effects at frequencies of 100 Hz or higher (such as
those generated by LED drivers) or fast eye motions (saccades).
Thus, in these cases, the possible human perception needs to be
taken into consideration [6].

Regarding the LEDs’ supply, the Institute of Electrical and
Electronics Engineers (IEEE) is preparing the PAR1789 rec-
ommended practice report for current modulation in LEDs for
mitigating health risks to viewers [7]. Human biological effects
are a function of flicker frequency, modulation depth, bright-
ness, lighting application, and several other factors [7], [8].
Health effects such as headaches and eyestrain may occur after
an exposure of several minutes to light flickering [7], [9].

In the case of analyzing the effects of LED current ripple,
not only the flicker should be considered, but also the impact
of the ripple current on the photometrical and colorimetrical
performance of the LEDs. Effects such as degradation of flux
and luminous efficacy with increasing current ripple amplitude,
besides changes in chromaticity coordinates, CRI, and color-
correlated temperature (CCT) occur due to inappropriate driving
current waveform and poor thermal design [10]-[12].

The amount of current ripple is also an important electrical
design constraint for LED drivers. The ac component amplitude
of the output current waveform is inversely proportional to the
amount of filtering capacitance used in the LED driver. For
smaller ripples, bulkier capacitors are generally required.

The available range of capacitance values is largely depen-
dent on capacitor type. For example, electrolytic capacitors,
commonly used in power converters, present a low lifetime
(<10 kh) when compared with LED themselves (50-100 kh).
However, only the electrolytic technology is capable of
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providing a greater range of capacitance values. Thus, seek-
ing the reduction of capacitance is advantageous so as to
replace this capacitor technology by, for example, polyester
or polypropylene film technologies, which present a more
compatible lifetime with LEDs. In this way, the LED driver
lifespan may be extended. The reduction in the capacitive filter
is an important topic of research and several methods have
recently been proposed [13]-[18]. An acceptable increase in the
LED current ripple may also provide a significant reduction in
capacitances as long as maintenance of the LEDs performance,
i.e., their light output can be assured [10], [19]-[21].

In this paper, the impact of the LED current ripple on its
photometrical and colorimetrical properties is investigated. The
photoelectrothermal behavior of the LED system will be ana-
lyzed for an LED current waveform composed by a dc current
level and a superposed 120 Hz sinusoidal ripple.

The paper is organized as follows: Section II presents the
static photoelectrothermal characterization, which takes into ac-
count only the effect of the dc current level. In Section III, the
current ripple is taken into account in the analyses and the
dynamical performance is evaluated. Section IV presents the
experimental setup assembled to carry out practical tests. In
Section V, the main conclusions extracted from this experimen-
tal work are highlighted.

II. STATIC PHOTOELECTROTHERMAL MODEL

Spectrophotometric quantities such as luminous flux, lumi-
nous efficacy, chromaticity coordinates, CRI, CCT, and flicker
are substantially dependent on electrical properties (e.g., for-
ward current and voltage) and thermal properties (e.g., junction
temperature and thermal resistances). Therefore, the photomet-
ric analysis may not always be straightforward and these inter-
actions need to be taken into account.

Previous studies [22]-[24] propose correlating the thermal,
electrical, and photometrical aspects of LED systems by means
of an integral model. In [22], the LED electrical behavior is
obtained by a linear fitting of the curve given by forward voltage
as a function of forward current, which is usually provided by
LED manufacturers in the devices datasheet. It must be noted
that this approach offers a good approximation at operating
points within the linear portion of the LED characteristic, but
will lack accuracy at lower current levels (close to the knee of the
I-V curve). The dependent term of linear fitting represents the
LED series resistance (I?5) and the independent term represents
the LED threshold voltage (V). Since the LED voltage is also
dependent on temperature, the rate of change in forward voltage
(V) with the increase in the junction temperature (7)), namely
k,, which is usually negative, must also be taken into account.
Therefore, the LED electrical behavior taking k,, into account is
then represented by (1), where I is the LED forward current,
T} is the junction temperature, and 7}, is a reference temperature
given in the datasheet [25]-[27]

Vi, Tj) = Vo + Rsly + ky (T — To). )

The thermal behavior of the system can be represented by
n ideally identical LEDs placed on the same heat sink by a
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Fig. 1. Electrothermal equivalent circuit of one LED disposed on a heat sink.

simplified thermal circuit, as the one shown in Fig. 1 [22], [24].
This figure shows both the electric and the thermal domains rep-
resented by means of circuit elements—the electrical domain
side is a circuit representation of (1), with the linearized LED
electrical model including effects of temperature on the LED
voltage. At the thermal domain side, the node voltages actually
represent the temperature at those points. From this circuit, both
the heat sink temperature 7j,; and the junction temperature 7’
can be calculated. In (1) and (2), Ry and Rj. represent the
heat sink-to-ambient and junction-to-case thermal resistances,
respectively, 7, is the ambient temperature, and k;, refers to
the ratio of LED power that turns into heat to the LED radiant
power. This parameter is given in the LED datasheet or other-
wise, it could be obtained experimentally by measuring the LED
electrical power and the radiant power. By combining (1)—(3),
it is possible to find the terminal voltage V; of each LED in the
string of n LEDs, considering both electrical and thermal ef-
fects by Rj, = Rjc + nRys. This electrothermal model is given

by (4)

Tihs = T, + nRhszIfkh ()
T, = T, + RV Ik 3)
V;) + Rst + k?) (Ta - To)
(I}, T,) = . 4
Vildy Ta) 1 — Iknk, Ry, X

LEDs are known to produce a luminous flux that increases
monotonically with forward current and decreases monotoni-
cally with junction temperature. Both these influences of I and
T; in the luminous flux (F) of LEDs can be modeled with an
acceptable accuracy by two independent linear extrapolations
[22]. Equations (5) and (6) model this behavior, in which ¢, ¢y,
dy, and d; are the coefficients that arise from linear fitting of the
normalized characteristics curves given by the LEDs’ datasheet.
Equation (5) is obtained under a constant reference current /,,,
whereas (6) is obtained under a constant reference temperature
T,. At both Iy = I, and T; = T}, the LED yields its nominal
luminous flux F, (i.e., Fp = F; =1 p.u.)

Fr(T) = co + a1} )
FI([f)Z d0+d1ff. (6)

Multiplying (5) by (6) and adding the temperature effects
modeled by (3) as well as the electrical model given in (4),
it is possible to obtain the equation describing the static
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Fig. 2. Forward current waveforms: (a) pure dc current without a ripple and

(b) dc current with superposed ac low-frequency ripple.

luminous flux of the LED module composed of n identical LEDs
arranged over the same heat sink, as stated by (7). This static
flux equation assumes thermal steady-state operation. There-
fore, it is unsuitable for analyzing the photometrical impact of
periodical changes in forward current around a given average
current /¢, such as the ripple coming from an

Fstatic(T‘jMIf) = nFoFT(CTJ)FI(If)
=nkF,(co + a1 1)) (do + dily)

nkF,
1 %"'Relif"_kv Ta _To
|[1+er| Ty + Rjokn =L Lo ( )
I, 1- ﬁkhkija
-T,
1
X |:d1 IZ:l

(7

ac—dc conversion in offline LED drivers. In the following sec-
tion, a methodology based on dynamic photoelectrothermal
modeling is proposed to analyze the dynamical flux regard-
ing flicker generation, luminous performance degradation, and
thermal behavior when 120 Hz current ripple is present.

III. DYNAMICAL PHOTOELECTROTHERMAL MODEL

The static behavior presented in the previous section is a result
of feeding the LEDs with a plain dc forward current I as shown
in Fig. 2(a), for which thermal steady state is assumed at each
point of the curve. However, as stated before, when a sinusoidal
current ripple of frequency (f;) is present due to the effect of the
ac—dc conversion, the time-varying forward current waveform
that must be considered is the one shown in Fig. 2(b). For the
typical case of an offline LED driver, f, is usually twice the
line frequency; e.g., for 60 Hz mains, f, = 120 Hz [16], [18].
Assessing the photometrical behavior of the LED system taking
into account this effect demands for a dynamical analysis, which
is named as such because there exists a time-varying current
through the LEDs being driven.

This time-varying current can be mathematically described as
function of time by (8), having an absolute peak-to-peak ampli-
tude (in amperes) defined by (9), where I,y is the peak LED
current and Iy, is the minimum LED current. The per-unit
ratio of current ripple to the average current will be, therefore,
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given by (10). Assuming a purely sinusoidal ripple, the RMS
value of the ripple current will be (11)

Al abs) .
ip(t) = I + %” sin(27 f, t) 8)
AIf(dbb) = (If max If min) (9)
AT abs 1 max 1 min
Al = If( bs) _ Uy == ) o0y
fave fave
Ay ) >
If rms — W + If avg
(Ifmax - Ifmin)2 2
= F It aye”. 11
\/ 8If ang favg ( )

Equation (7) may be modified to include the current dynamic
behavior by using the I, for calculating the LED power and
the current description in time given by (8), thus obtaining (12).
This equation represents the dynamical behavior of luminous
flux considering both electrical and thermal effects. However, it
must be noticed that the time dependence is added only to the
term referring to the LED electrical behavior, because it contains
the fast portion of the LED dynamical response, which describes
the electrical-to-optical conversion (several tens of nanoseconds
in LEDs [20]), which may indeed be perceived as flicker [28].

On the other hand, the RMS forward current (I ,.,¢) accounts
for the power dissipation in the LED system, thus directly af-
fects the thermal term of the equation, which contains the slow
dynamics of the system. The slow dynamic is a characteristic
of the thermal subsystem, because temperature changes require
the heating or cooling of a large amount of heat sink material.
This fact relates the electrical effects in dynamical flux directly
to the instantaneous current (¢y (¢)), whereas the thermal effects
are associated with the effective magnitude of these changes in
current (i.€., Lyrms)

Fayn (if (t)) =nkF,

If rms k

X I
I, "

Vvo + Rslfll¢ + kw(Ta - To)
co+ei| 1, +Rja <

Ifims
1- kah k'u Rja

X |:d() +d; Zf(t):| .
I,
(12)

The cyclical variation of luminous flux (and also luminance
and illuminance) in time is usually known as flicker [5], [6]. The
formula for calculating flicker percentage (F'cky ) more com-
monly found in the literature is the Michelson contrast equation
[28], given by (13), in which El, . is the maximum instan-
taneous illuminance and F),;, is the minimum instantaneous
illuminance.

From (12), it is possible to estimate the perceived flicker,
which is proportional to the modulation in luminous flux due
to current ripple (Fn.x and EL,;, can be considered scalars
of Fiyn(Imax) and Fyyy (Imin ), respectively, for flicker es-
timation purposes). Furthermore, (12) considers the junction
temperature resulting from thermal design (R;. and Ry); thus,
the thermal impacts in luminous flux are taken into account for
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Fig. 3. Three LED modules experimentally analyzed: (a) modules A, B, and
C and (b) thermal image at their respective design (/v ) current (all from left to
right).

flicker estimation. Depending on the selected heat sink being
used, the operating point changes and, consequently, the light
output of the LEDs will present a predictable variation

Emax - Em

Fcky = —ax — —ming
e Emax + Emin 00%
den (If max) - den (Ij min)

= 100%.

(13)
den (If max) + den (If min)

IV. EXPERIMENTAL SETUP AND DATA

In order to validate the proposed model, a laboratory setup
has been developed. Three laboratory prototypes, denoted as
A, B, and C, were built by using LEDs from Lumileds and
Osram. Different ambient temperature and rated current were
assumed for each module, thus attaining three completely differ-
ent static characteristics and operating points to be studied. Each
prototype consists of six devices in series assembled on heat
sinks with different shapes and thermal resistances, as shown in
Fig. 3. The characterization of each LED model was performed
by linear regression of the curves—V}; x Ip; F' x Ip; F' X Tj—
provided by their respective datasheets [29]-[31]. All the data
required by the model that were obtained from the datasheets
together with the regression coefficients for expressions (5) and
(6) are given in Table I. Also, in Table I, the statistical coeffi-
cients of determination for all linear regressions are presented:
R} for the current versus voltage curve; R% for temperature
correlation with luminous flux; and R% for current correlation
with luminous flux. These coefficients indicate how well the
data match the linearization curves. For all three regressions, in
all three LED modules, R? was within 3% of a perfect linear fit
(i.e., R? = 1) for the regions provided in the datasheets.

The main objective of the proposed model is to verify the
LED photometrical behavior operating in different thermal and
electrical conditions. For this purpose, two setups were assem-
bled (see Figs. 4 and 5). A setup including a 40” (1 m) inte-
grating sphere (LMS400 by Labsphere) plus spectrophotometer
(CDS2100 by Labsphere) (see Fig. 4) was used in the mea-
surement of static quantities such as luminous flux, luminous
efficacy, color coordinates, spectral distribution, and for assess-
ment of the performance degradation of the LEDs static param-
eters when ripple is present. Another setup comprising a black
box plus photodiodes (see Fig. 5) is used for measurement of
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TABLE I
PARAMETERS OF THE LEDS TESTED

Parameter LED module

LED A LED B LED C
Manufacturer Lumileds OSRAM Lumileds
Part number LXML-PWN1 LUW-W5PM LXK2-PWC4
n 6 6 6
V,(V) 2.7334 2.96 3.029
R, (Q) 0.6640 0.7 0.589
R} 0.9851 0.9838 0.9979
k,(V/°C) —0.002 —0.003 —0.028
k! 0.85 0.75 0.80
F,(Im) 100 106 105
I, (A) 0.35 0.35 0.35
Tfave (A) 0.7 0.35 0.5
fr (Hz) 120 120 120
R;.(°C/W) 10 6.5 5.5
Ry (°C/W) 4.39 11.73 5.8
co 1.0446 1.0260 1.0746
¢ (°C7h) —0.0016 —0.0021 —0.0024
dy 0 0 0
dy (A1) 1.9642 1.24 0.872
R?y 0.9933 0.9672 0.9927
R?; 0.9868 0.9912 0.9792
T,(°C) 25 25 25
T,(°C) 25 35 30
Tjmax (°C) 150 135 150

!'Values for kj, were calculated using the measured LED radiant power.
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Fig.4. Experimental setup for evaluating the impact of largely rippled currents
on the LEDs photometric parameters (for the first and second experiments).

dynamical quantities such as flicker (i.e., instantaneous illumi-
nance and its modulation).

The measurements were taken in a controlled environment,
using a heater inside the experimental apparatus to keep a con-
stant ambient temperature for the modules. A specific ambi-
ent temperature was used for each tested module (7, given in
Table I). The LED module under test was inserted into the in-
tegrating sphere or black box, and a tightly controlled forward
current was applied, both with and without the 120 Hz rip-
ple. Measurements were taken after thermal steady-state con-
ditions, i.e., when the heat sink temperature has been verified
to be stabilized (45, 28, and 36 min, for modules A, B, and C,
respectively).

The first test consisted of taking the static characteristic of
the LED modules, without ripple, similarly to what was done in
[22]. Both luminous flux and efficacy were measured, along with
heat sink and ambient temperature (this last was kept constant
at the specified 7, for each LED module).
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on the LEDs dynamical performance (for the third and fourth experiments).
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Fig. 6. Test of the excursion of the operating point of the module regarding
flicker generation using a constant ripple amplitude (fourth experiment).

excursion

The second test analyzed the impact on the luminous flux and
efficacy when increasing the current ripple through the LEDs.
The average current through each module was kept constant at
specified Iy, while the ripple percentage was increased from
0% (no ripple) to 100% (Aly(abs) = Lravg)-

While the first two tests were accomplished with the integrat-
ing sphere, the third one was performed inside the black box.
This third experiment consisted of measuring the instantaneous
illuminance (with photodiodes) of each module when fed with
rippled currents, thus enabling the calculation of the generated
flicker, according to the Michelson equation (13).

The fourth and last test analyzed the flicker generation as a
function of the operating point of the LED module (i.e., the av-
erage forward current chosen as the rated current of the module,
Itavg). In this test, a constant absolute current ripple amplitude
(Alf(ans)) was applied to the LEDs and the average current
was gradually increased, as shown in Fig. 6, thus testing the
excursion of the operating point of the module. One hypothesis
to be verified, proposed by Hui et al. [32] and [33], is that the
closer to the peak of the static flux curve the operating point,
the smaller the percentage flicker.

The static characteristics of all three LED models are shown
in Fig. 7 regarding luminous flux and luminous efficacy (first
experiment). The rise in heat sink temperature with increasing
current is also shown for each module in Fig. 8. Both these
curves regard the static characterization, because no ripple is
yet present in current. The mean percentage error of experimen-
tal data with respect to the theoretical predictions for flux and
heat sink temperature was calculated in each case and is also
indicated in Figs. 7 and 8 for reference. For luminous flux, the
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mean error values were 2%, 1.5% and —8.4% for modules A, B,
and C, respectively.

The theoretical prediction according to the photoelectrother-
mal static equation (7), along with the experimental data points,
is plotted altogether. Overall luminous efficacy is calculated and
predicted by dividing the luminous flux by the electrical power
at each data point. The heat sinks were designed so as to yield
close to maximum luminous flux with the specified nominal
current (Iy = Ifayg).

The static flux and efficacy curves show a fairly good agree-
ment between experimental data and theoretical prediction. The
small deviations can be attributed to some of the simplifying
assumptions: 1) all devices of a particular model are rigor-
ously identical; 2) the flux versus forward current and flux ver-
sus temperature relationships are perfectly linear; and 3) the
thermal resistance of the LED-heat sink interface is neglected
for analysis. Nevertheless, these curves provide important in-
sights into the design of the thermal and electrical specifica-
tions of LED-based lighting systems, with limited but sufficient
accuracy.

When a current ripple is superimposed to the nominal value
of current (i.e., the rated design current of the module) and its
amplitude is continuously increased (second experiment), it is
possible to measure the performance degradation, as depicted
in the experimental curves of Fig. 9; with increasing ripple,
both the flux and the efficacy of the module decrease. In these
curves, the 100% values of flux and efficacy are defined as those
at Iy = Iyavg and Alf(ap6) = 0.

The decrements in luminous flux and efficacy get more ac-
centuated for ripples above Al ()= 50% for modules B and
C. At 50%, the degradation may be considered still quite negli-
gible for all modules. This behavior has already been reported
in [19] as an argument for using a 50% ripple in current as the
upper limit in the design of offline LED drivers, thus enabling
capacitor size reduction. As a remark, similar flux and efficacy
decreasing rates were also observed for other operating points
(e.g., for 50% of the rated current of the modules), thus sug-
gesting that this behavior is mostly related to the increase in
the ripple amplitude and not to operating the LEDs close to
flux saturation in the static curve; in [17], a similar experiment
was performed with an LED module that was not operated at
the peak of the saturation of the curve (e.g., with an oversized
heat sink), and the resulting behavior of flux and efficacy drop
was also very similar. Table II compares all three LEDs regard-
ing the flux and efficacy depreciations for three main cases:
30% (small ripple), 50% (intermediate ripple), and 80% (large
ripple). This comparison shows that for both 30% and 50% rip-
ple, the performance degradation is mainly negligible, while at
80% the drop in luminous flux and efficacy is already accentu-
ated.

The normalized spectral power distributions (SPDs) of the
LED modules for zero ripple are also static characteristics; they
are shown in Fig. 10 (continuous black lines). They show the
typical emission spectrum of each module at their nominal cur-
rent. The CCT values indicated in this figure were measured
and classified according to the tolerance quadrants given in the
ANSI C78.377 standard [34]. Fig. 10 also shows the measured
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Fig. 9. Second experiment: degradation of the light output and efficacy when ripple is present superposed to the nominal average current in (a) module A,
(b) module B, and (¢) module C.

TABLE II a slight overall reduction in spectral power, with the arrows

COMPARISON OF LUMINOUS PERFORMANCE DEGRADATION ointing to trends observed in the chromatic shifts (at the peak
(SECOND EXPERIMENT) p g o p

of blue LED emission and at the peak of the YAG:Ce phosphor

- emission).

LED A Ty = 700 mA Ripple 0% 0%  80% . o .
Normalized flux 08%  969%  95.1% In order to analyze the chromatic deviation resulting from
Normalized efficacy ~ 98.1%  97%  95.1% increasing the current ripple, the CIE 1931 xy chromaticity co-
LED B Iy =350 mA N R‘ll,’Plj . 9390;7; 9590;7; 9880:‘07 ordinates were obtained for the same data points shown in Fig. 9

ormalize ux B 0% 0% . .

Normalized efficacy ~ 99.7%  99.3%  98% (from 0% to 90% ripple), for all three modules. These coordi-
LED C Iy = 500 mA Ripple 0%  50%  80% nates are plotted in Fig. 11, with a linear trend showing the

Normalized flux 99.1% 98.5% 97.3%

¢ direction of the chromatic dislocation. It can be seen that in all
Normalized efficacy ~ 99.4% 98.8%  97.5%

three cases there is a color shift toward blue in the xy chromatic-
ity chart, meaning that the LEDs tend to become bluish-white

normalized SPDs of the modules when 50% and 90% ripple When the ripple ?s increased. Ff)r quantitatively analyzing this
is present (dashed blue and green lines). These spectra show  1SSU€s the color difference equation for the CIELAB color space
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current (dashed lines). Results are also from the first and second experiments.

LED A - xy Chromaticity Coordinates

LED B - xy Chromaticity Coordinates

Spectra of the three modules under nominal operation with no ripple (continuous line, static spectral characteristic) and for 50% and 90% ripple in
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Chromaticity coordinates for (a) module A, (b) module B, and (c) module C at all ripple data points analyzed (some points are superposed because no

changes in chromaticity coordinates were detected between two given adjacent tests). Points of interest are indicated by the legend. Results are also from the first

and second experiments.

TABLE IIT
COMPARISON OF COLOR DIFFERENCES IN RELATION TO 0% RIPPLE

LEDA Ripple 50% 90%
AEY, 2.6 5.3

LEDB Ripple 50% 90%
AE}, 0.99 1.6

LEDC Ripple 50% 90%
AEY, 1.3 2.3

[35] was used to calculate color distance AE?, between the
chromaticity coordinates at 0% ripple and at two other test
points: 50% (a point of overall interest in this study) and 90%
(maximum tested ripple). The xy chromaticity coordinates plus
the luminous flux were used to find the XYZ tristimulus values
and then convert them to Lab coordinates, using the CIE D65
illuminant as the reference white point for the CIELAB color
space. The values found for color difference AL, are given in
Table III. According to [36], the just-noticeable color difference
threshold for AE”, can be up to 2.56. At 50% ripple, it can be
considered that all LEDs present unnoticeable color difference
from a 0% ripple (although LED A presents a color change
very slightly above the 2.56 threshold). Even at 90% ripple (the
highest ripple used in all tests), the color difference is below the
threshold for LEDs B and C, whereas LED A was the only one
presenting color change above the established limit.

Figs. 12 and 13 show the results obtained from illuminance
measurements done with the photodiodes inside the black box

50

40 ¢ LED A Maximum - %
— “ LEDB (-Emrn‘EauM)/E;mf
= 30
2 2 AEE
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5
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2
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Fig. 12.  Third experiment: maximums and minimums of the illuminance vari-
ation (flicker), plotted together for modules A, B, and C for various percentage
values of current ripple.

for all three of the LED modules (third experiment). For ease
of comparison, all values were normalized with respect to the
average illuminance in Fig. 12, whereas the flicker shown in
Fig. 13 (as defined by the Michelson equation) is already a per-
centage quantity. These results show that flicker varies linearly
with the current ripple percentage. Furthermore, the transference
of current variation (i.e., ripple) to flux variation (i.e., flicker)
decreases slightly with an increase in ripple amplitude. For
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Fig. 13.  Third experiment: flicker calculated from Michelson contrast equa-

tion measured for various percentage values of current ripple, showing a linear
trend.

example, a 30% ripple causes ca. 15% flicker, whereas an 80%
ripple causes ca. 35% flicker instead of 40%. This photometri-
cal effect cannot be entirely predicted after (12), but represents
only a very slight deviation from the calculation, appearing only
at very large ripples. Some oscilloscope waveforms are given
in Fig. 14 for three test points (30%, 50%, and 80% ripple),
showing the measurement of illuminance modulation in time
for module A.

Fig. 15 shows the test results of excursion of the operat-
ing point of each module when adopting an absolute ripple
(Alﬂabs)) of 200, 105, and 180 mA for modules A, B, and C,
respectively (fourth experiment). These values yield a relative
ripple close to 30% for all three modules. Theoretical prediction
is also provided, since it can be obtained from the dynamical
flux equation (12) combined with the Michelson equation (13).

The results shown in Fig. 15 indicate that the overall flicker
reduces with an increase in the average value of I;. This is
mostly because the average flux increases (excursion in the static
characteristic) but the amplitude of the dynamical luminous flux
does not increase at the same rate. Therefore, flicker does not
increase at the same rate as the average luminous flux when the
average current at the operating point is increased. This leads to
the conclusion that the point where luminous flux is maximal
and where the static curve saturates is not actually a point of
minimum flicker transference. Nevertheless, it can be stated that
the flicker beyond a certain point can be considered small enough
taking into account the human perception of stroboscopic effects
[6]. The hypothesis that such a minimum flicker point existed,
made before in [32] and [33], assumed thermal steady-state
operation at all points of the curve, which cannot be applied
for fast periodical current oscillations (such as ripple). This
means that flicker cannot be calculated by simply reflecting
the varying current directly in the static flux curve, because
each point is a point of thermal steady state. However, by using
(12), flicker can be correctly calculated because only the fast-
responding part of the photoelectrothermal model is assumed
to be time varying (i.e., flux versus current characteristic). The
findings in this paper contrast with the hypothesis proposed by
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Fig. 14.  Waveforms obtained during flicker measurement (third and fourth

experiments) of module A: CH1 (1 V/div)—output of the photodiode cir-
cuit (TSL13S sensor), CH2 (250 mA/div)—LED module current, for (a) 30%,
(b) 50%, and (c) 80% current ripple. Horizontal scale: 4 ms/div.

Hui er al. [32] and [33] that, at the saturation of the static curve
(maximum flux), the flicker will be minimum, which had not
been experimentally verified in such works.

V. CONCLUSION

This paper presented the study of the LED photometrical
behavior considering the electrothermal methodology, which is
modified to include the effects of current ripple, thus allowing
for predictions of flickering of the light output at low frequency
(120 Hz in this case studied).

A theoretical approach was performed considering the lu-
minous flux behavior as a function of the forward current and
temperature. The luminous flux was characterized in static (stiff
dc current and at thermal steady state) and dynamical (at a given
operating point with some current ripple superposed) forms.

Three different heat sinks were used in this study, thus yield-
ing three LED modules (A, B, and C) with completely dif-
ferent static characteristics. Nevertheless, all three modules
were subjected to the same tests, under a dynamical analysis,
to enable extracting meaningful results of LED systems per-
formance and behavior when they are subjected to sinusoidal
current ripple. Experimental results indicate that there may be
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Fig. 15.
(a) A (ripple 200 mA), (b) B (ripple 105 mA), and (c) C (ripple 180 mA).

some points of operation (i.e., average design current values)
that are better suited for the LED system considering not only
the maximum luminous flux but also its dynamic behavior—
e.g., the flicker yielded or the luminous performance degrada-
tion due to the inherent current ripple that the driver converter
may impose. In these hypothesized close-to-optimum operating
points, both minimal capacitance requirements and low enough
LED flickering can be found for a given driving converter
design.

For example, it is possible to minimize the nominal current of
the LED module and maximize the current ripple, while staying
within safe margin for the flicker yielded—both of these fine-
tuning actions would reduce capacitance requirements.

This hypothesis also leads to the conclusion that designing
the LED module to operate at the peak of the static flux versus
current curve (i.e., at saturation) may not be the best choice
for all cases, since it only maximizes the luminous flux. The
flicker yielded is not a function of the excursion of a rippled
current in the static curve, but a function of the dynamical flux
behavior modeled in this paper. This mathematical approach
has been shown to be in good agreement with the measurements
performed with three different heat sinks bearing three different
LED models, for which also different operating conditions were
designed and employed (nominal average current and ambient
temperature of all three modules are different).

The theoretical prediction and the experimental results pre-
sented in this study show that, in spite of a relatively high current
ripple (e.g., as high as 50%), the resulting flicker is acceptable
and performance degradation of the LEDs is small, depending
on the good choice of a combination of both heat sink and
operating current. This makes it possible the use of smaller ca-
pacitances in LED drivers, thus linking both the LED module
design (heat sink, LED model, number of LEDs, etc.) and the
driver design (operating current, amount of current ripple at the
output, output voltage, etc.). The use of smaller filter capaci-
tances in LED drivers provides cost and volume reduction, and
it also enables the use of other capacitor technologies with a
higher lifespan than that of electrolytic capacitors (such as film
capacitors); thus, the whole LED system lifespan and reliability
may benefit.

The most relevant contributions of this study are those pro-
viding several guidelines that can be used for future LED driver
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Fourth experiment: test of excursion of operating point: flicker as function of the average current for a constant absolute ripple amplitude in modules

design and implementation. Using the experimental evidence
compiled in this study, it has been proven that for a 50% current
ripple the following facts apply:

1) The drops in both luminous flux and luminous efficacy
are below 3% for all LEDs.

2) The chromatic deviation of the LEDs (AE?,, calculated
from measurements) is within the established threshold
for human color difference noticeability.

3) The yielded flicker, as defined by the Michelson equa-
tion, remained below 25% for all LEDs. This value is
also within acceptable limits of flicker and perception of
stroboscopic effects., because according to the specialized
literature [6], subjects under test found effects from 100
to 120 Hz flicker “acceptable” up until 25-30% illumi-
nance modulation. Also, PAR1789 standard [7] states that
the modulation threshold above which headaches can be
induced is 35%, at 100 Hz. Moreover, in [37], it is stated
that stroboscopic effects could only be noticed for mod-
ulations exceeding 30%, and under some very specific
circumstances.
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