Methodology for reducing the filtering capacitor in low-flicker LED drivers
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Abstract: The amount of light flicker in an AC-DC light-emitting diode (LED) driver is dependent on the size of filter capacitors. In this study,
a study is conducted on reducing the size of filter capacitor in an AC-DC buck-boost/flyback LED driver using flicker index and per cent
flicker light measures. Using this approach, a procedure for minimising the filter capacitance is presented. It is then concluded that relatively
small filter capacitors such as film or ceramic capacitors can be chosen while meeting light flicker requirements. Hence, an LED drive with a
longer lifetime can be achieved when compared with a driver using electrolytic capacitors. Experimental studies are presented for a 20 W
AC-DC buck-boost/flyback LED driver prototype which utilises ceramic capacitors for driving Cree CR22-32L and XLamp XP-G LED

strings.

1 Introduction

High-brightness light-emitting diodes (LEDs) have developed
rapidly in recent years [1-4]. Among different attributes of light
sources, constant and flicker-free output light is a desirable
feature in their selection for lighting applications. Flicker from
visible or invisible light sources can cause harmful neurological
responses [5]. It has been shown that light source flicker can de-
crease the reading performance and cause annoyance for human
body [6]. The Illuminating Engineering Society (IES) introduced
flicker index and per cent flicker as two light flicker measures pro-
posed by lighting designers [7], which is also proposed in the IEEE
1789TM-2015 standard [8].

A common LED driver usually consists of a single-stage AC-DC
converter with power factor correction (PFC) [9, 10]. In a PFC LED
driver, the input current and voltage are in phase with each other,
leading to a pulsating input power for constant LED power.
Hence, a large filter capacitor, e.g. normally an electrolytic capaci-
tor, is required for power balance purposes [11]. The short lifetime
of these types of capacitors, restricts the LED driver’s lifetime.

Several techniques have been proposed to increase the lifetime of
LED drivers. In [12], a pulsating current LED driver was presented
in which the low-frequency component of LED current was reduced
without using any electrolytic capacitors. In [13], the proposed con-
verter is comprised of a rectifier-side storage capacitor along with a
three-winding transformer to provide energy to the output LED
string. The concept was utilised in [14], where a DC-link capacitor
and coupled inductors were used to provide energy to the LED,
resulting in low-ripple LED current with a small DC-link capacitor.
Injection of the third harmonic into the input current, while meeting
the EN61000-3-2 standard, was studied in [15] by which the size of
filter capacitance was reduced. The method of injecting higher odd
harmonics to the input current to reduce its peak-to-average ratio
was studied in [16]. Although, injection of odd harmonics intro-
duced in these studies reduces the filter capacitance, a main
drawback is that the input power factor is sacrificed. In other
approaches, utilisation of active storage capacitors instead of elec-
trolytic capacitors to absorb the AC component of the pulsating
input current was proposed [17, 18]. In [19], a new method was pre-
sented for incorporating the effect of light flicker and input current
harmonics in the design of an AC-DC flyback LED driver to min-
imise the required filter capacitance. It was shown that by combin-
ing the maximum permissible light flicker, based on the ENERGY
STAR standard, and injection of third and fifth harmonics to the
input current, the required filter capacitance can be minimised.
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In [20], an integrated double buck—boost LED driver was proposed
in which electrolytic capacitors were used.

The contribution of this paper is to provide a quantitative rela-
tionship between LED light flicker, the input current, and the
filter capacitance in a buck—boost/flyback LED driver as shown in
Fig. la. Integrated buck—boost/flyback converter compared with
flyback converter studied in [19] leads to a much smaller filter cap-
acitor due to the two stages topology. For the LED strings studied in
[19], the size of filter capacitors were in the range of 100 pf while
using the buck-boost/flyback converter they can be reduced to
the range of 10 uf. Buck—boost topology at the input stage shows
resistive input behaviour in the discontinuous conduction mode
(DCM) through which a high-input power factor can be achieved.
Furthermore, utilising the flyback topology in the output stage pro-
vides electrical isolation for safety issues. Using the above quanti-
tative relationship, the filter capacitance can be determined for the
whole range of permissible amplitudes of the LED light flicker
while meeting the ENERGY STAR standard. The proposed
method can thus be used to minimise the size of the required
filter capacitors to the range of long-lifetime non-electrolytic
capacitors.

This paper is organised as follows. In Section 2, the effect of
LED light flicker and input current on the filter capacitance is
studied. We present a quantitative relationship between the size of
filter capacitors and the LED light flicker index, or per cent
flicker measure. In Section 3, the above relationship is utilised to
obtain the minimum filter capacitance. Experimental results are pre-
sented in Section 4 to show validity of the proposed method.

2 Analytic study of the proposed method
2.1 Input current effect on filter capacitor voltage

In this paper, the AC-DC buck—boost/flyback topology as shown in
Fig. 1a [21] is considered when operating in the DCM. In this mode
of operation, the circuit exhibits a resistive behaviour from the input
leading to a high-input power factor. By denoting the input voltage
source as v;(f) = V,, sin wt, the input current for input power factor
of 1 is given as follows:

i(f) = 1, sin ot (1)

where ¥, is the amplitude of the input voltage, I, is the amplitude
of the input current, and w is the angular frequency of the input
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Fig. 1 Quantitative relationship between LED light flicker, the input current, and the filter capacitance in a buck—boost/flyback LED driver

a AC-DC buck-boost/flyback LED driver
b Its equivalent circuit

voltage. Utilising (1) and input voltage, the input power is given by

P = 3 V(1 c05 200 @

Fig. 1b shows the equivalent circuit of the LED driver as shown
in Fig. la. In this figure, v, is the rectified voltage after diode
bridge in Fig. la. The input power given by (2) is the power
drawn from v;. and delivered to the buck—boost equivalent resist-
ance Ry given by [22]

2Lgf,

Ry = o3

3)

where Ly is the buck—boost stage inductor, f; is the switching fre-
quency, and D is the quiescent value of duty cycle of switch S.
In the equivalent circuit, the output of the buck—boost converter
is modelled as a current source i in parallel with the output filter
capacitor Cg. By referring to Fig. 15 and assuming 100% efficiency
for this stage, the power balance, i.e. p (f) = p;(¢), can be utilised
to obtain the current source iy as follows:

i (1) = My(0)i, (1) @
where My(#) = v, (¢)/vp(?) and i, () is the rectified input current.
Since the ripple of voltage v;.(¢) is much higher than the capacitor
voltage variations, My(f) can be approximated using the average
of veg(t), i.e. My(f) = vy (t)/ V. Therefore, (4) can be rewritten
as follows:

1r( ) pl(t)

B

i,(t) = = 1,(1 — cos 2wt)

)

ip(t) =~

where Iy, = V,,1,,/2V . Utilising the equivalent circuit, the input
of the flyback stage is modelled as a resistance given by

2L.f,
D2

Ry = (0)
where L, is the magnetising inductance of the flyback transformer.

To obtain the capacitor voltage vy, the following differential equa-
tion needs to be solved:

dVCB(f)

dt @

vep(t) = —IB(t)

where 73 = RpCy. Solving (7) results in

2wty sin 2wt + cos 2wt
1+ Qorg)

ves(f) = RF[b<1 - ) + €XPyecay(t)  (8)

where eXPgec,y(f) is an exponentially decaying term. The time con-
stant for the buck—boost stage is given by 73 which is
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approximately in the order of milliseconds for L, = 1mH,
Cy = 10 wF, small values of D in the DCM, and frequency in the
range of kilohertz. Thus, the exponential term in (8) decays
quickly to zero. Furthermore, using the above values we have
2wTg>1, from which (8) can be simplified as follows:

sin 2wt
vep(?) = Rel, (1 2om,

) + expdecay(t) (9)

Using (9) and assuming that the steady state is reached, i.e. the ex-
ponential term decays to zero, the input power to the flyback stage
can be obtained as follows:
sin 2wt
T

in which the second-order term is cancelled due to its small value.
Using Fig. 1b, the current source i, in the output of the flyback
stage is in parallel with the output filter capacitor C. On the basis
of Fig. 15 and assuming 100% efficiency for this stage, the
power balance, i.e. p,(f) = p;r(¢), can be utilised to obtain the
current source ip, as follows:

VCB( )

pir(t) = ~ Rplé(l - (10)

in(t) = M1k (1) )
where Mp(f) = vep(f)/ve(?) and ip(f) is the input current of the
flyback stage. Since the ripple of voltage vg(¢) is much higher
than the ripple of voltage v(f), Mp(f) can be approximated using
the average of voltage ve(¢), i.e. Mp(f) = vep(f)/ V. Therefore,
the current source i, in (11) can be rewritten as follows:

sin Zwt) (12)
w

8

in (1) ~ CB(t) (1) = plFC(t) _ ]d<1 _

where I; = Ryl / V. In the equivalent circuit given by Fig. 15, the
LED is modelled as ¥} ¢, in series with 7; iy [23, 24]. To obtain the
capacitor voltage v(t), the following differential equation needs to
be solved:

dv (l) 1
TR c( ) =200+ i (13)
TF
where 7z = r pC. Solving (13) results in
2wTE cos 2wt — sin 2wt
ve() = Vigp + 11 1<1+ F )
¢ LED T "LED/d wrs(1 + Qo))
+ eXpdecay(l‘) (14)

where exXPye,, () is an exponentially decaying term. Equation (14)
represents the effect of the first harmonic of the input current on the
output capacitor voltage and consequently the LED light flicker as
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discussed in Section 2.2. From (13), the time constant 7z >~ 0.01 ms
for r gp = 1 Q2 and C = 10 wF that results fast decay of the expo-
nential part of v(¢) to zero.

2.2 Effect on output light flicker

According to the IES Lighting Handbook [7], flicker index, and per
cent flicker have been proposed by lighting designers as two
measures of light flicker. It was shown in [19] that, considering
ve(t) across the LED string, the LED luminous flux is given by

1% V2
b(6) = — uv(:(t) + (ﬂ _ w) VA (1)
TLED "LED "LED
2a,V,
+ 220D 2 ) — 2 0i0) (15)
TLED "LED

where «; and o, are coefficients that can be obtained using the
thermal characteristics of the LED and Vg, and rgp are the elec-
trical characteristics of the LED. Following [19], the flicker index
and per cent flicker are given by:

flicker index = ¢2f '[’2 (1) — Prayg) df (16)

vavg J 1

and

percent flicker = Pumax = Pumin x 100 a7

vmax ¢v min

where @,ins Dravg> and @y, are the minimum, average, and
maximum LED luminous flux, respectively; f = 1/T is the funda-
mental frequency; and ¢, and ¢#, are time instants depicted in Fig. 2a.
The LED output luminous flux in (15) is independent of the conver-
ter’s topology and is applicable to all PFC converters. It depends on
the instantaneous LED voltage and its electrical and photometric
characteristics.

Accurate measurement of luminous flux ¢, is required for photo-
metric flicker analysis. Instead, the illuminance £, can be measured
using an ambient light sensor as shown in Fig. 2b, where E,, = k¢,
and £ is a coefficient representing the portion of the LED luminous
flux that illuminates the surface of the sensor. The accuracy of this
procedure was proven in [19] that is also used in this paper.

A numerical procedure utilising (16) and (17) will be discussed
in Section 3 to obtain the filter capacitances C and Cy. In [25], a
combination of flicker index and per cent flicker measures are re-
ferred to as flicker frame of reference. Referring to the ENERGY
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Fig. 2 Effect on output light flicker
a lluminance of LED light to define flicker index and per cent flicker
b Ambient light sensor circuitry for flicker measurement
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STAR standard, most light sources are enclosed in this frame by
a maximum flicker index and per cent flicker of 0.13 and 40%,
respectively.

To meet the ENERGY STAR standard for the LED light flicker,
capacitor degradation effect has to be considered that results in the
LED light flicker increase. In the proposed control algorithm, the
input current is controlled to follow the same phase of the input
voltage for achieving high-power factor. Thus, filter capacitor deg-
radation does not affect the input power factor. The capacitor deg-
radation coefficient has to be considered in the filter capacitance
minimisation algorithm. Note that, by establishing a relationship
between input current and capacitor voltage the same as (14) for
other LED driver structures, the proposed method can be used to
minimise the filter capacitance.

3 Filter capacitance minimisation
3.1 LED strings characterisation

In this paper, Cree CR22-32L and XLamp XP-G LED strings were
selected for experimental evaluation. To obtain the minimum
required filter capacitances based on different LED powers and
light flickers [i.e. solving (16) and (17)], 7 gp, Vigps @, and «, re-
ferred to as the electrical and photometric characteristics of these
LED strings need to be obtained. The procedure for obtaining
these parameters was presented in [19]. On the basis of that
study, the LED current, internal resistance, and power are modelled,
respectively, as follows:

) 0 ve < Viep (18)
ILep =
aePve=Viep) ve > Vigp

diLED B 1 —b(ve—VLED)
FLgp = “dve =5 (19)
and
PLip = avceb(VC_VLED) (20)

Fig. 3a shows the measured LED current i; ;, versus LED voltage
vc higher than 25 V for CR22-32L LED string. By applying regres-
sion analysis to this plot, the LED current given by (18) was
obtained with Vi pp =25V, a =0.04, and b = 0.54. The same
procedure was followed for XLamp XP-G LED and
Vigp =35V, a =0.012, and b = 0.57 were obtained. For photo-
metric characteristics, the output illuminance E, versus LED
power P was plotted in Fig. 3b. Using regression analysis and
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a Measured LED current versus LED voltage data for CR22-32L LED and its exponential fit
b Measured LED illuminance versus LED power data for CR22-32L LED and its polynomial fit

LED datasheet, o; = 100lum/W and «, >~ 1.44 lum/W? were
obtained. For the XLamp XP-G LED string, &; = 94 lum/W and
a, =~ 1.841lum/W? were obtained.

3.2 Filter capacitance minimisation algorithm

Assume that the filter capacitors C and Cg have to be determined.
Thus, v in (14) is a function of time ¢ and filter capacitances, i.e.
ve(t, C, Cg). Consequently, ¢, in (15) has the same dependency
to time and filter capacitances, i.e. ¢, (f, C, Cy). As a result, (16)
can be rewritten as follows:

flicker index = %jh (d,(t, C, Cg) — paye) dt (21)

vavg J 1t

For a given LED applied power, the effect of filter capacitors on the
light flicker can be studied by utilising (17) and (21) with the fol-
lowing numerical procedure:

(i) Obtain ¢, (¢, C, Cg) from (15) with known parameters, i.e. f,
"teps> ViEps @1> @5 Py, Ly, and L.
(ii) Obtain ¢,(¢) by substituting a known C and Cy.
(iii) Caleculate ¢y, Dyavg> aNd P,y
(iv) Calculate #; and #, by obtaining roots of ¢, (1) — ¢,
(v) Calculate flicker index and per cent flicker using (21) and (17),
respectively.

The above algorithm was used for C and Cy = 10, 20, 30, 40,
and 50 wF when Py = 10 W for CR22-32L LED. The results are
shown in Tables 1 and 2 for flicker index and per cent flicker, re-
spectively. At each power operating point, v-(f) can be obtained uti-
lising (20), which is then used in (19) to obtain the LED resistance
r pp for the minimisation algorithm. In Table 1, the flicker index is
below 0.13 which is the maximum permissible for any capacitors in
the table for both C and Cy. Also, in Table 2, the per cent flicker is
below the maximum permissible, i.e. 40%, with the same capacitors

Table 1 Flicker index for CR22-32L LED with different C and Cy and
P;=10W

and LED power. These results show that a larger filter capacitor
leads to a lower light flicker as expected.

The same procedure was followed for Py = 20 W with the results
as shown in Tables 3 and 4 for flicker index and per cent flicker,
respectively. These results also show that, with higher LED
power, the light flicker is higher using the same filter capacitors.
Hence, by choosing the highest LED power as the operating
point and obtaining its minimum required capacitor, the LED
light flicker requirements for lower-power levels is satisfied.

Table 2 Per cent flicker (%) for CR22-32L LED with different C and Cy
and Py = 10W

C, uF Cy
10 uF 20 uF 30 uF 40 uF 50 uF
10 34 30 27 25 23
20 32 29 27 24 2
30 30 27 25 23 21
40 28 26 24 23 21
50 26 24 23 2 20

Table 3 Flicker index for CR22-32L LED with different C and Cy and
Py, =20W

C, uF Cy

10 uF 20 uF 30 uF 40 uF 50 uF
10 0.14 0.14 0.13 0.13 0.13
20 0.14 0.13 0.13 0.12 0.11
30 0.13 0.12 0.12 0.11 0.11
40 0.12 0.12 0.11 0.11 0.11
50 0.12 0.11 0.11 0.11 0.10

Table 4 Per cent flicker (%) for CR22-32L LED with different C and Cy
and Py =20W

C, uF Cy C, uF Cy
10 pF 20 uF 30 uF 40 uF 50 uF 10 uF 20 uF 30 uF 40 uF 50 uF
10 0.12 0.12 0.12 0.11 0.11 10 37 33 30 27 25
20 0.12 0.12 0.11 0.11 0.11 20 35 32 29 26 24
30 0.12 0.11 0.11 0.11 0.10 30 33 30 28 25 23
40 0.11 0.10 0.10 0.10 0.09 40 31 29 27 25 23
50 0.11 0.10 0.10 0.09 0.09 50 29 27 25 24 2
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As shown in Table 3, by using smaller filter capacitances, the flicker
index reaches above the maximum permissible value. In Table 4,
the per cent flicker is below the maximum permissible value for
all capacitors specified. To meet the light flicker standard, the
filter capacitors by which both flicker index and per cent flicker
reach their maximum permissible values can be selected to be the
minimum required capacitor. On the basis of these results,
C =20 nF and Cy = 20 pF are the smallest filter capacitors that
are required to meet light flicker requirements. Thus, long-lasting
film or ceramic capacitors can be used.

The same calculation was done for C and Cy = 10, 20, 30, 40,
and 50 uF, when Py = 10 and 20 W for an XLamp XP-G LED.
The results for Py = 10 W are shown in Tables 5 and 6 for flicker
index and per cent flicker, respectively. In these tables, both
flicker index and per cent flicker are below the maximum permis-
sible values. For P; = 20 W, the results are shown in Tables 7
and 8 for flicker index and per cent flicker, respectively. Thus,
the flicker index and per cent flicker are below the maximum per-
missible values for all capacitors in the table for both C and Cy.
These results show that for higher powers, both flicker index and
per cent flicker are higher. Therefore, choosing the minimum
required capacitor, i.e. 10 puF, based on the higher power would
guarantee that light flicker measures are satisfied for lower-power
levels.

Table 5 Flicker index for XLamp XP-G LED with different C and Cg
and Py =10 W

C, uF Cg

10 uF 20 uF 30 uF 40 uF 50 uF
10 0.11 0.11 0.10 0.10 0.09
20 0.11 0.11 0.10 0.09 0.09
30 0.10 0.10 0.09 0.09 0.08
40 0.10 0.09 0.09 0.08 0.08
50 0.09 0.09 0.08 0.08 0.07

Table 6 Per cent flicker (%) for XLamp XP-G LED with different C and
Cgand Py = 10W

C, uF Cg

10 uF 20 uF 30 uF 40 uF 50 uF
10 27 24 22 20 18
20 25 23 20 18 16
30 23 20 18 17 15
40 21 19 17 15 14
50 19 17 16 14 13

Table 7 Flicker index for XLamp XP-G LED with different C and Cg
and Py =20W

C, uF Cy

10 wF 20 uF 30 uF 40 pF 50 uF
10 0.13 0.13 0.12 0.11 0.11
20 0.13 0.12 0.12 0.11 0.10
30 0.12 0.12 0.11 0.10 0.10
40 0.11 0.11 0.10 0.09 0.09
50 0.10 0.10 0.09 0.09 0.08
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Table 8 Per cent flicker (%) for XLamp XP-G LED with different C and
Cg and Py =20 W

C, uF Cy

10 uF 20 uF 30 uF 40 pF 50 uF
10 31 29 28 26 24
20 29 28 26 24 23
30 27 25 23 22 21
40 26 24 22 21 20
50 24 22 21 19 18

A simulation study was performed to drive XLamp XP-G LED
string under different loads. The capacitor voltages vcg and v
were plotted in Figs. 4a and b for 10 and 20 W LED powers, re-
spectively. This figure shows that voltage ripple on both capacitors
are higher for higher loads that results in higher flicker index and
per cent flicker. It is in agreement with the results in Tables 5 and
7 that flicker index is higher for higher LED power. Also, it is in
agreement with the results in Tables 6 and 8 for per cent flicker.

3.3 Input current control algorithm

On the basis of the discussion in Section 3, if the input current of the
converter contains only the first harmonic, then the requirements for
ENERGY STAR measures can be met using small filter capacitors.
Fig. 5 shows the schematic diagram of the AC-DC buck—boost/
flyback LED driver studied in this paper. In [26], the LED power
control concept was studied by controlling the peak of the input
current. It was shown that to achieve high-input power factor, the
angular frequency of the input current can be kept in phase with
the input voltage. Fig. 6a shows the block diagram to construct
the desired input current and the input current control loop.
Utilising (2), and assuming 100% converter efficiency, the
desired LED power is given by

2 (772 VI
PF;L pi(0) dt = ‘;m (22)

As shown in Fig. 6a, the amplitude of the desired input current is
constructed using Py and V,, by using (22). Also, the angular fre-
quency for the desired input current is constructed using the nor-
malised input voltage fed into a lookup table. The desired input
current |i;4| is utilised to control the input current of the converter.
By changing the desired power P4, the amplitude of the desired
input current 7, will change. This results in LED dimming
without sacrificing input power factor.

4 Experimental results

A 20 W prototype of the power circuitry that was tested under
120 Vs 18 shown in Fig. 6b. In this paper, buck—boost converter
was selected as the input stage of the converter due to its similarity
to flyback converter. It helps to use the same cascade control
method in [26] to control the input current and LED power. The
buck-boost topology operating in DCM provides high-power
factor and low total harmonic distortion (THD) when the input
current and voltage are in phase with each other. The LED power
is regulated by controlling the input current of the buck—boost con-
verter in the primary side. The input power factor depends on the
input current control method. Thus, any changes in the capacitances
C and Cy do not have any effect on the input power factor and THD
and only affects the LED light flicker.

Any input line voltage variations does not affect the input power
factor and THD. It is because the input current is controlled to
follow the desired input current in phase with input voltage.
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Fig. 6 Block diagram to construct the desired input current and the input current control loop

a Schematic representation of the buck—boost/flyback LED driver
b Prototype of the LED driver

However, these variations will affect the voltages of filter capaci-
tors, i.e. veg and v and consequently flicker index and per cent
flicker. Any increase on input voltage line will increase the
voltage ripple of filter capacitors and light flicker that has to be con-
sidered for minimisation algorithm in Section 3.2.

The controller implementation was achieved using a
TMS320F28027 MCU from Texas Instruments. The components
and power devices of the converter are as follows:

(1) BR: KBL10 (1000 V, 4 A);
(ii) Dy, D,, and D;: UF5408 (1000 V, 3 A);
(iif) S: IRFB1INS0A (500 V, 11 A); and
(iv) T: 1207 uH primary inductance and 50/14 turns ratio.
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On the basis of the results obtained in Section 3, two 20 uF capa-
citors with 50 and 250 V voltage ratings were used for C and Cy,
respectively, in the power driver circuitry to drive Cree
CR22-32L LED string. In this way, the flicker index and per cent
flicker for 10 and 20 W were measured every 5 min during 1 h of
operation of the circuit and plotted in Figs. 7a and b, respectively.
Fig. 7a shows that for a power of 10 W, the flicker index is about
0.11 and the per cent flicker is about 27%, which are in good agree-
ment with the results in Section 3.2 and meet the ENERGY STAR
standard. Also, Fig. 7b shows that for a power of 20 W, the flicker
index and per cent flicker are ~0.12 and 30%, respectively, which
are again in good agreement with numerical results in Section 3.2.

The same tests were performed on a Cree XLamp XP-G LED
string with two 10 uF capacitors with 50 and 250 V voltage ratings
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Fig. 7 Flicker index and per cent flicker (%) of experimental setup for
a CR22-32L LED string when C = 20 pF, Cy = 20 pF, and Py = 10 W
b CR22-32L LED string when C = 20 uF, Cy = 20 pF, and Py =20 W
¢ XLamp XP-G LED string when C=10 pF, Cy = 10 uF, and Py = 10 W
d XLamp XP-G LED string when C=10 pF, Cg = 10 wF, and Py = 20 W
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Fig. 8 Waveforms of LED voltage (Chl), LED current (Ch2), input current (Ch3), and input voltage (Ch4) of buck—boost/flyback LED driver with
aPy=10W
b Py =20W for CR22-32 LED string
¢ Efficiency of the converter with different LED powers under 120 V input voltage
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used for C and Cy in the power drive circuitry as discussed in Section
3.2. The flicker index and per cent flicker were measured for 10 and
20 W and the results were updated every 5 min during 1 h of oper-
ation of the circuit as shown in Figs. 7¢ and d, respectively. These
figures show that for a power of 20 W, the flicker index and per
cent flicker are ~0.13 and 28%, respectively, which are in good
agreement with the numerical results obtained in Section 3.2. Also,
the light flicker for 10 W is lower than for 20 W as shown in Fig. 7c.

Fig. 8a presents the current and voltage waveforms of input and
output of the AC-DC buck-boost/flyback LED driver when Cree
CR22-32L LED string was connected to the output of the driver.
For the controller, the input current control method proposed in
[26] was utilised. As shown in this figure, the input current and
voltage are almost in phase with each other that results power
factor of almost 0.96. This figure also shows the output current
and voltage waveforms of the driver when LED power is 20 W.
The measured current and voltage ripple factors are 7.9 and
37.2%, respectively. Fig. 8b shows the same waveforms when
LED power is 10 W. The measured current and voltage ripple
factors are 6.2 and 34.9%, respectively. Fig. 8¢ shows the efficiency
of the converter under 120 V input voltage for different LED
powers ranges 1-20 W. It shows that for higher LED powers, the
converter is more efficient.

On the basis of accelerated life tests on two high brightness light
emitting diodes (HBLEDs) in [27], the series resistance of the LED
can increase due to contact property worsening and detachment.
Whereas ageing mechanisms in the LED’s characteristics presented
in [28] do not indicate major changes in the LED /- curve for cur-
rents >1 mA. As a result, the series resistance of the LED can either
increase or remain constant due to ageing. This means, the time
constant of the second stage, i.e. flyback as shown in Fig. 15, can
increase or remain constant. Hence, the result would be reduction
of the LED current and consequently light illuminance.

5 Conclusion

In this work, an algorithm was proposed for minimising the size of
filter capacitors for an AC-DC buck—boost/flyback LED drive cir-
cuitry based on ENERGY STAR’s flicker index and per cent flicker
light flicker measures. A relationship between filter capacitors and
these measures was obtained utilising small signal model of the
converter. Furthermore, a numerical procedure was presented to
obtain the light flicker measure using circuit and LED parameters
with different filter capacitors. The results indicate that relatively
small capacitors can be obtained while meeting requirements such
as small light flicker and high-power factor. Hence, long-lifetime
technologies such as film or ceramic capacitors can be used.
A 20 W electrolytic capacitor-less LED driver was developed and
its performance was verified experimentally to validate the pro-
posed filter capacitor minimisation algorithm.
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