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Stationary and Adaptive Color-Shift Reduction
Methods Based on the Bilevel Driving Technique
for Phosphor-Converted White LEDs

K. H. Loo, Y. M. Lai, Siew-Chong Tan, and Chi K. Tse

Abstract—The bilevel driving technique has realized a 2-D con-
trol of the luminosity and emitted color of white LEDs with duty
cycle and forward current levels. Unfortunately, various combina-
tions of these dimming control parameters can lead to significant
changes in junction temperature, which further modify the lumi-
nosity and emitted color of LEDs. In this paper, the theoretical
aspects of these complex interactions and the impact of bilevel
drive on the color-shift properties of white LEDs are discussed in
detail by using a mathematical color-shift model. Two color-shift
reduction methods are proposed based on the insights obtained
from this model. This study shows that a heat sink’s thermal re-
sistance that minimizes the overall color shift over dimming can
be uniquely determined from the knowledge of some measurable
LED parameters, and gives rise to a global minimum color shift.
If such a thermal resistance cannot be realized due to practical
limitations, the second method that utilizes an adaptive change
of forward current levels over dimming can be adopted. Based on
their nature, these methods are classified as stationary and adaptive
methods, respectively. Their validity is supported by experimental
measurements on a commercial white LED.

Index Terms—Color control, driving method, LED color, light-
emitting diode (LED), white LED.

I. INTRODUCTION

HITE light-emitting diodes (white LEDs) based on

phosphor conversion of blue LEDs have attracted a sig-
nificant degree of attention since the last decade as a potential
substitution for conventional, century-old white light sources
including incandescent and fluorescent lamps. In general, on
the suitability for dimming, conventional light sources based on
heated filament commonly suffer from a major drawback that a
minimum surface temperature must be maintained at the lamp’s
filament for proper operation [1]; hence, a full-range continuous
dimming is typically not possible. For example, incandescent
lamps can only be dimmed to a minimum temperature below
which the tungsten filament will mostly emit infrared light that

Manuscript received July 5, 2010; revised September 14, 2010; accepted
November 27, 2010. Date of current version August 5, 2011. Recommended for
publication by Associate Editor M. Alonso.

K. H. Loo is with the Faculty of Engineering, The Hong Kong Polytechnic
University, Kowloon, Hong Kong (e-mail: kh.loo@polyu.edu.hk).

Y. M. Lai, S. C. Tan, and C. K. Tse are with the Department of Electronic and
Information Engineering, The Hong Kong Polytechnic University, Kowloon,
Hong Kong (e-mail: enymlai@polyu.edu.hk; ensctan@eie.polyu.edu.hk;
encktse @eie.polyu.edu.hk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2010.2097610

is invisible to human eyes and the lamp will appear to have ex-
tinguished. For fluorescent lamps, the filaments at the electrodes
must be heated continuously to ensure a sufficient emission of
free electrons for maintaining the plasma’s conductivity. This is
normally achieved by self-heating from the plasma, except when
the lamp is dimmed to a very low luminosity during which an
external circuitry will be required to provide the heating power
to prevent the lamp from extinguishing [2]-[4]. This has in-
creased the complexities and costs of the lamp ballasts designed
with a wide dimming range.

In contrast to conventional light sources, the absence of this
drawback in solid-state lamps such as white LEDs makes them
exceptionally well suited for dimming applications. Once the
threshold voltage is exceeded, LEDs can be continuously oper-
ated from zero up to the maximum allowable forward current
specified by the manufacturers; therefore, a full-range contin-
uous dimming can be achieved by varying the forward cur-
rent amplitude directly, i.e., amplitude modulation (AM). Since
LEDs are capable of responding extremely fast to time-varying
currents, they can also be operated by pulsating current where
the peak forward current is fixed in amplitude and dimming
is achieved by varying the pulse’s duty cycle, i.e., pulse width
modulation (PWM). From a previous study [5], it has been
verified that, among the two methods discussed, a higher lu-
minous output and better color stability over dimming are ob-
tained with AM, but it gives rise to a nonlinear dimming profile
due to the saturable luminous output characteristic of LEDs
at large forward currents [6]-[9]. Dimming the LEDs with
PWM linearizes the dimming profile but at the penalties of
lower luminous output and more significant color shift over
dimming.

The bilevel driving technique has been proposed recently by
the authors to mitigate some of the problems inherent with AM
and PWM dimming [10], [11]. It is aimed to improve the lu-
minous output of LEDs by introducing a second current level
(dc offset) into the conventional PWM waveform, forming a
bilevel current, while the linearity of dimming is maintained by
duty-cycle control of the duration of each current level. Tech-
nically, the use of two current levels implies that a 2-D dim-
ming is possible with both current levels and duty cycle as the
dimming control parameters. With this approach, various com-
binations of these parameters can give rise to the same required
average forward current, but clearly the luminous output and
emitted color will vary in each case depending on the specific
parameter values being chosen. The impact of bilevel dimming
on the luminous performance of white LEDs was discussed in
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Fig. 1.
sample under various dc forward currents and junction temperatures.

depth previously [10], [11], but its impact on another impor-
tant performance indicator, the color stability over dimming,
has not been addressed. Due to the strong dependences of the
peak-emission-wavelength shift property of white LEDs on the
forward current amplitude and junction temperature [12]-[14],
their color-stability performance over dimming is anticipated
to be a complex function of current levels, duty cycle, and the
specific thermal design implemented.

In this paper, we begin with an experimental characterization
of the chromaticity properties of white LEDs under various for-
ward current levels and junction temperatures, followed by a the-
oretical study of the generic color-shift properties of white LEDs
under bilevel dimming. The theoretical background related to
the impact of this dimming approach on the color stability of
white LEDs is discussed by using a simplified mathematical
color-shift model to be developed in Section III. The model re-
veals the two possible approaches, stationary and adaptive, for
reducing the overall color shift over dimming by means of a
guided selection of heat sink’s thermal resistance and current
levels. In Section IV, the details of the stationary and adaptive
color-shift reduction methods are further developed and exper-
iments are conducted on a commercial white-LED sample to
verify the proposed concepts.

(©

Tristimulus values [(a) X, (b) Y, (¢c) Z] measured on a Philips-Lumileds LUXEON K2 (LXK2-PW 14-U00, cool white) phosphor-converted white-LED

II. CHARACTERIZATION OF CHROMATICITY PROPERTIES OF
WHITE LEDS

In this section, an experiment was conducted to observe the
color-shift properties of a commercial white LED, LUXEON
K2, under the influences of the dc forward current and junction
temperature changes. The same experiment was conducted on
another white-LED sample, XLAMP XREWHT-L1, produced
by CREE and similar observations were found; therefore, the
results will not be discussed here to avoid duplication. The
measurements were conducted using the experimental setup de-
scribed in the following. To isolate the effects of forward current
level and junction temperature, the LUXEON K2 white-LED
sample is mounted on a thermoelectric heater/cooler, acting as
an active heat sink, so that the junction temperature can be con-
trolled independently. The heat sink’s temperature 73,5 required
to generate a desired junction temperature 77 for a given forward
current level Iy can be estimated using the thermal resistance
model described by (1), where k;, is the portion of input electri-
cal power V; - I is dissipated as heat. According to this model,
for each forward current level, the heat sink’s temperature was
adjusted to a value estimated from the LED’s junction-to-case
temperature drop, which, in turn, is determined from the prod-
uct of the known junction-to-case thermal resistance ;- (from



LOO et al.: STATIONARY AND ADAPTIVE COLOR-SHIFT REDUCTION METHODS BASED ON THE BILEVEL DRIVING TECHNIQUE

1945

0.366- 0.424
A
03644 oA 04201 oA
= . A~ -~ “‘\‘
& 0362 A 2 Ky
£ 5 ’“‘.\ e £ 04161 LN A
T < e Aa = . e Aa
£ 0.360+ o e ik, & 5 3 LN A A
S 8 S 0412 oy oy,
& 0358 LR - z e e
i) " e -0 ) - ..
g ... e F 04081 o A .
£ 03561 u T,=40°C . g = 7=40C LS
i 95 i St -
o T-= - i — 60° "
5 0354- =< L S 0404 @ T=60C -
A T=80C A T=80C -
0.352 . . . . . 0.400 : — T
0 200 400 600 800 1000 0 200 400 600 800 1000
DC forward current (mA) DC forward current (mA)
(@) (b)
0.245 . B
= 7=40C aE
0240{ ® T;=60C -
N A T=80C e
£ 0.235- [ 2 e
£ . ot
= m-’ [ 3
5 0230 .-’
& b [ J9td e
[>1 7 & - A A
2 z A
02254 ® S g
2 ko st
g . A
£ 02204 .-~ A~
e A
£ ® i
O 02154 -
A
0.210 ’ . . . :
0 200 400 600 800 1000

DC forward current (mA)

Fig. 2.

(©)

Chromaticity coordinates [(a) z, (b) y, (c) z] measured on a Philips-Lumileds LUXEON K2 (LXK2-PW14-U00, cool white) phosphor-converted

white-LED sample under various dc forward currents. Dashed lines denote linear fits to the experimental data.

datasheet) and the measured forward voltage V; and current /.
In general, kj, is not constant but varies nonlinearly with the
power level of LED [15]. For LUXEON K2, the measurements
in [15] showed that k;, varies gradually from 0.85 to 0.90 for
67-100% of the rated power. Although experimental data are
not available for <67% of the rated power, the variation in k;,
is expected to be smaller in degree considering that the efficacy
“droop” effect is not predominant at small forward currents and
the luminous efficacy is approximately constant. Therefore, for
the convenience of computation, a constant value of k;, = 0.85
is used in this study, but the results are computed based on this
assumption and the theory proposed in Section III should be
subjected to fine-tuning when implemented in practice. Since
thermal paste is used between the LED’s case and the heat sink,
R,y 1s assumed to be small compared to the junction-to-case
thermal resistance ;.. of the LED, 9°C/W, specified in the
datasheet [16]:

T‘j = (Rj-c + Rc-hs) ' kh ' Vf ' If + Ths
%Rj-c'kh'vf'lf + Ths- (1)
For optical measurements, the heat sink and LED assembly
are housed inside a closed light chamber (to avoid interference

from ambient light), where the emitted light from the LED
is detected by a miniature fiber optic spectrometer USB4000

produced by Ocean Optics. The measured tristimulus values X
(red), Y (green), and Z (blue) are then used to calculate the
chromaticity coordinates (z,y, z) according to x = X/(X +
Y+ 2),y=Y/(X4+Y + Z),andz = 1 — 2 — y, from which
the chromaticity coordinates z, y, and z can be viewed as the
normalized degree of stimulation of the red, green, and blue
cones of human eyes, respectively. In a dichromatic white light,
since the degree of stimulation of the red and green cones, x
and y, both originate from the phosphor-converted yellow light,
they are expected to vary in phase with each other, as verified in
Figs. 2 and 3.

From Figs. 2 and 3, one can observe that dx /01 and 0y /01
are approximately constant for all junction temperatures, while
0z /0T; and 0y /OT; are approximately constant for all forward
current levels. For the convenience of computation, they are
assumed to be constant and the average values are used in the
following discussion:

ox )
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white-LED sample under various junction temperatures. Dashed lines denote linear fits to the experimental data.
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III. SIMPLIFIED COLOR-SHIFT MODEL UNDER BILEVEL DRIVE

In this section, a simplified mathematical color-shift model
will be derived for the case when an LED is driven/dimmed
by bilevel current. By definition, bilevel current is a PWM-like
current that pulsates between a higher current level Iy and a
lower nonzero current level /7, and duty cycle D is the duration
of Iy normalized to the pulse repetition time. Mathematically,
the average forward current ﬂ and chromaticity coordinates
(z,y) of the LED at steady state are described in (6)—(8), shown
at the bottom of this page

It can be seen from (7) and (8) that the chromaticity coordi-
nates (x,y) approach the values corresponding to I; and I, at
large and small duty cycles, respectively, but mix nonlinearly
at intermediate duty cycles. To account for this nonlinear color-

mixing behavior, one needs to resolve to the use of numerical
calculations for an exact description of the color-shift proper-
ties under bilevel dimming, while an analytical formulation of
the model is desired to provide direct insights on the physical
parameters that affect the color-shift properties. Since the lat-
ter is the objective of this study, approximations to (7) and (8)
should be sought in order to facilitate a further development of
the model in a more useful analytical form.

Fig. 4 shows the measured chromaticity coordinate (x,y)
under various [, values with I; = 1000 mA. The dashed lines
represent the linear approximations to the measured trends by
duty-cycle averaging of the coordinate values at Iy and I,
as given by (9) and (10). It is clear from the figures that the
errors produced by the linear approximations are significant
when [ is significantly higher than I, but, as expected, the
discrepancies decrease as the difference between I and I, is
narrowed. If one can constrain the relative magnitude between
Iy and I}, to within a reasonable size as governed by individual

I;=D-Iy+(1-D)-1, (6)
v D~X(IH,TJ)+(1—D) X(IL,T) )
"D Xy TH+Y In. T+ Z(Ing, T+ (1-D) - (X I, T) +Y (I, T;) + Z (I, T;)]
B D-Y(Iy,T))+(1—D)-Y (I, T}) ®
YD X Un, T)+Y (Ig. T) + Z(Iy, T + (1—D) - [X (I, T,)) + Y (I, T;) + Z (I, T})]
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Fig. 4. Measured chromaticity coordinates [(a) «, (b) y] under various I, values. Iy is fixed at 1000 mA for all cases. Dashed lines represent the chromaticity
coordinates (z,y) computed by linear averaging of the coordinate values at I; and I, by the duty cycle.

types/brands of white LEDs, the simplified model to be derived
in the following steps will serve the purpose of generating a
qualitative view of the impacts of forward current level and
junction temperature on their color-shift properties, and become
the basis for a further development in Section IV. Therefore,
noting the constraint described earlier, (7) and (8) are substituted
with (9) and (10) in the subsequent derivation:

r=D-2(Iy,Tj)+ (1 —-D)-x(I,Tj) )
y=D-y(In,T))+(1-D)-y(Ir,Tj).  (10)

Since both Iy and I, are fixed in amplitude, (7) and (8) can
be rewritten as

r=D- zy (Tj)+ (1 - D) -z (T})
y=D-yu (Tj) + (1 = D) -y (T})

(11
(12)
which simplify (x, y) to functions of the duty cycle D and LED’s
junction temperature 7; only. When both D and T} undergo
small changes, the corresponding change in x (and similarly for
y) is given by
de = (g —x)-dD+ D -dey + (1 — D) - dzy,
=(zxg —wp)-dD+ D - (deg —dag) +dzp  (13)

where
ox
dzg) = a%m - dT;, (14)
Substituting (14) into (13) gives
de =(zg —2r)-dD+D- (%:CTH — ngL> -dT;
J J

6$L
=L AT 15
+ oT, . 15)

From Fig. 3, it can be seen that, to a very good approximation,
both = and y are linear functions of 7} and the lines for different
current amplitudes are nearly parallel to each other. Therefore,

the following assumption is made:

a(xvy)H ~ a(lay)L _ a(l'vy)

= : 16
oy oy oy 1o

By using this assumption and making the substitutions Az =
(g —xy) and Ay = (yg — y1), one obtains the following
simplified equations for dx and dy :

ox
dy = Ay-dDp+ 2% ar (17)
Y=y 6TJ g+

In general, the color shift of a light source is measured by the
geometrical distance ¢ of a color point (z,y) from a predeter-
mined reference, as given by

de = \/(dz)* + (dy)*.

Substituting (17) into (18) gives

(18)

de = \/M - (dD)* + 2o - (AD) - (dT}) + A5 - (dT3)*  (19)

where
A = (Az)? + (Ay)? (20)
B ox y
ox \? dy 2
w=(ar) * (5%) - 22

Further simplifications can be made to (19) by recognizing
the in-phase relationship between z and y (as verified by Figs. 2
and 3). They represent the degree of stimulation of the red and
green cones of human eyes, respectively, both of which originate
from the blue-induced phosphor emission from the white LED.
Hence, two constants « and 3 can be introduced and substituted
into (20)—(22):

_ Ay

‘T Ax

(23)
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dy /0T
= (24)
p 0z /0T;
ao=(1+a?) - (Az)’ (25)
)
,\2:2(1+aﬁ)~m.8—£ (26)
3 2
A= (1+6%) - <8%> . 27)

For an LED mounted on a fixed heat sink, 7} is determined
by the the total heat dissipated and the total junction-to-ambient
thermal resistance R;-,, as given by (28), where k1) rep-
resents the portion of input electrical power Vi 1y - I 1) is
dissipated as heat.

Tj=Rj-o [D-ky -Vyg-Ig+ 1 —=D) -k -V -I]+T,
=Ry (D (k- Vir Iy —kp Vi - Ip) + k- Vi - L]
+ Ty (28)

Since the total heat dissipated is related to the average elec-
trical power delivered to the LED, hence the duty cycle, by
intuition (19) can be reformulated as a single-variable function
in D if the ambient temperature 7, is constant over the course
of dimming, i.e. d7;, = 0. Differentiating 7; with respect to D
gives

dT.i:Rj-a'(kH'VH'IH—k?L'VL'IL)-dD

=Q-dD. (29)

By substituting (29) into (19), the functional dependence of
e on D is obtained. Integrating (30) shows a linear relationship
between e and D as f () is constant and depends on R;-, and
the difference in current levels AT = (Iy — I;,) only:

de = (\/A1+AQ~Q+A3~Q2>~dD

= £(Q)-dD. (30)

It should be noted that the simplified model does not include
the following effects. First, the junction-to-case thermal resis-
tance I?;-, of LED, which constitutes I2;-,, is not constant but
depends on several factors such as the heat sink’s thermal re-
sistance and orientation, LED size and mounting structure, and
the ambient temperature [15]. These collective effects, however,
are difficult to be modeled mathematically. Second, experimen-
tal data show that, to a good approximation, the forward voltage
of LED varies inverse proportionally with T; [17], Since the sim-
plified color-shift model is only aimed at providing the required
insights to the discussion on color-shift reduction methods in
Section IV, such complexities are avoided in the derivation.

IV. COLOR-SHIFT REDUCTION METHODS BASED ON
BILEVEL DRIVE

For the comfort of human vision under illumination, the
color point of a light source must not vary significantly over
the course of dimming. For example, the color variations of
fluorescent lamps on the CIE 1960 uniform chromaticity dia-
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Fig. 5. Measured color shift A (uv) of a white-LED sample (LUXEON K2)
driven by three types of current waveforms [dc, PWM (0, 1000 mA), and bilevel
(200, 1000 mA)]. The sample is mounted on a heat sink with thermal resistance
Ryg-q = 13.4°C/W.

gram are usually specified to within A (uv) = 0.003 to ensure
that the color difference is not noticeable by average human
eyes [18]. For high-end applications such as LCD backlight-
ing, an even more stringent requirement of A (uv) = 0.002 is
demanded [19], [20]. Although these limits are commonly spec-
ified in CIE 1960 (u,v), the older coordinates CIE 1931 (x,y)
were used in Section III to enable a simplification of the model
by adopting the linear 0 (z,y) /0I; and O (z,y) /0T charac-
teristics, which is not available with (u, v). In practice, A (uv)
cannot be transformed directly from A (zy) but it must be com-
puted stepwise through the following mapping equations, where
(up, vp) denotes the reference color point:

4o
O S— 31
“ —2r+ 12y +3 3D
6y
— 2
YT et 12y 13 (32)
_ 2 2
A (uwv) = \/(ufuo) + (v —1g)". (33)

Fig. 5 shows the measured color shifts of the LUXEON
K2 white-LED sample under dc, PWM, and bilevel driv-
ing/dimming. For the PWM case, the peak current is fixed at
1000 mA, and for the bilevel case, Iy and I; are fixed at
1000 mA and 200 mA, respectively. It can be seen that the
limit of A(uv) = 0.002 can be easily exceeded when the LED
is driven/dimmed by PWM. The situation is improved when
bilevel current is used, although the limit is still exceeded over
part of the dimming range. The best color stability is achieved
when the LED is driven/dimmed by dc current, but, as discussed
before, this leads to a nonlinear dimming profile due to the sat-
urable luminous output characteristic of LEDs. On the other
hand, the advantage of linear dimming by PWM is largely offset
by the disadvantages of poor color stability and low luminous
output. It can be shown that, with suitably selected operating
parameters, an LED driven by bilevel current has a surpassing
color-stability performance compared to PWM while maintain-
ing a linear dimming profile and delivering higher luminous
output.



LOO et al.: STATIONARY AND ADAPTIVE COLOR-SHIFT REDUCTION METHODS BASED ON THE BILEVEL DRIVING TECHNIQUE

In accordance to (29) and (30), the degree of color shift of
an LED driven/dimmed by bilevel current is affected by the
parameter €2, which in turn is a function of the junction-to-
ambient thermal resistance I2;-, and the difference in current
levels AI = (I — I1). One can deduce that f(€2) should be
decreased as much as possible in order to minimize the overall
color shift of an LED over dimming. In practice, this must be
realized by appropriate selections of R;-, and AI. Based on
these implications, two color-shift reduction methods can be
proposed, as will be discussed next.

A. Stationary Method

This method focuses on the selection of R;-, that minimizes
the overall color shift € over dimming. One can understand the
validity of this method by considering the two aspects of peak-
emission-wavelength shift of an LED under bilevel drive. In
general, an increase in current amplitude and junction temper-
ature leads to a more significant blue-shift and red-shift in the
peak emission wavelength, respectively [14]. On the first as-
pect, as the LED is dimmed by decreasing the duty cycle from
D =1to D =0, the degree of blue-shift is gradually reduced
as the contribution of Ix decreases and I; becomes increas-
ingly dominant. This continues until a minimum blue-shift is
attained at D = 0 and I; = I;,. On the second aspect, dimming
the LED from D = 1 to D = 0 leads to a decrease in junction
temperature, which is accompanied by a reduction in the degree
of red-shift until a minimum red-shift is attained at D = 0 and
I; = Iy,. Since the wavelength shifts due to current amplitude
and junction temperature change constantly act in opposite di-
rections and compensate each other, as verified by the measured
data in Figs. 2 and 3, it is intuitively valid to propose a method
for controlling the rate of junction temperature change to en-
sure that it induces a certain degree of red-shift that “correctly”
balances the degree of blue-shift induced by a given change in
current amplitude. This can be achieved by means of selection
of Rj-a .

According to (30), solving f/(€2) = 0 gives the value of
that minimizes de (since A3 > 0), as follows:

0| _ . (14ap\ [ Az
minf a3 \ 1+ B2 Oz /OT;

(34)

' Q)=0=

-dD. (35)

— 82 . (Az)?
de‘min: \/(a ]_ﬁl_ﬁg x)

It is implied in (34) that when the difference in current levels
AT = (Ig — Ip) is decreased, and results in a smaller Az,
a smaller Qf,;, , should be chosen so that the red-shift due
to junction temperature change does not overcompensate the
reduced blue-shift due to a smaller A. Finally, from (29)

Rj'“'minf = (RJ'C + Rhs-a)|

_ Q|minf (36)
kg Vi -Ig —kp -V - I

min f
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Fig. 6. (a) Measured and (b) calculated color shift A(uv) of a white-LED
sample (LUXEON K2) mounted on different heat sinks with the chromaticity

coordinates (u,v) at I; = 1000 mA as reference.

Therefore, for a given choice of (I, Iy ), the required to-
tal junction-to-ambient thermal resistance can be obtained from
(36), from which the required heat sink’s thermal resistance
Rys-, can be estimated if the junction-to-case thermal resis-
tance R;-. of the LED is known (from datasheet). It should
be noted that (36) is not meant to be used for exact calcula-
tions as it has not included the various nonlinear effects dis-
cussed earlier. However, it should provide the insights on how
the heat sink’s thermal resistance should be chosen for a given
Al = (Iy — I;) for color-shift minimization. In practice, to
achieve this objective, some fine-tuning will be required to ac-
count for these nonlinear effects. Once the required heat sink’s
thermal resistance has been identified, it requires no further ad-
justment until a new (I, Iy ) is defined; therefore, this method
is stationary by nature.

For an illustration of this method, the color shift A(uv) of a
white-LED sample (LUXEON K2) mounted on different heat
sinks was measured under different drive conditions. The mea-
sured data are shown in Fig. 6(a), and the calculated values
are shown in Fig. 6(b) for comparisons. For the calculations,
Iy and I are fixed at 1000 mA and 200mA, respectively,
and the corresponding diode voltages are obtained from the
manufacturer’s datasheet as Vg = 3.7 Vand V;, = 3.3 V. The
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thermal dissipation factors, ky and kr, of LUXEON K2 are
taken as 0.85 from [21]. Other color-shift parameters, including
Az = —4.56 x 1072, 02/9T; = 1.20 x 107*°C™", o = 1.69,
and 3 = 1.96, are estimated from the experimental data shown
in Figs. 2 and 3. Substituting these values into (36) gives the
“optimum” heat sink’s thermal resistance value as

Ris-al i ~ 4.0°CIW. 37)

min f

It can be seen from Fig. 6(b) that the theoretical “optimum”
thermal resistance value does produce the smallest predicted
color shift among the three thermal resistance values consid-
ered. However, since the model considers only the initial and
final chromaticity coordinate values and assumes a linear inter-
polation between them for the computation of the intermediate
coordinate values, it fails to predict the nonlinear behavior of the
color-shift trajectory over the course of dimming. From this per-
spective, the mathematical model can be conceptualized as an
approximation that produces an average color-shift representa-
tion of the actual trajectory, which, understandably, is a natural
consequence of the linear approximations adopted in (9) and
(10). More accurate approximations to (7) and (8) are needed to
resolve the disagreement between experimental measurements
and model calculations.

In Fig. 6(a), it is interesting to observe the local minimum
points that exist in the measured color shifts for Rys-, =
1.0°C/W and Rys-, = 4.0°C/W. As the LED is dimmed from
1000 mA, the change in duty cycle alters the mixing ratio be-
tween the color contributions from Iy and [;, and leads to a
color shift, which is partially compensated by the opposing ef-
fectimposed by a corresponding change in junction temperature.
The local minimum points represent the conditions under which
these two opposing effects have attained the optimum balance.
The balance is upset when the LED’s operation departs from
these conditions. It should be noted that the color stabilization
mechanism by the opposing effects of forward current level and
junction temperature is not existent for PWM dimming, as it has
current levels (0, ) that are fixed over the course of dimming;
hence, the color shift due to junction temperature change is left
uncompensated in the absence of an opposite shift due to cur-
rent amplitude change. The impacts of AM and PWM dimming
on the color shift of white LEDs are discussed in [22] and [23]
based on experimental measurements. However, the effects of
current amplitude (or duty cycle) and junction temperature were
not carefully distinguished in these studies. These issues are ad-
dressed in our recent work [5]. For a more generalized approach
to driving/dimming white LEDs, it is advantageous to oper-
ate them with two dimming control parameters, i.e., duty cycle
and current levels [10], [11], for an improved color-stability
performance.

B. Adaptive Method

In general, the stationary method should be adopted when
the choice of thermal resistance value is not restricted. This is,
however, not possible in many practical applications because
the available choices are often limited by the volume, weight,
geometry, orientation, and even cost constraints being imposed
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Fig. 7. Graphical illustration of the color-shift reduction method based on
adaptive change of AT = (Iy — I ) with duty cycle (or average forward
current).

on the lighting system. Under these constraints, the thermal
resistance value closest to the one predicted by (36) should
be chosen, while, according to (29) and (30), a further color-
shift reduction can be accomplished dynamically by an adaptive
change of AT = (I — I,) with duty cycle over dimming. The
concept can be explained by the illustrative example shown in
Fig. 7.

Assume that an LED is dimmed from D = 1 with an initial
(= 1), which is defined by the initial current-level difference
(AT); and a heat sink’s thermal resistance Rj-, that causes
the color shift of the LED to increase beyond the allowable
limit €}, over part of the dimming range. By using the color
point at E = I,,ax as reference, the color shift of the LED will
increase along line 1 as D is decreased, until the limit e, is
reached at A. To prevent the color shift from increasing fur-
ther, a new 2 (= {29) can be defined such that the dimming
path will continue from A’ on line 2, which gives rise to a
reduced color shift located away from the limit. Technically,
since Rys-, 1S constant, this can only be achieved by selecting
a new current-level difference (AT),. The selection of (AI),
is, nevertheless, not arbitrary. To ensure a smooth transition
from line 1 to line 2, the same average forward current must be
maintained while A7 is varied from (AI), to (AI),, implying
that Iy and I, must be adjusted concurrently as governed by
I, = (If —D-1Ig)/(1— D). A closer look at the functional
form of f (§2) suggests that Al can be either increased or de-
creased during this step since there are two approaches by which
the color shift can be reduced, as shown by Fig. 8, depending
on the location of the initial operating point. Physically, this
means that the initial mismatch between the selected heat sink’s
thermal resistance and current levels could result in an under-
or overcompensation between the color shifts induced by cur-
rent amplitude and junction temperature changes. The nature of
this mismatch will determine the initial point in the color-shift
trajectory.

With the new current-level difference (AI),, the color shift
will now increase along line 2 as D is further decreased, un-
til the limit €, is reached at B. At this point, a new Al,
(AI)s,is required and can be selected in the same manner as be-
fore. This procedure should be repeated until the minimum duty
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TABLE I
OPERATING PARAMETERS FOR THE ADAPTIVE BIL

D If (mA) PLED (W) IH (mA) IL (mA) Al (mA) A (UU)

0.0 200 0.66 200 200 0 0.001864
0.1 280 0.94 280 280 0 0.001958
0.2 360 1.23 360 360 0 0.001958
0.3 440 1.53 440 440 0 0.001916
0.4 520 1.84 600 470 130 0.001899
0.5 600 2.15 800 400 400 0.001828
0.6 680 2.50 1000 200 800 0.001805
0.7 760 2.80 1000 200 800 0.001434
0.8 840 3.11 1000 200 800 0.001012
0.9 920 3.41 1000 200 800 0.000525
1.0 1000 3.72 1000 200 800 0.000000

cycle (D = 0) or average forward current (E = I ) is reached.
As a result of these steps, the overall color shift of the LED
is constantly restricted below the limit by varying Al dynam-
ically over the course of dimming. In practice, to realize this
method, the instances of A and B can be found by initial cal-
ibration and the corresponding AI’s are programmed into the
dimming controller circuitries of LED drivers. In comparison
to the stationary method, this method is considered adaptive by
nature.

The LED driver shown in Fig. 9 is used to verify the proposed
method. It is based on buck topology with an adjustable refer-
ence current. In this experiment, the LED is dimmed from D = 1
in steps of AD = 0.1, with the reference current initially set to
pulsate between I = 1000 mA and I;, = 200 mA at 400 Hz.
By using the color point at I; = 1000 mA as reference, the
chromaticity coordinates of the emitted light are monitored by a
fibre-optic spectrometer, USB4000 produced by Ocean Optics,
and the color shift A (uv) are calculated for each measurement
point to check if the limit A (uv) = 0.002 is exceeded. When
the color shift increases beyond this limit, /i and I are ad-
justed concurrently while keeping the average forward current
unchanged, and the new color shift is calculated and checked
against the limit. These steps are iterated until the color shift re-
sides below the limit. When this condition is satisfied, the LED
is further dimmed by decreasing the duty cycle until the limit
is again exceeded, during which a search for new I and I, is
initiated and performed in the same manner as aforementioned.
These steps are repeated until D = 0 is reached.

Fig. 10 shows the color shift measured with and without using
the proposed adaptive method. When the adaptive method is not
used, /7 and I}, are fixed at 1000 mA and 200 mA, respectively,
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Fig.9. Buck-based LED driver with an adjustable reference current to be used
for verifying the proposed adaptive color-shift reduction method.
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Fig. 10. Measured color shift A (uv) of a white-LED sample (LUXEON K2)
dimmed with and without using the adaptive color-shift reduction method.

over the entire dimming range, where the color shift is observed
to increase beyond the limit A (uv) = 0.002 for D < 0.5. To
keep the color shift below the limit, AT is narrowed to 400 mA at
D =0.5and 130 mA at D = 0.4. For D < 0.3, AT is reduced
to zero; hence, dimming is achieved by AM in this region.
Therefore, it is shown that, with a given thermal design, a further
reduction in the overall color shift over dimming is possible by
adaptively adjusting the combination of current levels and duty
cycle. However, the improved color stability is achieved at the
drawbacks of added complexity of the control circuitry and the
necessity for calibration in order to identify the required values
of AT under various duty cycles or dimming conditions. For
implementation, a digital signal processor (DSP) is typically
required for storing the LED’s chromaticity information and
computing the required forward current levels I and I}, based
on the sensed LED’s voltage, current, and case temperature.

V. CONCLUSION

The color-shift properties of phosphor-based white LEDs un-
der bilevel drive were discussed using a simplified mathemati-
cal color-shift model developed in this study. It was shown that
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the color-stability performance of a bilevel-driven LED over
dimming is a result of the complex interactions between the
selected current levels, duty cycle, and junction temperature
(hence thermal design). In the model, these complex interac-
tions were conveniently summarized in a single function f (€2)
that is subject to minimization for an optimum color stability.
The dependences of € on the heat sink’s thermal resistance
and the difference in current levels indicate the two possible
approaches for color-shift reduction over dimming. For some
preselected current levels, a heat sink’s thermal resistance that
minimizes the overall color shift can be uniquely identified.
Since this method gives rise to a global minimum color shift, it
should be adopted whenever possible. When the choices of heat
sink’s thermal resistance and current levels are restricted, a re-
duction in color shift is still possible by adaptively adjusting the
combination of current levels and duty cycle over dimming. The
theoretical details of both methods were presented and discussed
in detail, and their validity was verified by experimental mea-
surements. The availability of 2-D control of luminosity and
color stability with bilevel drive renders it an attractive driv-
ing/dimming method that encompasses the all-round benefits of
linear dimming, improved color stability, and higher luminous
output.

Although the issue of phosphor’s aging is not explicitly con-
sidered in this study, it is believed that, since the wavelength shift
due to forward current level and junction temperature changes
is a physical and well documented phenomenon, the cancella-
tion between the blue-shift and red-shift effects on the dominant
wavelength (=460 nm), which is the key factor leading to color
stabilization, is operative under all phosphor’s aging conditions.
Therefore, when the dominant wavelength’s shift is minimized
by the proposed methods, the phosphor, aged or nonaged, will
be excited by the same stabilized dominant wavelength at all
time. Despite that different colors may be emitted by aged and
nonaged phosphor when excited by the same dominant wave-
length, the degree of color shift over dimming under a given
phosphor’s aging condition will remain governed by the meth-
ods reported in this study. This proposition will be verified in a
future work.
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