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Wide-Range, Open-Loop, CCT and Illuminance
Control of an LED Lamp Using Two-Component
Color Blending

Rajib Malik

Abstract—This paper proposes a wide-range control scheme of
correlated color temperature (CCT) and illuminance of a light-
emitting diode (LED) lamp, using two-component color blending.
A simple control algorithm is implemented by using Grassmann’s
law of color mixing and McCamy’s formula of CCT. Light from a
white LED source is blended with that from a blue LED or a red
LED to get, respectively, a CCT value higher or lower than that of
the white CCT. The prototype LED lighting system can indepen-
dently produce a variable CCT ranging from 2500 to 12500 K and
a variable illuminance ranging from 5 to 120 Ix. The algorithm is
experimentally validated by hardware implementation. An empir-
ical model to estimate the luminous parameters of the individual
LED is also implemented. Experimental results show that although
the system is an open-loop one, it is quite accurate with respect to
set point CCT and illuminance. Despite acceptable performance
in respect of these two quantities, a large deviation from the color
of an ideal black body radiator is noticeable in a part of the CCT
range, and a remedy of the problem has been suggested.

Index Terms—Color measurement, light sources, light-emitting
diodes (LEDs), lighting control, pulse width modulation (PWM).

1. INTRODUCTION

IGH-BRIGHTNESS light-emitting diodes (HB-LEDs)
H are becoming the prime candidates for general lighting ap-
plications. HB-LEDs have the notable advantages of high lumi-
nous efficiency and consequently reduced energy consumption,
very low ultraviolet emission, high environment friendliness,
and longer operating lifetime over conventional incandescent
and fluorescent lamps [1]-[3].

The correlated color temperature (CCT) of daylight can vary
from 2000 K at sunrise to 5000 K for direct daylight at noon and
can exceed 10 000 K under overcast conditions [4]. Along with
the CCT, the illuminance of daylight also varies dynamically. So,
to create a near-exact visual sensation and energy-efficient light-
ing, an artificial light source (visually matched LED lamp), with

Manuscript received September 25, 2017; revised November 11, 2017; ac-
cepted December 11, 2017. Date of publication December 20, 2017; date of
current version August 7, 2018. Recommended for publication by Associate
Editor D. G. Lamar. (Corresponding author: Rajib Malik.)

R. Malik and S. Mazumdar are with the Department of Electrical Engineering,
Jadavpur University, Kolkata 700032, India (e-mail: rajib.diara@ gmail.com;
saswati.mazumdar @ gmail.com).

K. K. Ray is with the Department of Instrumentation and Electronics En-
gineering, Jadavpur University, Kolkata 700032, India (e-mail: kalyancs.ray @
gmail.com).

Digital Object Identifier 10.1109/TPEL.2017.2785684

, Kalyan Kumar Ray

, and Saswati Mazumdar

independently tuneable CCT and illuminance, should preferably
be introduced in daylight harvesting schemes [4]. Apart from
daylight harvesting, color-tuneable light sources may be used for
mood lighting, which affects the emotional feeling of humans
[5]-[7]. In a recent study, dark adaption, color discrimination,
and fog penetration of street lights have been analyzed under
different CCT [8]. CCT-tuneable LED light sources have been
used in street lighting to get better visual performance [8]. Thus,
the demand of independent CCT and illuminance controllable
light sources for various applications is rapidly increasing.

In order to explain the significance of the proposed tech-
nology, a review of the existing techniques to produce the
CCT-tuneable LED lighting system is provided in this section.
Currently, LED-based white light is produced either from a blue
or a near-ultraviolet-emitting chip coated with a suitable yellow
phosphor, or by mixing of light from multiple monochromatic
chips, usually, red, green, and blue (RGB) [9]. In some of
the previous studies, light from monochromatic RGB LEDs
[10]-[13] or red-green-blue-amber (RGBA) LEDs [4] was
mixed to get different color combination of white shade. These
types of LED systems have some disadvantages like poor
color rendering index (CRI), chromaticity shifts [14], [15], and
requirement of three or more pulse-width-modulated (PWM)
output channels. It is reported that the chromaticity shift for a
phosphor-coated LED (PC-LED) system is less than that of the
mixed-color RGB LED (MC-LED) system, during similar dim-
ming by both continuous current reduction and PWM method
[14]. Also, this type of the LED system uses three (for RGB)
[11], [16] or four (for RGBA) [4] independent converters to
supply power as described by the authors. To resolve the issue,
we are using a single constant voltage power supply to drive
multiple LED strings with individually programmable constant
amplitude PWM current, which also increases the power
density. Chromaticity of the RGB LED also shifts due to LED
junction temperature variation [16], [17] and aging [18]. But
the use of an MC-LED system allows the user to have dynamic
control of color and a life longer than that of a PC-LED system.

CCT-tuneable light sources have also been implemented by
blending cool-white (CW) and warm-white (WW) LED sources
[19]-[22]. A number of commercial, tuneable LED-lighting
products, e.g., Lutron [23], LuxiTune [24] are also available.
Lutron from Philips provides three types of color-tuning tech-
niques, namely “dim to warm,” “tuneable white,” and “full color
tuning” [23]. In tuneable white mode, WW (3000 K) and CW
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(5000 K) LED are used to provide different color temperatures
ranging from 3000 to 5000 K. In this mode, color temperature
and intensity of the fixture are not completely independent
as specified in the application note. LuxiTune from LED En-
gin is a tuneable white light engine solution, with two tuning
modes: warm dimming and CCT tuning. CCT can be varied
in the range 4300-2100 K and 3000-1600 K in CCT-tuning
mode and warm dimming mode, respectively [24]. In such sys-
tems, the CRI can be greatly improved, but the CCT of the
produced light is limited to a range between that of CW and
WW LEDs. However, work on wide-range CCT and illuminance
tuneable light sources, based on two channel drive, has not been
reported.

Precise color control of PC white LED or RGB color mixing
LED system is still a challenging job for the lighting industry
[11], [17], [25]-[28]. As luminous intensity and color outputs
of LED are influenced by LED junction temperature variation,
which is caused by self-heating of the LED and ambient temper-
ature variation, it has been suggested that a proper junction tem-
perature compensated control strategy should be implemented
to stabilize the luminous intensity as well as the color of LED
[17], [29]-[32]. Various researchers proposed different control
structures based on LED junction temperature feedback, light
flux feedback, color coordinate feedback or a combination of
these techniques [11], [12], [21], [27]. Use of external sensors,
which is mandatory for flux feedback and color coordinate feed-
back, increases the complexity and overall cost of the system.
Sensor placement and regular calibration of sensors are impor-
tant issues which may not be acceptable in all applications. In
some previous studies, the junction temperature of an LED is
estimated as a function of its heatsink temperature [17] or LED
operating temperature [33]. However, when multiple LEDs are
mounted on a common heatsink, the junction temperature of a
particular LED is not only a function of the heatsink temperature
but also of the power dissipation of the neighboring LEDs.

In this paper, a wide-range, open-loop, and decoupled control
of CCT and illuminance of a composite LED lamp has been pre-
sented that employs two-component color blending. Light from
amain CW PC-LED source is mixed in required proportion with
that from a companion source which is either a blue or a red
LED. Both the sources are fed by linear PWMs. Mathematical
formulations necessary for selection of the companion source
and determination of the duty cycles of the PW modulators for
obtaining the desired CCT and work plane illuminances are de-
rived. Using a hardware made of readily available components
and a simple software built for the purpose, a proof-of-concept
system has been built. The forward drop of an LED fed by a
constant current is a linearly decreasing function of its junction
temperature. In our case, no attempt was made to estimate the
junction temperature. Instead, the chromaticity coordinates of
an LED source and its luminous flux contribution have been es-
timated from its forward drop, when driven under PWM control
with a fixed peak current. The system is capable of provid-
ing a CCT range of 2500-12500 K and an illuminance range of
5-120 Ix. The principle of operation, the mathematical formula-
tions, and the hardware and software features of the system have
been described and performance evaluation of the system has
been made through laboratory experiments. This kind of the dy-
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namic LED lighting system can be used in diverse applications
like street lighting, human-centric lighting, daylight harvesting,
mood lighting, etc.

II. PRINCIPLE OF TWO-COMPONENT COLOR BLENDING
A. Overview of the Proposed RBW LED Lighting System

To resolve the issue related to the limited CCT-tuneable facil-
ity as described in the earlier section, in this paper a hybrid LED
color mixing scheme has been implemented, where light from a
main CW PC-LED source is blended with that from a compan-
ion red or a blue LED source to get, respectively, a CCT lower
or higher than that of the CW LED. For a required CCT, since
only two sources are involved, the color shift of the blended light
due to drift of the chromaticity of the constituent sources is less
pronounced, provided the luminance and chromaticity shift of
the sources are estimated at the runtime and the blending ratio
is adjusted accordingly.

A block diagram of the proposed LED lighting system with
decoupled control of CCT and illuminance is shown in Fig. 1.
Blending of light from the main CW LED with that of compan-
ion LED is implemented using PWM dimming technique. The
combination of the microcontroller unit (MCU), the demulti-
plexer (DEMUX), and the human interfaces, shown inside the
left-hand rectangle will be termed as CCT and illuminance con-
trol unit (CICU). The three voltages, ufa_W, ufa_R, and ufa_B
given as inputs to three analog-to-digital converters (ADC) in
the CICU are the average forward drops of the three LED strings,
which, in turn, are obtained by passing the instantaneous rectan-
gular pulse waveforms through adequate low-pass active filters.
Further details of the filters are available in Section III. Other
salient hardware features of the system are also given in the
same section.

B. Mathematical Foundation of the Control Strategy

Two primary light sources S; and S, of two different col-
ors with Commision Internationale de 1’Eclairage (CIE) 1931
chromaticity coordinates of (z1,y;) and (x2,y2 ), respectively,
are used to illuminate the same surface (the work plane). Y
and Y, are their respective luminance values, and F; and E»
are the respective illuminance contributions on the work plane.
Grassmann’s law [34], [35], also known as the law of linear
combination of colors, states that the chromaticity coordinates
(zp,yp) of the blended color is given by the linear weighted
sums of the chromaticity coordinates of S; and S, given as

follows:
xp = 101 + X202, and Yy, = y1a1 + Y200 (1

where the weighting coefficients a; and ay are given by

Yi Yy
_ Y1 _ Y2
aliiﬁ_’.ﬁ and a2—7£+ﬁ. (2)
Y1 Y2 Y1 Y2

It may be observed here that by virtue of definitions of a;
and as

3

ay +as = 1.
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Fig. 1. Block diagram of the proposed CCT and illuminance controllable LED lighting system.
Use of simple analytical geometry shows that, due to (3), the maximum values Fj;1 and Fj/o as follows:
position of (xy, ;) coordinate pair in the xy plane cannot be
. . . . Lo . Ey = Ey1Dy 8)
arbitrary—it must lie on the straight line joining the coordinate
pairs of the constituent sources. Eys = EyoDo. )
For the purpose of control of the blended color, the two source . . .
. purp . . Equation (2) is thus modified as
luminances have to be controlled over a wide range. While ana-
log control of the LED currents is a theoretical option, it cannot % %
be used in this application due to several reasons [14], [36]. The W =55, 50, M w=5"F" 5,5,
first is that the linearity of the luminance versus current graph is v Y2 u Y2 10
rather poor [36]. Second, the chromaticity changes with change 10)
of current [36]. Another important reason is that the generation If we define the as/a; ratio as 7,
of an analog current command from a microcontroller requires as
additional hardware like a digital-to-analog converter (DAC) or Ta = ar (1D
a PWM-to-analog converter. . .. . .
. its value, in view of (10), will be given as
In the present study, the two source luminances are controlled By Dy ws valent]
by two linear PWM dimmers described in Section III. If D; and Ta = E\i Dy y,» OF cquivalently,
Dy E}re their respective duty cycles, the values of Y7 and Y5 will & . Eyvs Y2 (12)
be given by D, “Fuo i
Y1 =YDy 4) The following additional definitions are now made:
and o . Eyro
Peak illuminance ratio, rp = 5 (13)
Yo =YmoDo ®) M1
] . . Y2
where Y}/ and Y);9 are the maximum values of Y7 and Y5 cor- y—coordinate ratio, r,, = E (14)
responding to the maximum values of D; and D, , namely, unity.
Equations (1)—(5) clearly i.n.dicate thgt by changing the values Blending ratio, rp = & ) (15)
of D; and D, the chromaticity coordinates of the blended color D,

(indeed, the color) can be changed.

In many situations, where the distance between the sources
and the illuminated surface is fixed, the transmittance of the
medium is fixed, reflectances of nearby objects are fixed, and
there is no stray light, the following equations in terms of the
illuminances E1, E2 can be written:

Ey =kyg1
Ey = kyrYo

(6)
(7

where kyg is a constant.
In view of the linearity of the PWM process, the average or
apparent illuminances F; and F, are related to their respective

Equations (13)—(15), when substituted in (12), yield the value
of blending ratio rp as

_TaTy

Tp = (16)

e
Equation (3) along with the first of (1) results in a value of
re = as/ay as

T =& (17)

T = .
Ty — I

Thus, if the chromaticity coordinate z; of the required

blended light is known, the use of (16) will evaluate the re-
quired blending ratio 7.
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Fig. 2. Blending line, isoCCT line, and Planckian locus shown on the CIE

1931 chromaticity diagram.

The chromaticity coordinates of the two constituent sources
and that of the blended light is shown in Fig. 2. For convenience,
the line segment joining the two points S; and Sy will be called
the blending line. The equation of the blending line can be shown
to be given by

y=maz+ (yo —mx2) (18)

where (x, y) is the coordinate of an arbitrary point on the line
and
_Y—un
To — I
is the slope of the line. Two blending lines WB (for Sy = blue)
and WR (for Sy = red), used in this study, are shown in Fig. 2.
McCamy’s formula [37] for evaluation of the CCT T, of a source
with known xy chromaticity coordinates involves calculating a
number n given by

m 19)

T — T
Ye — Y
where (x., y.) is the coordinate of an epicentre in the xy plane
from which all constant 7, lines emanate. x. and y. have values
of 0.3320 and 0.1858, respectively. Clearly, n is the negative
inverse slope of the line joining (x, y) with (x., y.). The value
of T.,, as given by McCamy’s formula, is

T, =449 n® + 3525 n® 4+ 6823.3 n + 5520.33.  (21)

In the range of 7. from 2856 to 6500 K, McCamy’s formula
provides a maximum absolute error of 2 K, and is therefore, very
accurate. Even for a wider range of 2000—12 500 K it is reason-
ably accurate. Equation (22) is a mapping from a real number n
to another real number 7.,.. The present method proposes to use

(20)

n =
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two mathematically simple, yet very accurate, inverse mappings
from 7, to n. One will be used for T,., < T.q, while the other
for T, > T.o, where T, is the value of the CCT for the source
Si.

Equation (20) can be rearranged as the equation of a straight
line given, in slope—intercept form, by

y:—lx—&-(ﬁ—&-ye). (22)
n n

We observe that for a fixed n, a fixed 7T, can be obtained
from (21) and such a value of 7, is obtained anywhere on the
line given by (22). This line is therefore called an isotherm or
an isoCCT line. Fig. 2 shows two isoCCT lines PQ); and PQo,
corresponding to 7., = 10 000 K and 2500 K, respectively.

In the range (0.075 <n <0.725), or, equivalently,
(6052 K <T., < 12491 K), McCamy’s formula can be
closely fitted by a quadratic equation of the form:

an’ +bn+c=0 (23)

where

a = 4064; b = 6640; ¢ = 5536 — T, 24)

Similarly, in the range (—0.68 < n < 0.12), or, equivalently
(2369 K <T., < 6390 K), the quadratic equation (24) has
coefficients

a=3148; b=6766; c=5524—T,,. (25)

The advantage of replacing the original McCamy’s formula
by two piecewise quadratic equations is that, for a given T,
a closed-form solution for n can be easily obtained from (23)
and (24), or (23) and (25), depending on the range of 7,. The
closeness of the fits are verified by worst-case deviation in 7,
of 5 and 10 K, for (-0.68 < n < 0.12) and (0.075 < n < 0.725),
respectively, from that given by McCamy’s formula.

Once n is known from (23), we can find (x;, ), the chro-
maticity coordinates of the intersection of two straight lines
given by (18) and (22). This (xy,y,) coordinate pair produces
the desired 7, and can be generated by mixing light fluxes from
S1 and Sy using a blending ratio rp = Dy /D;.

The intersection points lie within the hollow rectangular
boxes shown in Fig. 2. The solution for z;, obtained from sub-
stitution of x by z; and y by ¥, in (18) and (22), is given by

Te +n (Y — Y2 + ma)
mn + 1 '

Xy = (26)

Substitution of (26) into (17) yields r,, from where rp can
be calculated using (16).

Computation of the individual values of D; and D, is rather
straightforward considering the fact that the total required illu-
minance F, on the work plane is the sum of the illuminance
contributions £ and F5

E, = FE, + Es. 27)
Substitution of (8), (9), (13), and (14) into (27) finally yields
D b (28)

- Ey (1 +7rp TE).
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D> is determined from (15) as

D2 = TDDl. (29)

The values of the controlled outputs of the CCT and illu-
minance controller should ideally be the two duty cycles D;
and D,. But since D and D, are two real numbers in general,
they can not be directly transferred to the PWM registers of
a microcontroller. The have to be converted to integers by the
expessions as follows:

pr =round (D.2V) =1, k=1,2 (30)

where N is the word length of the PWM registers. It is clear
that the actual values of the duty cycles are not D; and Ds,
in general, but (p; +1)/2" and (p; + 1)/2". Consequently,
the actual value of rp is modified to (p2 + 1)/(p1 + 1). This
causes a quantization error and its effect on system performance
will be examined in Section IV. The notion of a transition
value Dpj; may be introduced here. The transition value of
Dy, is a value D7y, such that, if for Dy, = D, p, = p, for
Dy = Dri+,pr = p+ 1. This implies a step discontinuity in
the transformation. An expresion for Dy can be derived from
(30) to be

Dri = (py + 1.5) /2. 31

In summary, the control system, which is digital and alge-
braic in nature, accepts two reference inputs E, and 7,, and
depending on the chromaticity coordinates and luminance of
the two sources—collectively termed as luminous parameters
in this study—decides the selection of the color of the com-
panion source Ss in the form of a binary variable BLU_ON
and calculates two more integer outputs p; and py. It should be
noted here that the luminous parameters are not constants but
are functions of their respective junction temperatures. How-
ever, the controller sample time 7T is small compared to the rise
time of the junction temperatures corresponding to small step
changes in Ds that may occur between two consecutive cycles.
This validates the assumption that the values of the luminous
parameters are constants over a sampling period. A method for
estimating the luminous parameters in every sample interval at
runtime is presented in the next section.

C. Runtime Estimation of Luminous Parameters

A runtime estimation of the luminous parameters F);, x and
y of each LED requires an a priori knowledge of the varia-
tion of the parameters as functions of their respective junction
temperatures. One-time, offline measurement and evaluation of
some model parameters, discussed next, are necessary for the
purpose.

The system hardware has been designed in such a way that the
average value of forward drop of each LED, fed by a constant
amplitude, constant frequency, variable pulse-width current, is
connected to one channel of an on-chip ADC of the CICU. The
average forward voltage of a particular LED uy, is a function
of its duty cycle D and its junction temperature ;. The out-
put of the ADC n, being directly proportional to ug, can be
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TABLE I
EXPERIMENTALLY EVALUATED POLYNOMIAL COEFFICIENTS OF ADC OUTPUT
FOR THE THREE LEDS

Colour — White Red Blue

Ambient Ay Ay Ao Ay Ay Ao Ay Ay Ao

temperature,

oCl

27+2 939 979 -—-272 286 683 -—-21.5 74 905 -169

40+2 9.01 962 —-249 297 657 —15.5 645 890 —159
640 : - - - - ; . ;
620 1
600 1

8 580
560
540 J
520 | ! ! ‘ ‘ ! | ! !
055 056 057 058 059 06 061 062 063 064 065

D

Fig. 3. Graphs showing plot of (33) at two different ambient temperatures.

expressed as

n, =n, (D,0y). (32)

An experiment is now conducted in which the values of n,
are recorded for two different ambient temperatures of 27 £
2 and 40 £+ 2 °C and at three values of D = 0.1, 0.5 and
0.9 for white LED, and D = 0.1, 0.35, and 0.6 for red and
blue LEDs. The higher ambient temperature is usually taken
as the maximum operating ambient temperature of the lamp.
For brevity, the lower ambient temperature condition will be
termed as the S (or, “standard ambient”) condition and the higher
ambient temperature condition will be termed as the H (or, “high
ambient”) condition. Symbols like 1|S or 1|H will denote the
value of a variable 1 under standard ambient condition or high
ambient condition, respectively. Each n, is then expressed as a
quadratic expression in D of the form

ng = Ay + A1 D + Ay D?. (33)

The values of the constants Ay, A;, and Ay under S and H
conditions for the three LEDs are shown in Table 1.

For the white LED, a plot of (33) for a limited range of D is
shown in Fig. 3. We take D = 0.6 as an example and show n, |S
and n, |H by points A and B, respectively, in Fig. 3. The values
of n,|S and n,|H can be determined by using (33) along with
appropriate values of Ay, Ay, and A, given in Table 1. Actual
value of n, measured at runtime for the same D and shown by
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TABLE II
EXPERIMENTALLY EVALUATED INTERCEPT AND SLOPE VALUES FOR WHITE LED

Ambient temperature, °C ~ Ej; (0),1x  mpwm, Ix x (0) My v (0) my

27 +£2 150.8 —9.256 0.3222  —3.6047E-3  0.3342 —5.4651E-3

40 +£2 140.9 —10.95 0.3172 —4.6512E-3 03273 —6.2791E-3
TABLE III

EXPERIMENTALLY EVALUATED INTERCEPT AND SLOPE VALUES FOR RED LED

Ambient temperature, °C ~ Ej; (0),1x  mpp;, Ix x(0) My v (0) my

27+£2 72.8 —10.35 0.6919  2.2093E-3  0.3072  —1.8605E-3

40 +2 56.2 —10.35 0.6954  1.7742E-3  0.3035 —1.3953E-3
TABLE IV

EXPERIMENTALLY EVALUATED INTERCEPT AND SLOPE VALUES FOR BLUE LED

Ambient temperature, °C ~ Ej7(0),1x  mpy, IX x(0) My v (0) my
27+2 6.77 —0.5116  0.1391  —1.1628E-4  0.0342  1.2791E-3
40 £ 2 6.71 0.093 0.1390 —3.4884E-4 0.0381 9.3023E4

point X, may be, in general, different from either of them. We,
therefore, define a variable d given by

d=(n.|S —n4)/(ng |S—ng|H). (34)

As will be shown, this variable d, which is the ratio of the
lengths of the line segments AX and AB, plays an important
role in determining the values of the luminous parameters. Ex-
periments have shown that the parameters very nearly follow
the equations of straight lines given in slope—intercept form by

Exs (D) IS = Ext (0)[S + mu|S.D (352)
Ey (D) [H= Ey (0)|H+mg[H.D (35b)
z(D)|S =z (0)]S +m.[S.D (36a)
(D) [H = 2 (0)| H+ m, [H.D (36b)
y(D)[S = 2 (0)|S + m,[S.D (37a)
y (D) [H = & (0)| H + m, [H.D. (37b)

The slope and the intercept parameters from (35a) to (37b)
can be determined from the values of the left-hand sides for
two extreme values in the working range of D (0.1 and 0.9 for
white LED and 0.1 and 0.6 for the companion LEDs). Cau-
tion is taken so that a dependent variable reaches its steady
state before recording its value. The values of the parameters
so obtained are given in Tables II-IV. The evaluation of the
present 12 slope and intercept constants and the earlier six con-
stants A [S, A1[S, As|S, Ag|H, A1 |H and A, |H for each LED,
although done offline and only once, is time consuming and
therefore, adds to the system cost.

In the discussions to follow we shall, for the sake of brevity,
use acommon variable ¢ to indicate the the luminous parameters

because each will be estimated in the same manner at the runtime
and the meaning of ¢ will become clear from the context. Since
the value of duty cycle D is constant over a sampling period
of the controller, each ¢ is a function of n, only and assuming
further that each such function is continuous in the interval
(nq|S,nq|H), any ¢ for a given n, can be determined by the
linear interpolation formula
(@S =@ [H)/(na|S — nq [H).(na|S — nq).
(38)

=[S -

In view of the variable d defined earlier in (34), (38) simplifies

to
¢ =[S — (¢S —¢lH).d (39)

Replacing ¢ by the required luminous parameter Ej;, x or y
in (39), these parameters for the two active LEDs are estimated at
runtime. If the LEDs are operated at lower ambient temperature
than that under S condition, the value of n, will be higher
than n,|S and d will become negative. Although (38) and (39)
are still valid, the actual mathematical process becomes one of
linear extrapolation rather than that of linear interpolation.

Once the values of the luminous parameters are estimated, the
remaining calculations for determining the controller outputs, as
described in the previous section, are rather straightforward. The
algorithmic steps are given in a flowchart form in Section III.

Fig. 4 shows the variation of the estimated and measured
luminous parameters of the white and the red LEDs at different
heatsink temperatures. The normalized values of parameters
have been obtained by dividing the actual value with that of the
same at 30 °C. It is observed that the peak illuminance decreases
with temperature for both the LEDS.
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Fig.4. Normalized luminous parameters of the LEDs as a function of heatsink
temperature. (a) White. (b) Red.

III. FEATURES OF THE CCT AND ILLUMINANCE
CONTROL SYSTEM

A. Software Features of the CICU

The computational algorithm for the CICU is shown in the
flowchart of Fig. 5, where the numbers in parenthesis indicate
the equation numbers. The controller outputs BLU_ON, p; and
pa, are generated in every sampling period 7' of the system. The
calculations can be broadly divided into two groups: the aperi-
odic or once-only type and the periodic or inside-the-loop type.
The fixed calculations, which do not depend on the reference
inputs T, and E,., are kept in the aperiodic group. The buffers
mentioned in the third block from top are used for digital, low-
pass, moving-average filtering of ADC outputs n, mentioned
earlier in Section II-C. The branching in the loop to paths 1
and 2 occurs due to different values of parameters shown for
WB and WR blending lines, respectively. The paths 1 and 2
finally merge together and the remaining common calculations

9809

START

[ Initialize Ports, LCD, Timer, ADC |

Initialize 3X4 forward drop buffers with “S” condition values

SetBLU_ON =1

[ Di=01;D,=01 |

‘ Convert D; to pq and Dz to p2 ‘
)
, ®

‘Read T from POT1 and display‘

‘ Read llluminance E, from POT2 and display ‘

‘ Measure & filter n, of white LED and estimate Eyy, X1, V1 ‘

Y @ N
Y
Measure & filter n, of red LED and
estimate Ey;,, X5 ,Y2

Measure & filter n, of blue LED and
estimate Ey;,, X3,Y2

‘ Calculate TcO from estimated x; ,y; using (21) ‘

Set BLU_ON = 1

‘ Calculate m, y,,refor WB line ‘

v

‘Take values of a,b,c, from (24) ‘ ‘ Take values of a,b,c, from (25) ‘

' v

Solve (23) for n

SetBLU_ON =0

[ Calculate m, y, ,refor WR line |

‘ Compute: Xy, Ta Ip, D1 ,D2 ‘

‘ Convert D; to p; and Dy to p, ‘

'
Delay, T-T.

Flowchart of the proposed CCT and illuminance control algorithm.

Fig. 5.

are then made. The average value of the code execution time 7,
from nodes A to B decides the delay time 7j; according to the
equation

T,=T-T.. (40)

For the ATmega32A microcontroller, [38] used in the CICU,
running at a clock frequency of 12 MHz, the average value of
T, is about 5.5 ms. Thus, a delay time of 994 ms will produce
the desired sampling period of 1 s.

The human interface of the system is extremely simple. The
CCT and illuminance set points are supplied to the system in
a convenient form using two analog voltages from two poten-
tiometers, POT1 and POT2, respectively. The CCT can be set in
the range of 2500-12 500 K, with a resolution of 100 K and an
illuminance in the range of 5-120 Ix, with a resolution of 1 Ix.
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Both of these data are displayed on a common liquid crystal
display (LCD).

B. Hardware Features of the Proposed System

1) CICU: The main tasks of the CICU have already been
mentioned. The CICU comprises of an ATmega32A MCU, a
common JHD162A, 16 x 2 LCD display, a DEMUX using a
CD4011 CMOS quad, two-input NAND gate and two linear 10-K
POTs. Any other MCU, irrespective of the manufacturer, having
at least five ADCs, two 10-bit resolution PWM channels, 8 KB
of flash memory and eight programmable I/O lines, could also be
used to implement the proposed CICU. To avoid visible flicker,
it has been customary to use a PWM frequency of more than
100 Hz [39], [40]. However, arecent IEEE Standard, 1789-2015
[41] recommends that the PWM dimming frequency should be
higher than 1.25 kHz. Also, at this frequency and above, there is
no restriction on modulation percentage of the PWM dimming.
We have used a frequency of 1.46 kHz, a value that is easily
programmable for the aforementioned MCU operating at a clock
frequency of 12 MHz, for both the 10-bit PWM channels.

The DEMUX shown in Fig. 1 is implemented using acommon
quad, two-input, NAND CMOS IC CD4011. Depending on the
state of the select line BLU_ON, the DEMUX will drive the red
LED or the blue LED string from PWM2 channel. If BLU_ON
is high, the PWM signal generated at the PWM?2 channel of the
MCU is steered to A; to drive the blue LED string. On the other
hand, if BLU_ON is low, the PWM signal is steered to Ay to
drive the red LED string. The PWM1 channel of the MCU is
used to drive the white LED string.

2) Constant Voltage Switched-Mode Power Supply (SMPS):
As the primary source is normally an ac line at power frequency,
an ac—dc converter is needed to supply the current to the LED
strings. The control of current amplitude to the individual strings
is done by constant-current drivers described in the next section.
In our case, an SMPS has been designed using flyback topology
to provide a constant voltage of 12 V and an output current of
2 A.

The self-oscillating flyback converter, also known as the
ringing-choke converter (RCC), is a popular circuit for cost-
sensitive, low-power, offline applications [42], [43]. The noted
advantage of an RCC of this type is that it can be implemented
with very few discrete components. A detailed design-oriented
steady-state analysis and a small-signal model of the self-
oscillating flyback converter have been provided in the above
references. The pulse-width modulator and the switch driver
are implemented by using a single transistor, a positive feed-
back winding, and a resistor divider network. In our case, tight
voltage regulation is not required, because LEDs are driven by
their individual constant current drivers. Thus, a simple feed-
back control may be implemented by using a single zener diode
and an optocoupler. The +5-V supply required by the MCU,
the LCD, and the DEMUX is obtained from a LM7805 linear
regulator fed from the 12-V supply.

3) PWM Dimmable High-Side LED Driver: A TTL-logic
controllable, high-side, constant peak current LED driver has
been designed to drive the LED strings. The circuit diagram of
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Fig. 6. High-side constant current LED driver.

a typical driver is shown in Fig. 6. When the logic control input
LED_ON is 1, the LEDs turn on at a programmed value of peak
current decided by Rcg, the value of the current sensing resistor
R4. On the other hand, for LED_ON = 0, the LEDs are OFF. The
LED_ON signals, depending on the LED to be driven, are the
PWM outputs obtained either from the MCU (for white LED)
or from the DEMUX (for red or blue LED). An explanation of
the operating principle of the driver follows.

For logic input 0, the output of the TTL open-collector in-
verter Ul goes to Hi-Z state and the transistor Q1 goes to lin-
ear mode with a low value of collector-to-emitter voltage Ucg
slightly greater than its base-to-emitter voltage Upg. As aresult,
the magnitude of gate-to-source voltage Ugg of the output P-
channel MOSFET Q3 goes below its threshold level. Q3 thus turns
off, resulting in zero current through the LED string. Since the
drop Ucg across the current sensing resistor R4 is zero, the PNP
transistor Q2 remains cut-off and does not affect the operation
of the circuit.

Corresponding to a logic input of 1, the output voltage of the
inverter goes close to ground and the effective gate-to-source
capacitance Cgg of Q3 starts to get charged. Q1 turns off now
due to reverse biasing of its base—emitter junction caused by for-
ward current flow in D1. When the resulting magnitude of Ugg
crosses the threshold, the source current of Q3, which is also
equal to the LED current I1ip, starts to increase. This increase
of Igp = Is does not take place indefinitely but instead is lim-
ited to a value at which Ucg equals the base—emitter threshold
voltage Ur pg of Q2. Any increase of I, gp causes an increase
in the base current of Q2 resulting in drop of magnitude of its
Ucx, which is also the magnitude of Ugg of the MOSFET. This
restores the value of Iy gp, provided the current control loop
is stable. The preceding discussions, under the assumption of
stability, give an expression for Iy gp as follows:

Iigp = Ur e /Rcs. (41)

The current control loop has a very high low-frequency loop
gain and, if the voltage Ucg is directly coupled to the base of
Q2 through a resistor R3 alone, causes an instability in the form
of a high frequency oscillation in /1 gp. A common remedy in
the form of putting a lead network in the feedback path works in
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TABLE V
IMPORTANT PARAMETERS OF THE LED AND ITS DRIVER CIRCUIT

LED Power rating ~ Number Rcg ILED Pk Approximate
color of each LED  of LEDs (Ohm) (mA) peak E at
W) in series work plane,
Ix
White 1 3 1.9 316 146
Red 1 3 2.2 275 68
Blue 1 3 5.6 108 6.5
47n PE
Ayl
|_LED /1
ca #12v
3K3 47nIPE
R6 *—
c5
“;/ | 47K 47K J Ifmf %8
——e 3, ; ufa
| R8 R9 2 | ————<
14 J (To ADC2/3/4)
= ampe | )
% s T
4 )i 1
T
ov
Fig. 7. Second-order Butterworth LPF.

this case. It was realized by shunting the resistor R3 by a 10-nF
capacitor C2.

The change in the output LED current in response to the
logic control signal cannot be instantaneous—instead there are
finite turn-on and turn-off delays of t,4,, and t,.¢, respectively.
Experimentally, it was found that ¢;,, and ¢,.¢, respectively,
have values of 3.5 and 1 us. Since t40,, > t401, the output pulse
width will become less than the input one by an amount of
(tdon — tdomr ). This is circumvented by adding a correction term
in D, whose value is (tgon — tdoft)/Tpwi, Where Tpwy =
683 s is the time period of the PWM drive signal.

The values of Rcg and the corresponding current amplitudes
along with some other parameters are shown in Table V. The data
in the sixth column are calculated from the average illuminance
for D =0.5.

4) LED Average Forward Drop Measurement Circuit: The
instantaneous forward voltage across a series-connected LED
string is a periodic rectangular pulse with a time period Tpw,
a duty cycle D, and an amplitude that is the sum of the forward
drops of the LED at the constant level of peak current. A fraction
of this voltage, decided by the attenuation ratio R7/(R6 + R7),
when given to a low-pass filter (LPF) with a proper lower cut-off
frequency will produce an output with a dc component uy, along
with a negligible ripple. The circuit diagram of the attenuator
and the LPF is shown in Fig. 7. The output of the LPF is finally
converted by the respective on-chip ADC to an integer n, given
by

2Nad

ng = round (uga /Ug AD) (42)

where U Ap is the reference voltage and Nad is the number of
bits, respectively, of the ADC. n, is also, by design, internally
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clamped to an upper limit of 224 — 1. The input attenuator is
so chosen that full input range of the ADC is utilized ensuring
that the maximum value of wug,, corresponding to D = 1, does
not exceed Ur ap, which has a value of 2.56 V in our case.

A second-order Butterworth LPF was used in our implemen-
tation and its lower cut-off frequency was chosen to be 1/20th
that of the input fundamental frequency of 1.46 kHz. For the
standard component values used, the lower cut-off frequency
turns out to be 72 Hz, a value very close to the design target.

A further filtering of the ripple is effected by taking four
samples of the ADC output at intervals of Tpy /4 or, approx-
imately 170 pus and taking the average of four resulting values
of n,. Although this effectively increases the ADC conversion
time to Tpwi, it is, since Tpwy << T, of no serious concern.

5) Arrangement of the LEDs: A primitive arrangement of
the LEDs was done in the prototype to meet the basic optical
and thermal requirements. To facilitate adequate color mixing,
free of color patches, the LEDs were placed in such a way that
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TABLE VI
ERROR PERFORMANCE INDICES OF THE SYSTEM WITH FIXED LUMINOUS PARAMETERS

Ambient temperature RMS error in RMS error in Maximum absolute error Maximum absolute error
°0) T. (K) E (Ix) in T, (K) in E (Ix)
27+2 172.2 4.09 610at 7., = 12500 K; 7.2atT., = 12500 K;
B, = 1201x B, = 1201x
45+£2 1148.4 9.28 2810 at T, = 12500 K; 18.5at T,., = 2500 K;
E, =1201x E, =1201x
the distance between the farthest LEDs was small compared to 14000 1
. it A
the distance of the assembly from the work plane. The centers O setpont Meas”'ed@ A
of the three CW-PC LEDs constituting the main source S; were 12000 L 2 2 ©
located equally spaced on a pitch circle of diameter 40 mm. The
six companion red and blue LEDs were placed alternately so that 0000 © 9 o
their centers were on a concentric circle of 80 mm diameter with 4 R
two consecutive LEDs making an angle of 60° at the center. The &
heatsink was a 1.6-mm-thick-circular aluminum plate 110 mm & 8000 @ a a a
in diameter. At the maximum light output level, the temperature ~ ©
rise of the heatsink center was only approximately 8 °C above 6000 Q@ oy a a
the ambient.
4000 @A A n [
IV. EXPERIMENTAL RESULTS AND OBSERVATIONS
. (0N 12y ) S
A. Performance of the CCT and Illuminance Control System 2000 s . . ! s s . . s w )
) ] 20 30 40 50 60 70 80 90 100 110 120 130
The system was first operated with fixed luminous param- llluminance(lux)
eters measured at D; = 0.5 and Dy = 0.35 for the main and 4 o . _
companion LEDs, respectively. Twenty-four different combi- Fﬁa II11‘(3)t.erS)CCT and illuminance measurement at 10 °C (runtime estimated
nations, corresponding to four values of values of E, (30, 60, P ’
90, and 120 Ix) and six values of T, (2500, 4000, 6000, 8000, 14000
10 000, and 12 500 K) at each F, are set for measuring the | O setpoint A Measured |
CCT and E errors. The readings of the photometric quantities ool D 2 a 6
have been taken by using a Konica-Minolta CL200A Chroma
Meter which was used for determining the LED parameters as
described in Section II. The experimental plots of set point and 100007 Q a ] a
measured values for ambient temperatures of 27 and 45 °C are &
shown in Figs. 8 and 9, respectively. Two performance indices, 5 8000F Q@ Q 2\ 8
namely, RMS error and maximum absolute error, are also cho-  ©
sen to evaluate the system performance at these sample set point 6000l O o a8 a
combinations. The results are shown in Table VI.
The results in Table VI show that the performance of the sys- N . a a
tem, both in terms of RMS error and absolute error, for 7, and E 4000
are quite high, especially when one compares the corresponding & N N a
figures for the compensated system to be considered next. 2000 ‘ ‘ ' ' ‘ ‘ ' : ‘ ) :
. 20 30 40 50 60 70 80 90 100 110 120 130
The system was next operated in temperature compensated lluminance (lux)
mode using the parameter estimation algorithm discussed in
Section II-C. The experimental results for ambient tempera- Fig. 11.  CCT and illuminance measurement at 27 °C (runtime estimated
parameters).

tures of 10, 27, and 45 °C are shown in Figs. 10, 11, and 12,
respectively, in the form of scatter plots. The performance in-
dices at different ambient temperatures are given in Table VII,
where operation at a low ambient temperature of 10 °C has also
been included. At the low temperature, the luminous parame-
ters are estimated at runtime by extrapolation. Figs. 11 and 12,
when compared with Figs. 8 and 9, exhibit much lower errors
in CCT and E for the compensated system. A comparison of
the results in Tables VI and VII clearly indicates the superior-
ity of the compensated system over the uncompensated one. It

also shows that the system can be operated over a wide ambient
temperature excursion between 10 and 45 °C.

Maintaining the temperature compensated system at the stan-
dard ambient temperature of 27 4= 2 °C, the CCT and illuminace
errors as functions of the set point CCT, at various illuminance
set points were evaluated. The data are plotted in Figs. 13 and 14.

The following three plots show the internal functioning of the
controller at an ambient temperature of 27 + 2 °C. The ratio
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TABLE VII
ERROR PERFORMANCE INDICES OF THE SYSTEM WITH RUNTIME PARAMETER
ESTIMATION
Ambient RMS error RMS error Maximum Maximum
temperature in T, (K) in E (Ix) absolute absolute
(°O) error in error in E
T (K) (Ix)
10+2 167.5 0.46 286 0.8
27+2 161.5 0.61 319 1.1
45+2 167.2 0.31 400 0.8

r4, which determines the position of x; on the blending line,
is plotted as a function of set CCT in Fig. 15. It is observed
that r, is not affected by the illuminance set point. Fig. 16
shows how the duty cycles D; and D, change with set CCT
at two different values of set point E. It is apparent from this
figure that the value of rp = Dy/D; increases on both sides
of Dy = 0 point where the only source is S;. In Fig. 17, the
computed values of the luminance contributions F;; - D; and
FEyo - Do are plotted as functions of set CCT. It is obvious
that at a different ambient temperature, while the values of the
dependent variables in these three graphs will change, the shapes
of the graphs will be retained.

The relative efficiency as functions of set CCT at 120 Ix has
been plotted in Fig. 18. The figure shows that for fixed lumen
output the efficiency is decreasing for both RW and BW mixing
as efficacy of companion LED is less than that of the white LED.

B. Measurement of D,,,, and CRI

Although the requirements of a wide range of CCT and of
illuminance have been met, the deviation of the locus of the
operating points, namely the WB and WR line segments, from
the Planckian locus is clearly visible. To quantify the deviation,
a commonly used measure, D,,,, is used. The values of D,,, at
selected values of CCT are computed by transformation of the
CIE 1931 xy coordinates to the CIE 1960 uv coordinates system
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Fig. 13.  Graphs showing the error in CCT as a function of set point CCT. (a) E
= 120 Ix and 90 Ix. (b) E = 60 Ix and 30 Ix with runtime parameter estimation.

and subsequent evaluation of the linear distance between actual
operating point and the corresponding point on the Planckian
locus the in the uv plane. By definition, as the R-W-B locus
is always below the Planckian locus, D,, is negative for all
the points. A plot of D,, as a function of CCT is shown in
Fig. 19. Studies conducted at National Institute of Standards and
Technology (NIST, USA) [44] indicate that for a CCT range of
2700-6500 K, an approximate D,, of —0.015 appeared to be
most natural. For the CCT range of 2500—4000 K, our system
has a larger magnitude of D,,,. A possible way to mitigate the
problem is discussed at the end of this section.

To ascertain the color quality of the light produced by the
system over the entire range of CCT at 120 Ix, the full-scale value
of the illuminance set point, the most common color rendition
metric CRI R, was used. It was measured by a Konica-Minolta
CL-70F CRI-Illuminance meter. The values obtained are shown
in Table VIII. For a CCT range of 4000-12 500 K, the value
of CRI is more than 82, a figure that is often seen for many
commercial quality, fixed CCT, LED lights. The reason for a
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fall of CRI for a CCT below 4000 K is the marked deviation of
the WR blending line from the Planckian locus and an excessive
red content in the mixed light. At the end of this section, we
present a possible solution to this problem also.

Fig. 20 shows the spectral power distribution (SPD) of the
proposed RBW LED lighting system at 4000, 5000, 6000, and
7000 K. Measured CRI at 6000-7000 K is found to lie in the
band 88.3-90.1 as given in Table VIII. From the SPD curve, it
has been found that the peaky nature in the red region is less for
6000-7000 K, which leads to a high CRI value in this region.

C. Observation Regarding Output Quantization Error

One of the major sources of error in CCT, as already pointed
out in Section II-B, is the quantization of the controller output.
Before presenting the observed effect, a little detailed exposition
of the phenomenon is in order. One can, by use of (31), find two
successive transition values of a particular D. For example, by
setting p = (47, 48, 49) the values of Dr obtained are 0.04736
and 0.04834 for the 47-to-48 and 48-to-49 transitions, respec-
tively. Thus, for D in the range of (0.04736, 0.04834), p remains
unchanged at 48. Consequently, the value of the duty cycle of
the PWM drive signal remains unchanged and no control over
E or CCT can be exercised. To demonstrate the effect of this
output quantization, we had, with a goal of obtaining a CCT of
9200 K and an E of 30 Ix, manually set the values of p; to 212
and 213, and ps to 48 and 49 and measured the CCT at the four
possible combinations of p; and po. For our previously fixed
value of Ey;_B(0) = 6.77 Ix, the results are shown in Table IX.
It is clear that the set CCT cannot be met in general due to the
availability of a limited number of choices of the manipulated
variables p; and pso, resulting due to quantization. The last ob-
servation is true even when the controller works in automatic
mode.

While selecting the peak LED current and the resulting
peak illuminance for the blue LED shown in Table V, much
lower values were chosen compared to those of the red LED.
It was accepted that, due to the limited accuracy caused by
the limited resolution of the luxmeter, the measurement of
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peak illuminance was subject to a large error. However, the
range of the manipulated variable p, was about 0-120 giving
a resolution of 1 in 120. The consequential quantization error
has been demonstrated in Table IX. The error band in CCT
for a fixed p; = 210 is 45 K. To see the effect of choice of the
peak illuminance on quantization error, its value was raised to
12.07 Ix and the same experiment was repeated. The results are
reproduced in Table X. The range of the manipulated variable
po was about 0-60 giving a resolution of 1 in 60. As expected,
the error band in CCT for a fixed p; = 212 increases to 117 K.
It is thus concluded that a tradeoff between possible error in
measuring E; for the least contributing S, (blue LED in the
present case) and the resulting quantization error must be made.

D. Comparison of the Proposed LED Lighting System With
ANSI Standard

The ANSI standard C78.377A-2008 [45] for the chromatic-
ity of solid-state lighting products is reproduced in Table XI for
ready reference. Form Fig. 21, it is observed that the CCT toler-
ance requirement is satisfied for both the CCTs for all the values
of set illuminances. The D,,,, values for WR line, which are not
plotted in Fig. 22, are always negative and higher than the ANSI
specified values. On the other hand, from the D,,, values for
WA (white-amber) blending plotted in Fig. 22, it is observed
that the D,,,, is within the specified range for 3700-6200 K. The
ANSI C78.377 standard state that the tolerance range specified
in Table XI is applicable for indoor lighting; higher tolerance
values are often acceptable for other applications.

The expression for the AT and D,, of Table XI for the
flexible CCT have been given in the specified standard [45].
In accordance with the standard, the maximum and minimum
tolerance range of CCT and D, have been plotted in Figs. 21
and 22, respectively.

E. Improvement of D, and CRI

To improve the value of D,,,, value for CCTs lower than that
of Sy, the red LED source can be replaced by a source, say 7,
such that the blending line WT, as shown in Fig. 2, is closer
to the Planckian locus. In an initial trial, the red LED was re-
placed by an amber LED whose measured xy coordinates under
‘S’ condition and a duty cycle of 0.1 were 0.5685 and 0.4295,
respectively. The peak current value was kept the same as that
of the red LED. The value of D,,,, at 2500 K had remarkably
improved to —0.007. However, the spectral response character-
istic of the amber LED had a negligible red content as observed
by the Konica-Minolta CL-70F CRI-Illuminance meter. Owing
to this, the value of CRI in the 2500—4000 K band cannot be
improved by the use of this LED. Therefore, no further results
were collected.

Currently, work is in progress with a red—green composite
source for Sy. As the number of drivers has to be limited to
3, the series string of three red LEDs is replaced by a string
of two red LEDs and a green LED (R + G + R). The series
connection ensures that the same instantaneous current passes
through all the LEDs and that they have the same duty cycle. As
the xy coordinates of the composite source depend on those of
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TABLE VIII
CRI MEASUREMENT
Set CCT 2500 3000 4000 5000 6000 6200 6400 7000 8000 9000 10000 11000 12000 12500
Measured CRI ~ 71.3 74.0 82.4 86 90.1 90.3 90.5 88.3 84.8 84.2 84.2 84.1 84.1 84.0
1.2 T . T . . . T . 7500 T T T T T T :
= = =4000K
7000 - a
5000K Max. allowable CCT(ANSI C78.377-2008)
r 1 6500 | ——— Min. allowable CCT (ANSI C78.377-2008) b
—©&— Measured TC at 120Ix
6000 |- 1
08 1 < il
g =, 5500 - B
'_
a 2 5000 - 1
0 06 1 ®
= 2
© 3 4500 i
2 <
0.4 - 4000 ,
3500 - .
0.2 ] 3000 - .
2500 el 1 1 1 1 1 1 1
o ‘ 2500 3000 3500 4000 4500 5000 5500 6000 6500
350 400 450 500 550 600 650 700 750 800 Set point T (K)
Wavelength (nm)
Fig.21. Comparison of measured CCT with ANSI standard.
Fig. 20.  SPD of CCT (4000, 5000, 6000, and 7000 K).
3
TABLE IX 10 £ . . : :
CCT VALUES (K) AT DIFFERENT VALUES OF p; AND po
gl J
p1— 210 6l i
p2 |
4r D
94 9192 >
95 9237 a ol i
(0]
3
EM_B (D = 0) = 6.77 Ix. g of Max. allowable D (ANSI C78.377-2008) 1
TABLE X | |- Min. allowable D (ANSI C78.377-2008)
CCT VALUES (K) AT DIFFERENT VALUES OF p| AND P 2[ | —©— Measured D at 120ix (White-amber mixing) 1
4+ /”,,,—"4‘ ]
p— 212 T
P2 | or T 1
48 9140 8 : . . ‘ ‘ . .
49 9257 2500 3000 3500 4000 4500 5000 5500 6000 6500
Set point TC(K)
EM_B (D= 0)= 12.071Ix.
Fig.22. Comparison of D,,,, with ANSI standard for white-amber blending.

TABLE XI

ANSI C78.377A STANDARD FOR CHROMATICITY SPECIFICATIONS

Nominal CCT Target CCT and Target D,
(K) tolerance (K) and tolerance
2700 2725 + 145 0.000 £ 0.006
3000 3045 + 175 0.000 =+ 0.006
3500 3465 + 245 0.000 =+ 0.006
4000 3985 + 275 0.001 £ 0.006
4500 4503 + 243 0.001 =+ 0.006
5000 5028 + 283 0.002 £ 0.006
5700 5565 + 355 0.002 £ 0.006
6500 6530 + 510 0.003 =+ 0.006
Flexible CCT T+ AT Dy £ 0.006
(2700-6500 K)

the constituents and their corresponding values of ), its posi-
tion of the blending line is nearly fixed, barring the temperature
dependence of the luminous parameters. The positioning of the
R + G + R string to meet the requirements of symmetry with
respect to the white LEDs has to be compromised. Additionally,
these LEDs must be placed close enough so that the temperature
difference between their cases is very small, failing which the
values of the 18 constants of the model for luminous parameters
become imprecise. Although the initial results in terms of D,
and CRI improvement in the CCT range of 2500-4000 K range
are encouraging, more trials with green LEDs with different val-
ues of the ratio E); (0)/ILgp px are required. Selection of white
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LED is also an important factor: high-CRI white LEDs should
be chosen in the blending process to get high CRI throughout the
CCT range. The chromaticity of the white LED also should be
as close as possible to the Planckian locus to improve the D,,,,.

V. CONCLUSION

Based on a simple mathematical foundation, the design and
operation of an LED lamp with wide-range CCT and illumi-
nance control capability using two-component color blending
have been described in this paper. The implementation uses only
readily available components including a low-cost microcon-
troller. The average forward voltages of active LEDs are mea-
sured at runtime and the luminous parameters of the LEDs are
estimated by using a simple algorithm. The method of estimation
of parameters, which does not need any temperature measure-
ment, demonstrates the capability of operation of the system
over a wide ambient temperature range. A simple noniterative
program for the controller has been presented. Experimental
results demonstrate that the proposed approach for luminous
parameter estimation yields more accurate results than those
produced under the assumption of fixed luminous parameters.
The proposed RBW LED lighting system has been compared
with the ANSI standard for solid-state lighting products. Con-
sidering the wide range of available CCT, the error in CCT, D,,,
and measured CRI of the blended light are acceptable for a large
class of applications. An extension of the method has also been
suggested, in which the values of the D,,,, and CRI for the CCT
range of 2500—6500 K can be greatly improved by replacement
of the red LED string by a composite LED.
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