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ABSTRACT

This paper proposed a thermal-electrical-luminous dynamic model of red-green-blue (RGB) light-emit-
ting diode (LED) luminaire for lighting control. The thermal-electrical-luminous model consists of three
parts, namely, electrical-thermal (E-T), electrical-luminous (E-L), and thermal-luminous (T-L) models.
Using step response method, the electrical-thermal (E-T) model G(s) is derived as a first-order bi-proper
system. The electrical-luminous (E-L) and thermal-luminous (T-L) models are zeroth order model with a
constant gain since the luminous response to electric or thermal input is much faster. The thermal-elec-
trical-luminous model shows that the luminous intensity is proportional to input power and inversely
proportional to junction temperature. The dynamic response of luminous intensity is dominated by
the electrical-thermal model G(s).

The whole thermal-electrical-luminous model can be further divided into a constant gain and a first-
order bi-proper system. The constant gain causes the instantaneous response at power switch on; the
first-order system represents the luminous variation due to junction temperature change which is mainly
related to the heat sink design. The complete model can accurately describe luminous dynamic behavior

and be used in control system design of RGB LED lighting luminaire.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

High brightness light-emitting diode (LED) is a promising
technology for lighting. Due to the rapid technology improvement,
the illuminating efficiency of LED has reached > 80 Im/W in com-
mercial products and is proved energy saving as compared to
traditional lightings, such as incandescent (<20 Im/W), fluorescent
(<50 Im/W), and mercury (<70 Im/W) lamps. In addition, red-
green-blue (RGB) LEDs are the only light source which can vary
color in wide chromatic range [1,2] and has been applied in archi-
tectural, commercial, and residential lighting.

The lighting performance of RGB LEDs, such as illumination
intensity and light color, is determined by power inputs of color
LEDs. The light color is determined by luminous ratio of three color
LEDs. However, the illuminations of LEDs vary with junction temper-
ature variation due to self-heating of LEDs and variation of ambient
temperature. Hence, the thermal effect will affect both illumination
intensity and output color of LED. A lighting control of RGB LEDs is
thus needed. In order to develop the control system, a system
dynamics model of RGB LEDs taking into account the effect of ther-
mal, electrical, and luminous properties must be derived first.

The RGB LED lighting can be controlled using feedback system
design [3-7]. The derivation of a system dynamic model of LED
luminaire is thus important for the feedback system design.

* Corresponding author. Tel.: +886 2 2363 4790; fax: +886 2 2364 0549.
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However, very few researchers investigate the system dynamics
model of a LED luminaire. Masana [8] derived a RC thermal model
for a general semiconductor package. Gu et al. [9] studied optical
properties of LED at steady state. Muthu et al. [10] proposed a con-
stant luminous model which ignores the thermal effect. Farkas
et al. [11] developed a thermal model for luminous output and
thermal resistance in monochromatic light-emitting unit. Huang
et al. [12,13] derived a system dynamics model of a luminaire to
relate the energy input to LED junction temperature. In fact, the
junction temperature variation will affect the light output of LEDs.
Little has been studied on this subject. The present paper intends
to derive a thermal-electrical-luminous model of RGB LED lumi-
naire for the control system design of RGB LED lighting.

2. Modelling of RGB LED luminaire

From the principle of solid-state lighting, the luminance of LED
is induced from two physical mechanisms: energy effect and opto-
electronic effect. Both effects are related to junction temperature.
The thermal-electrical-luminous model of RGB LED luminaire thus
consists of three major parts: electrical-thermal (E-T) model; elec-
trical-luminous (E-L) model; thermal-luminous (T-L) model.

The RGB LED luminaire is a lighting fixture which is made of
multiple RGB LED lamps with a heat sink. The schematic diagram
of RGB LED luminaire is shown in Fig. 1. The LEDs are driven by
electrical input power which will raise the LED junction tempera-
ture by self-heating [14]. The dynamic behavior of junction
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Nomenclature

Ep power coefficient (cd/W)

Er temperature coefficient (cd/°C)

G thermal model of luminaire (°C/W)

Go averaged thermal model of luminaire (°C/W)
Gp thermal model of heat sink (°C/W)

Ge thermal model of chip (°C/W)

Hiep thermal-electrical-luminous model of luminaire (°C/W)
Hp power effect of H;gp (cd/W)

Hr temperature effect of Hygp (cd/W)

k gain of thermal model (°C/W)

M temperature sensitive parameter (V/°C)

P input power (W)

Prep input power (W)

p pole of thermal dynamics

s Laplace operator

T lump temperature (°C)

Tiep junction temperature (°C/W)

Ve averaged forward voltage (V)

Vro initial forward voltage (V)
z zero of thermal dynamics
Subscripts

a ambient air

B blue LEDs

G green LEDs

i notation of R,G or B

j LED junction

P input power

R red LEDs

T junction temperature

Greeks symbols
luminous intensity (cd)

Diep luminous intensity of RGB LED luminaire (cd)
~ perturbation
- average

temperature is related to thermal design of luminaire and can be
described by the electrical-thermal (E-T) model, G(s). Moreover,
the luminous output will be influenced by electrical input power
and junction temperature simultaneously. The electrical-luminous
(E-L) model, Ep, relates the electrical input power to the luminous
output. The thermal-luminous (T-L) model, Er, relates the junction
temperature to the luminous output.

For lighting fixture, the luminous output of LED can be
described according to three kinds of definitions: namely, lumi-
nous flux, luminous intensity, and illuminance. The luminous
intensity was used in the present study to represent the luminous
output. For multi-monochromatic LEDs, the thermal-electrical-
luminous physical relationship can be expressed as:

Drep(S) = Hiep(S)Prep(S) = EpPrep(s) + ErTien(s)

= [Ep + ErG(S)]PLep(S) (1)
where @;ip is luminous intensity of luminaire, H;gp is thermal-elec-
trical-luminous model of luminaire, P;gp is input power for RGB

LEDs, T;gp is junction temperature for RGB LEDs. The block diagram
is shown in Fig. 2.

2.1. Electrical-thermal (E-T) model, G(s)
The E-T model G(s) is related to the heat transfer of LED

luminaire which obeys the law of energy conservation. The heat
generated from chips conducts through the heat sink to ambient.

Multi-color LED Lamp

T 33— Metal Core PCB

Heat Sink

Fig. 1. Schematic diagram of RGB LED luminaire.

The electrical-thermal system dynamics can be treated as multi-
variable system with three inputs (input power of red, green and
blue LEDs - Pg(s), Pg(s), Ps(s)) and three outputs (junction temper-
ature of red, green, and blue LEDs - Tg(s), Tg(s), Tg(s)). Neglecting
the variation of ambient temperature, assuming the lumped condi-
tion for the temperature of LED chip, i.e. lumped assumption, and
using linear perturbation concept, we obtain the thermal model
G(s) which is a 3 x 3 transfer function [15]:

-zR(s) :I:R(S) TR(S)_
Gre(s) Gor(s) Gar(s) INTj &(S) ;G(S) ;B(S) ~
G(s) = | Gre(S) Gee(s) Gge(s) | = IBC((:@ ﬁcgi 136((3 at T, =0,
Cls) Gals) Gl TR(s) Tc(s) ’TB(s>
B B B
| Pr(s) Po(s) Ps(s) |

@)

The linearly-perturbed junction temperature can be derived as:

B TR(S) Grr(S) Ger(S) Ggr(S) IN)R(S)
Tien(s) = | To(s) | = | Gro(S) Goo(s) Gacl(s) | - | Pe(s) 5
TB(S) GRB(S) GGB(S) GBB(S) ﬁB(s)

= Giep(s) - IN)LED(SL
The block diagram of the E-T model is shown in Fig. 3.
2.2. Electrical-luminous (E-L) model, Ep
The electrical-luminous (E-L) model, Ep, relates the input

power to the output luminous intensity. Since the light response
to the input power is very fast, the E-L model of RGB LEDs is of

Fig. 2. The block diagram of thermal-electrical-luminous model of RGB LED
luminaire.
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P.(s) —] 5 73 (9)
B.(s)—» G(s) —>T.(s)
Py(s)—> —>7(s)

Fig. 3. Input-output block diagram of the E-T model.

zeroth order with a constant gain, defined as, in terms of linear per-
turbation concept:

Puep(s) Puep(s) Puen(s)
Epc Epg)=|—= = L . 4
pc  Epp] Pe(s)  Pols)  Pls) 4)
Fig. 4 depicts the block diagram of the electrical-luminous (E-L)
model, Ep.

Ep = [Ew

2.3. Thermal-luminous (T-L) model, Er

The thermal-luminous (T-L) model, E; relates the junction
temperature to the output luminous intensity. Since the light
response to the junction temperature variation is very fast, the
T-L model of RGB LEDs is of zeroth order with a constant gain, de-
fined as, in terms of linear perturbation concept:

Duep(s) Pun(s) Puen(s)| (5)
Tr(s)  Te(s)  Ts(s)
Fig. 5 is the block diagram of the thermal-luminous (T-L) mod-
el, Er.

Er=[Emr Erc Em]=

3. Identification of thermal-electrical-luminous model of RGB
LED luminaire

The mathematical model of RGB LED luminaire described above
will be identified experimentally.

3.1. Experimental setup

An RGB LED luminaire was designed and built in the present
study, as shown in Fig. 6. The lighting fixture consists of four
mechanical parts: light engines, heat sink, shell, and circular baffle.
The light engine is made of RGB LED lamps soldered on a metal
core PCB (MCPCB). In order to measure the light spectrum of LED
at the same junction temperature, a single LED lamp is soldered
on a @34 mm MCPCB which is attached to the light engine body.

P x+d~'>(Y)
) — 55

+
ﬁB(S)— E,p

Fig. 4. Input-output block diagram of the electrical-luminous (E-L) model, Ep.

+

fR(S)_ ETR -
- + B,
79— ?7)_&)

fn(s)— E,

Fig. 5. Input-output block diagram of the thermal-luminous (T-L) model, Er.

RGB LED lamp

Rear side

rear cap

heat sink
MCPCB

circular baffle shell

Fig. 6. Schematic diagram of RGB LED luminaire.

Table 1
Specification of LED lamp (forward current 350 mA).
Items No. of Peak Photopic Power
chip wavelength (nm) power (Im) dissipation (W)
Red 1 621.2 33 1.21
Green 2 520.8 50 2.56
Blue 1 459.8 11 1.27

Annotation: four chip in single package.

This single LED lamp acts as a sensor for measuring the LED junc-
tion temperature and is called “LED sensor”.

The circular baffle is used in front side to isolate the stray light
during the measurement of the light spectrum. The specification of
RGB LED lamp and luminaire are listed in Tables 1 and 2,
respectively.

The LED is driven by a constant-current with pulse-width mod-
ulation (DC-PWM) for minimal chromaticity shifts [16]. The
switching frequency is set at 120 Hz to avoid perceptible flicker
[17]. The input power is controlled by the duty cycle of DC-
PWM. The junction temperature is measured by pulse method
[13,18].

A linear junction temperature-voltage relation at low current
(1 mA) was first determined experimentally in a well-controlled
environment [13]:

T, — a+ bV, (6)

The junction temperature can then be measured at the OFF-interval
of DC-PWM using the LED sensor with 1 mA current.

An experimental apparatus was built for light measurement of
RGB LED luminaire. The apparatus includes integrating sphere, cur-
rent meter with photopic detector, spectrometer and personal
computer. The measuring system can provide color mixing and

Table 2
Specification of RGB LED luminaire.

Light engine
@ Four lamps on @85 mm MCPCB.

@® Lamps arrangement: 2 x 2.
® Lamps spacing: 20 mm.

Total power dissipation: 25 W
Thickness of aluminum MCPCB: 2.0 mm

Heat sink Material: aluminum
Weight: 900 g.
Shell Material: aluminum

Surface area: 950 cm?

Circular baffle Material: black acrylonitrile-butadiene-styrene
Diameter: 125 mm

Length: 65 mm
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Optical Fiber,

Integrating Sphere
(w 25cm)

RGB LED
Luminaire

LED Driver &
Junction Temperature
Testing Circuit

Photopic
detector

Spectrometer
(USB2000)

Current Meter
(HP 3457A)

PC for data logging

Fig. 7. Schematic diagram of luminous experimental setup.

data recording of luminous intensity and junction temperature.
The experimental facility is shown in Fig. 7.

3.2. Electrical-thermal (E-T) model, G(s)

The electrical-thermal model G(s) can be identified using step
response method. The E-T model G(s) is a 3 x 3 MIMO model. All
the elements can be identified experimentally using step test
method. First, the step input power was applied to red LEDs while
keeping all other inputs constant. The time responses of R-G-B
junction temperatures then can be determined and analyzed to ob-
tain Ggg(s), Gra(S), Gra(s), from Eq. (7):

Tr(s) Grr(S) Gor(s) Gr(S) Pg(s) Grr(S) - Pr(s)

Te(s) | =| Gre(S) Geo(s)  Gaa(S) 0 | = | Gre(s)- Pr(s)

T5(s) Gra(s)  Gea(s)  Gea(S) 0 Gra(S) - Pr(s)
at Pg(s) = 0 and Pg(s) =0,

(7)

Similarly, the step input powers were applied to green or blue LEDs,
respectively, while keeping all other inputs constant. The time
responses of R-G-B junction temperatures then can be determined

and analyzed to obtain Ggg(s), Go(S), Ges(s), from Eq. (8) and Ggg(s),
Gag(s), Gpg(s), from Eq. (9):

Tr(s)|  [Gu(s) Ger(s) Gm(s)] [ O Gex(s) - Po(s)
TN'G(S) =| Gro(s) Gee(s) Gaa(s) Pg(s) | = | Geg(s) - ﬁc(s)
Ts(s) Grs(s) Ges(s) Ga(S) 0 Gas(s) - Po(s)

at Pg(s) =0 and Pg(s) =0,

8)

Tr(s) Grr(S) Ger(S) Gar(S) 0 Gar(S) - INJB(S)
TN"G(S) =| Gre(S) Gee(s) Gaa(S) N 0 = | Gpg(S) - ﬁB(S)
Ts(s) Gra(s)  Gea(s) Gaa(s) ] [ Ps(s) Gss(s) - Pa(s)

at Pg(s) =0 and P¢(s) = 0.

)

G(s) varied with the magnitude of input power. All the nine
elements of G(s) were identified at different input power as first-or-
der bi-proper system by using Rake’s analysis [13,19]. Table 3
shows the poles, zeros and gains of G(s) at different input power
perturbation. An average model for E-T model G(s) is derived as,
using the mean value of each parameter:

Table 3
Poles, zeros and gains of thermal model using different input power perturbation.

No. Grr No. Grc No. Grp

p z k p z k p z k

Step Pg (W)
1.8 -39 1 -0.00083 -0.00153 1.0889 5 -0.00083 -0.00229 0.2097 9 -0.00082 -0.00212 0.4164
39 - 6.0 2 -0.00080 -0.00227 0.5253 6 -0.00074 -0.00236 0.2024 10 -0.00073 -0.00221 0.3883
6.0 -39 3 -0.00088 -0.00231 0.5290 7 -0.00081 -0.00181 0.2547 11 -0.00084 -0.00189 0.4616
39-51.8 4 -0.00083 -0.00156 1.1093 8 -0.00083 -0.00224 0.2213 12 -0.00084 -0.00222 0.4096
Average model -0.00083 -0.00192 0.8131 -0.00080 -0.00217 0.2220 -0.00081 -0.00211 0.4190
Step P (W)
3983 13 -0.00087 -0.00368 0.9536 17 -0.00087 -0.00157 1.4477 21 -0.00083 -0.00167 1.8957
83 - 12.7 14 -0.00085 -0.00342 0.9284 18 -0.00084 -0.00124 2.2138 22 -0.00085 -0.00171 1.7378
12.7 - 8.3 15 -0.00085 -0.00316 0.9965 19 -0.00085 -0.00126 2.1829 23 -0.00086 -0.00179 1.6930
83 -39 16 -0.00073 -0.00347 0.9081 20 -0.00073 -0.00141 1.4214 24 -0.00075 -0.00185 1.6558
Average model -0.00083 -0.00343 0.9467 -0.00082 -0.00137 1.8164 -0.00082 -0.00175 1.7456
Step Py (W)
1.9 - 4.1 25 -0.00080 -0.00297 0.6142 29 -0.00082 -0.00256 0.3127 33 -0.00075 -0.00128 1.7247
41 -6.3 26 -0.00083 -0.00245 0.6714 30 -0.00078 -0.00197 0.3488 34 -0.00080 -0.00112 2.6812
6.3 - 4.1 27 -0.00085 -0.00346 0.5262 31 -0.00084 -0.00245 0.3154 35 -0.00085 -0.00121 2.6632
41-1.9 28 -0.00079 -0.00317 0.5618 32 -0.00079 -0.00208 0.3582 36 —-0.00081 -0.00129 1.7869
Average model -0.00082 -0.00301 0.5934 -0.00081 -0.00227 0.3338 -0.00080 -0.00122 2.2140
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Fig. 8. The time response of Ggg(s) using step power input of green LEDs from 8.3 W

0127 W Fig. 9. The frequency response of Ggg(s) model identified using step power input of
0 12.7W.

green LEDs from 8.3 W to 12.7 W.
0.8132(s+0.00192) 0.2220(s+0.00343) 0.4190(s+0.00301)

(s+0.00083) (s+0.00083) (s+0.00082)
| 0.9467(s+0.00217) 1.8164(s+0.00137) 1.7456(s+0.00227) . » .
Go(s)= (s+0.00080) (s+0.00082) (s+0.00081) | The model parameters at each operating conditions are shown in
0.5934(s+0.00211) 0.3338(s+0.00175) 2.2140(s+0.00122) Table 3. The comparison of the measured step response with the
(s+0.0008T) (s+0.00082) (s+0.00080) calculation from the average model, the element Ggg(s) in Go(s), is
(10) shown in Figs. 8 and 9 shows the measured frequency response
Pr Ps Pg
45 45 45
NO.1,2,3,4 NO. 13, 14, 15, 16 NO. 25, 26, 27, 28
4 GGR
|_ I A0
30 " 4 O Average model
T Perturbed model
25
0 5000 10000 0 5000 10000 0 5000 10000
Time(sec) Time(sec) Time(sec)
45 45 45
NO.5,6,7,8 NO.17, 18,19, 20 NO. 29, 30, 31, 32
40
FE 35 Gre

Junction Temperature (°C)

25
0 5000 10000 0 5000 10000 0 5000 10000
Time(sec) Time(sec) Time(sec)
45 45 45
NO. 9, 10, 11, 12 NO. 21, 22, 23, 24 NO. 33, 34, 35, 36

40
o
= 35 GRB
30
25
0 5000 10000 0 5000 10000 0 5000 10000
Time(sec) Time(sec) Time(sec)

Fig. 10. The junction temperature responses of all nine elements in G(s) using 4 W step power input for each LEDs.
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and the calculation from the average model. Fig. 10 presents the
junction temperature responses of all nine elements in the thermal
model G(s) for 4 W step power input to each LEDs which are calcu-
lated using the above identified model.

3.3. Electrical-luminous (E-L) model, Ep

The optoelectric response of LEDs is much faster than the ther-
mal behavior of luminaire. The electrical-luminous (E-L) model,
Ep, can thus be treated as zeroth order system. Moreover, input
power and junction temperature will influence linearly the lumi-
nous intensity of LEDs [14]. The reception of eyes is also linear
due to linearity laws [17]. Therefore, Ep is constant.

The luminous response of different color LEDs due to power
input can be determined separately using isolating method. That
is, applying step power input to red LED, while keeping the power
input of other LEDs at constant, and measuring the luminous inten-
sity of LEDs, we can determine the elements of Ep.

~ . Pe(s)

e o Pots) B B ]| O .
— Epg Pyls) at Po(s) =0 and Py(s) =0,

- ~ -~0 ]

05) =By Puots) = B BB | el )
— Epc-Pe(s) at Pa(s) =0 and Py(s) = 0,

N B 0

o0 Er-Pua) = B B Fol-| O )

= Epg - Pp(s) at Pg(s) =0 and Pg(s) = 0.

A procedure was designed to obtain the step input power and lumi-
nous intensity. Input power of one color LEDs firstly was applied at
a fixed value and others set to 0 W. The junction temperature of
powered LEDs will rise by self-heating. The luminous intensities
were recorded at junction temperature 60 °C. In this study, three
input power levels were used for each color LEDs (red LEDs:
545W, 424 W and 3.03W, green LEDs: 448 W, 3.20W and
1.92 W; blue LEDs: 2.22W, 1.33 W and 0.44 W). The results are
shown in Fig. 11. Ep is then determined:

3000
A RedLEDs
2500+ B Green LEDs
v Blue LEDs
)
<
S 20004
%
E 1500
%
)
=t
‘£ 1000
3
—
500‘ /
0 T T T T T
0 1 2 3 4 5 6

Input Power (W)

Fig. 11. The relation between luminous intensity and input power.

Ep=[Em Epc Eps]=[279.52 542.87 161.39]. (14)

3.4. Thermal-luminous (T-L) model, Er

The thermal-luminous (T-L) model, Er relates the junction
temperature to the output luminous intensity. Since the light
response to the junction temperature variation is very fast, the
T-L model of RGB LEDs is of zeroth order with a constant gain,
defined in Eq. (5).

The luminous response of different color LEDs can be calculated
as:

@T(S) =Er- TLED(S) =[Exr Erg Em]- 0
0 (15)

=Emg-Tr(s) at T¢(s) =0 and Ty(s) =0,

&r(s) = Er - Tun(s) = [Em  Erc Em]- T%s) 16
= Erg- To(s) at Tg(s) =0 and T_B(s) =_0,

- ~ [0 ]

&r(s) =Er - Tuep(s) = [Em  Erc Em]-| O a7)

[ Ts(s) ]
— Erg- Tp(s) at Tg(s) =0 and Tg(s) = 0.

Input power was applied at fixed level in one color LEDs, and set
other LEDs at 0 W. The curve of luminous intensity and junction
temperature were recorded continuously. In this study, input power
level were 4.84 W for red, 3.33 W for green and 0.83 W for blue
LEDs. The results are linear as shown in Fig. 12. Er can be obtained
by using linear regression method as

Er=[Em Erc Em)=[-1276 —432 —0.69]. (18)

3.5. Thermal-electrical-luminous model of RGB LED luminaire

Combining the above results, the thermal-electrical-luminous
model is described as:

Hiep(s) = Ep + Er - G(S)

- [260.97—( QoL 534.69 — Soue

$+0.000816) $+0.000816) $+0.000816)

156.04 7(0'%]

3000
2500 A *
)
L
‘E‘ 2000 1 PSS Green LEDs
§ (P4=3.33W)
= 1500 - S
=]
=)
g Red LEDs
£ 1000 (P=4.84W)
a
500 4 —\
Blue LEDs
(P,=0.83W)
0 : : : : :
30 40 50 60 70 80 90

Junction Temperature(° C)

Fig. 12. The relation between luminous intensity and junction temperature.
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Table 4
Step test condition for verification.

Time (s) Perturbation of input power (W)

Py Pg Py
0 4.84 3.33 0.83
13,000 0 0 0.12
19,000 0 0.41 0
25,000 0.3 0 0

Annotation: correlative color temperature 4500 K.

3.6. Verification of thermal-electrical-luminous model of RGB LED
luminaire

The complete thermal-electrical-luminous model of RGB LED
luminaire Hjgp(s) needs experimental verification. To simulate
the general lighting application, the operating condition was set
at luminous intensity 3800 cd and color temperature 4500 K. The
light appears as normal warm white color. Under this condition,
the conversion of illuminance at 2 m distance is 950 lux which is
suitable for indoor lighting application [20]. A step test procedure
with four input power perturbations was employed. The perturbed
inputs are listed in Table 4. The first step input is big and causes
large junction temperature rise. The luminous intensity response
can be calculated using the electrical-thermal model G(s) and the
thermal-luminous (T-L) model, Er. For small perturbation input
to individual color LEDs with small temperature variation, the
luminous response can be calculated using the electrical-luminous
(E-L) model Ep. Since the light color is determined by luminous
ratio of individual color LEDs, the last three input power steps were
set to result in equal color shift in light output.

The calculation of the total luminous intensity response using
Eq. (19) can be used to compare with the measurements shown
in Fig. 13a. The temperature responses of RGB LED luminaire were
measured, as shown in Fig. 13b. It is seen that the response of lumi-
nous intensity can fit the experimental data well. The luminous
responses during the first step coincide with the prediction of E-
T and T-L model, and the luminous jumps at each step at time
13,000 s, 19,000 s, and 25,000 s, follows the E-L model as well. At
the duration of the last step test, the ambient temperature (uncon-
trolled in experiment) changed (decreasing). Hence, the junction
temperature decrease since the effect of decreasing ambient tem-
perature is larger than input power step change. The lower junc-
tion temperature thus induces a higher luminous intensity
according to T-L model. This explains why the luminous intensity
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responses in Fig. 13a showing opposite trend between experimen-
tal results and the thermal-electrical-luminous model during the
last step transient.

4. Discussion and conclusions

The present paper has derived a thermal-electrical-luminous
dynamic model of red-green-blue (RGB) light-emitting diode
(LED) luminaire for lighting control. The thermal-electrical-lumi-
nous model consists of three parts, namely, electrical-thermal (E-
T), electrical-luminous (E-L), and thermal-luminous (T-L) models.
Using step response method, the electrical-thermal (E-T) model
G(s) is identified experimentally as a first-order bi-proper system.
The electrical-luminous (E-L) and thermal-luminous (T-L) models
are zeroth model with a constant gain since the luminous response
to electric or thermal input is much fast.

The thermal-electrical-luminous model shows that the lumi-
nous intensity is proportional to input power and inversely propor-
tionally to junction temperature. The dynamics of luminous
intensity is dominated by the electrical-thermal model G(s). The
complete model can describe the luminous dynamic behavior and
can be used in control system design of RGB LED lighting luminaire.

The electrical-thermal (E-T) model G(s), Eq. (10), can be sepa-
rated into a constant model G/s) and a first-order model G(s), as
shown in Eq. (20). The constant model G(s) represents the instan-
taneous heating of LED chip due to poor cooling in chip package.
The first-order model G(s) is resulted from slow dynamic behavior
of the heat sink. It is seen that all the nine poles of G(s) are very
close to each other, within + 2%.

0.8132 0.2220 0.4190
G(s) = Ge(s) + Gy(s) = | 0.9467 1.8164 1.7456
0.5934 0.3338 2.2140

0.000881 _ _0.002470  _0.001302
(5+0.00083) (s-+0.00083) (s+0.00082)

0.000304  _0.000991 _ _0.000486
(5+0.00080) (s+0.00082) (s+0.00081) |-

0.000545  _0.001629  _ 0.000932
(5+0.0008T) (s-+0.00082) (s-+0.00080)

(20)

The time response of optoelectric effect is at nano-second level and
much faster than thermal effect. The electrical-luminous (E-L)
model Ep is thus a zero-order system. The luminous intensity is
proportional to input power. However, Ep¢ is greater than others
because there are twice numbers of green chips in each LED lamp
[17].
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Fig. 13. The output response under sequential input power perturbation in Table 4; (a) luminous intensity comparison and (b) measured temperature responses.
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The thermal-luminous (T-L) model Er describes the luminous
response of junction temperature change. It is a zero-order and
constant system. The luminous intensity is inversely proportional
to junction temperature. The luminous decay rate by thermal effect
is thus determined by electrical-luminous (E-L) model Ep and the
thermal-luminous (T-L) model Ey. Furthermore, the spectrum shift
and decay of red LEDs due to junction temperature effect is much
greater than other LEDs [9] since Egr for red LEDs is greater than
other LEDs. The prediction of E-T and T-L model coincides very
well with experiment as shown in Fig. 13a.

Since the input power increase will cause a junction tempera-
ture rise and reduce luminous intensity. Therefore, both E-T and
T-L model must be tested at the same time. For the verification
of the E-L model, the input power step is small in order to reduce
junction temperature rise. The large gain of the E-L model helps in
validating the model using small step. By examining the response
at the instant of applied step, the jump of predicted luminous
response coincides with experimental results at 13,000s,
19,000 s, and 25,000 s.

The present thermal-electrical-luminous model for a RGB LED
luminaire is able to predict the luminous response. However, the
slight deviation occurs in the last two step responses. This devia-
tion is caused by the disturbance of ambient temperature since
the effect of ambient temperature is ignored in the present model.
According to the E-T model of Eq. (2), the sequential increasing
input power steps in Table 4 will raise junction temperatures while
the ambient temperature keeps constant. However, at the duration
of the last step test from 23,000 s in Fig. 13b, the ambient temper-
ature (uncontrolled in experiment) changed (decreasing). Hence,
the junction temperature decrease since the effect of decreasing
ambient temperature is larger than input power step change. The
lower junction temperature thus induces a higher luminous inten-
sity according to T-L model. This explains why the luminous inten-
sity responses in Fig. 13a showing opposite trend between
experimental results and the thermal-electrical-luminous model
during the last step transient.

The whole thermal-electrical-luminous model can be further
divided into two parts as:

Hiep(S) =[Ep +Er - G(5)] = [Ep + Er - Ge(S)] + [Er - G (5)] = H (5)
+Hr(s)=[260.97 534.69 156.04]

00371 _ __ 00176 _ __ 0.0114
+|~(5+0.000876) ~(s+0.000816) ~ (s+0.000816)

(21)

Hp is constant matrix which can be treated as the instantaneous
response at switch on. Hy represents the luminous variation due
to junction temperature change which is mainly related to the heat
sink.

The thermal-electrical-luminous model can be used in the con-
trol system design for RGB LED lighting.
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