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Abstract—LED technology is a multidisciplinary subject that
involves semiconductor physics, photometry, electric power, heat,
and chromaticity. It has been demonstrated that operating the
LED load at its rated power does not necessarily guarantee op-
timal luminous performance unless the LED system is properly
designed. This paper presents a tutorial of LED system theory that
links the device characteristics to optimal system designs. Based
on recent works on the photoelectrothermal theory and its exten-
sions, this paper aims at providing a comprehensive LED system
theory with physical explanations for electronics engineers and re-
searchers working in LED system designs, with the emphasis on
general and public lighting applications. The physical meanings of
essential parameters are explained. Practical test procedures for
extracting parameters not readily available in data sheets are in-
cluded. It is envisaged that this LED system theory will form the
basic design guidelines for future LED system designs. This tuto-
rial paper is written not only for educational purpose, but it also
highlights important parameters that LED device manufacturers
should include in LED data sheets.

Index Terms—Light-emitting diodes, photoelectrothermal the-
ory, solid state lighting.

1. INTRODUCTION

ED is a revolutionary lighting technology that has the po-
L tential of replacing energy-inefficient incandescent lamps
and mercury-filled fluorescent lamps. Despite its successes in
display, decorative, and signaling applications, its applications
in general and public lighting are still restricted. There are sev-
eral major reasons for such limitations in general and public
lighting. First, there is still no international standard on the bin-
ning systems on color temperature and on the electrical ratings of
the LED devices, although an international consortium is work-
ing on such standardization [1]. Second, many commercial LED
products (i.e., LED systems) failed to meet the manufacturers’
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claims on the luminous outputs, as recently pointed out in an
IET article [2]. Third, the long lifetime enjoyed by LED devices
may not be matched by the LED drivers. From a system point of
view, the lifetime of the product is determined by the weakest
component which has been identified as the electrolytic capaci-
tors [3]-[5] in the driver circuits. These problematic issues are
consistent with the conclusions of the panel discussion of the
international forum in Shanghai in 2009 [6], which also include
eye discomfort caused by the high color temperature (>6000 K)
of LEDs involved, vulnerability to lightning and short lifetime
of electronic LED drivers, gradual degradation of luminous out-
put as the LED fixtures warm up, and gradual loss of cooling
effects of heatsink due to dust deposition and birds’ excretion.
The significance of the system aspects of the LED technology
such as lifetime of LED drivers and thermal designs has been
reiterated in recent industrial presentations in [57] and [58]

LEDs with high color temperature tend to have higher lumi-
nous efficacy. The imminent requirement of using warm-white
LEDs (with lower color temperature) signifies the importance
of optimal design of the entire LED system, including the right
choice of LED devices, the use of highly reliable LED drivers
(preferably with lifetime exceeding 10 years and high robustness
against extreme weather conditions such as lightning and wide
temperature range), appropriate thermal management [7]-[11],
and proper mechanical design of the lighting fixture.

The photometric, electrical, and thermal characteristics of
LED systems are highly dependent on one another. This section
summarizes some recent research publications that are relevant
to these aspects. With increasing demand for higher power den-
sity, high-brightness LED is facing challenging thermal prob-
lems that affect optical characteristics and reliability [12], [13].
Increasing junction temperature results in the reduction of lumi-
nous flux which is known as luminous efficacy droop [14], [15]
and such rate of reduction is often measured as a K factor in
some semiconductor device literature [16]-[18]. Based on ex-
perimental approaches, many researchers have reported findings
on such droop characteristics. In [12], the mechanism of the
increased nonradiative recombination centers is related to the
generation of defects in the active region due to the high current
flow through quantum well structure and the increase of LED
chip temperature. The effect of temperature on the light output
of LED strongly depends on materials and the structure of a
chip. It has been reported in [19] that the fundamental origin
of the high current “droop” of efficiency observed in LEDs is

0885-8993/$31.00 © 2012 IEEE
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unlikely caused by incomplete carrier injection or carrier es-
cape but rather is a fundamental material property of LED.
Besides the luminous efficacy droop problem, the thermal prob-
lem also accelerates aging [20], [21] and causes color shift of
LED [22], [23].

Research studies into the theoretical model and parameter ex-
traction are essential in understanding the interactions of heat,
light, and power in LED systems. In practice, temperature mea-
surement of LED can be carried out using nematic liquid crystal
thermography with laser illumination [24], but such method
cannot be used to monitor the junction temperature easily when
the LED is housed in a package. A significant advancement was
made by Schubert and his team [25] who experimentally estab-
lished the relationship between the forward voltage V; and the
junction temperature T; of GaN LED. Such advancement led
to similar work for the GaN laser diode [26]. The relationship
between T; and V; provides a tool for predicting the internal
junction temperature which affects luminous efficacy [27], [28],
lifetime [20], [21], [29], [30], and color [12], [22], [23], [31].
Based on the structure functions and transient measurement
methods, accurate practical thermal measurements for the ther-
mal resistance and capacitance and junction temperature be-
come possible [15]-[17], [55], leading to the development of a
commercial LED measurement system [32]. LED researchers
have reported electrical modeling of junction temperature pre-
diction in [25]-[27], [33] and thermal resistance [34], [35]. So
far, these reports focus on measurements of device parameters
and junction temperature without considering overall system
design (such as heatsink design) for the optimization of the
luminous output. For more accurate studies on the complex in-
teractions of heat, light, and power in LED systems, scientists
have to use 3-D finite-element methods [28], [36].

Starting with a brief description of LED device charac-
teristics, this tutorial aims at systematically gathering recent
progress in LED system theory and providing sufficient scien-
tific and technological information for electronics engineers and
researchers to understand the complex interactions of photomet-
ric, electric, thermal, and chromatic aspects of LED systems. It
provides an introduction of a comprehensive LED system the-
ory to electronics engineers and researchers for optimal design
of LED systems and products. Such system theory offers clear
explanations on why LED systems, if not properly designed,
may not achieve optimal performance at rated power, and also
why their luminous outputs will drop with time. The tutorial
also highlights some important features in LED data sheets and
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Simplified steady-state and dynamic thermal equivalent circuits of the LED system with N LEDs mounted on the same heatsink [39], [40]. (a) Steady-state

their implications and explains nonlinear and interdependent
factors affecting LED system performance. Section II will re-
visit the steady-state and dynamic photoelectrothermal (PET)
theories for LED systems, which will be used throughout this
paper as the basis for LED system design and optimization. In
particular, the physical meanings and determination procedures
for important coefficients used in the PET theory for the LED
system are included so that LED system designers can under-
stand the physical behavior of the LED devices. The tutorial
will point to certain criteria for selecting the design philosophy
of LED systems and the optimization design procedure will be
addressed in Section III. The implications of the LED system
theory on the LED device and system design will be included in
Section IV.

II. PET THEORY FOR LED SYSTEMS

Assuming that the LED devices are identical and that the heat
distribution is even in the heatsink, Fig. 1(a) and (b) shows the
simplified steady-state and dynamic thermal equivalent circuits
for a general LED system with N LED devices mounted on a
heatsink. In practice, heatsink compound or equivalent mate-
rial may be used between the LEDs and the heatsink to ensure
good thermal contact. The thermal resistance of such a ther-
mal compound is smaller than 0.0045 °C-in?/W [37], [38] and
is relatively small when compared with the thermal resistance
R;. of LEDs (typically in the order of several °C/Watt) and is
neglected in the following analysis.

A. Steady-State PET Theory

The total luminous flux ¢, of an LED system consisting of N
LED devices can be expressed as

¢y =N x E x Py @))

where E is the luminous efficacy (lumen/Watt) and P, is the
real power of one LED (W). The LED power is defined as
P; =V, x 1;, where I is the diode current and V; is the diode
voltage. The amount of power dissipated as heat in one LED is
defined as

Phcat = k'h, Pd (2)

where k;, is the heat dissipation coefficient that is less than 1.
Among all data provided in the LED data sheet, the lumi-

nous efficacy E is one of the most important information that

needs thorough understanding. In fact, LED system designers
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are often power electronics engineers with good knowledge in
switched mode power supply design. Consequently, they may
inadvertently set the design criterion on maximizing the en-
ergy efficiency of the LED driver under the rated power condi-
tions of the LED load. For general and public lighting systems,
the top priority should be to maximize the luminous efficacy
(lumen/Watt) rather than energy efficiency. Having 100% ef-
ficiency without light is meaningless for a lighting system. It
must be noted that the typical luminous efficacy value provided
in the data sheet is only true at the rated junction temperature
which is normally set at 25 °C. As the LED power increases,
the junction temperature 7; will also increase. An increase in
junction temperature will reduce the luminous efficacy because
the LED will emit more phonon (heat) than photons (light) as
the wafer temperature increases [ 14]. The effect of the luminous
flux reduction with increasing current has been linked to several
mechanisms, such as current leakage by tunneling of electrons
to the states of InGaN/GaN interfaces [41], the effects of auger
recombination [42], and built-in piezoelectric fields [15].

In the PET theory [39], the relationship of the luminous effi-
cacy and the junction temperature follows the following linear
equation as illustrated graphically in LED data sheets:

E=E,1+k (T; - T,)] forT; > T,and E >0  (3)

where E, is the rated efficacy at the rated temperature T, (typi-
cally 25 °Cin some LED data sheets) and the coefficient k. is the
relative rate of reduction of luminous efficacy with increasing
temperature. The luminous efficacy £ under discussion in this
paper is the one for the LED package only. The optical power
loss of the luminaire and the power loss of the LED driver are
not included. The parameter k. is negative because E decreases
with increasing T’;.

Based on the steady-state model in Fig. 1(a), the steady-state
heatsink temperature T}, s can be expressed as

Ths - Ta + Rhs (NPheat) = Ta + Rhs (Nkhpd) (4)

where T, is the ambient temperature. From Fig. 1(a) and (4),
the junction temperature of each LED is therefore

T; =Ths + Rjckn Py
= Ta + (ch +NRhs)thd- (5)

Combining (5) and (3) gives the modified luminous efficacy
equation as

E:Eo [1+ke (Ta _To)+kekh (ch+NRhs)Pd]~ (6)

The total luminous flux ¢, of the LED system according to
(1) is

sz,v:NEo { [1 + ke (Ta, - To)] Py + keky (ch + NRhs) Pg} .

(N
Equation (7) can be expressed in the form of ¢, = a; Py —
Qo Pd2 where «; and «y are positive coefficients. This charac-
teristic equation highlights one important issue, which is easily
misunderstood, that increasing the LED power will not always
increase the luminous flux output. The luminous flux is roughly
proportional to P; when P is small (e.g., less than 1 W) because
the second term with P7 is small. As P, increases and exceeds
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Fig.2. (a)Calculated and measured total luminous flux versus lamp power for
eight LuxeonK2 Cool-white 3W LEDs mounted on a heatsink with a thermal
resistance of 4.5 °C/W [39]. (b) Calculated and measured total luminous efficacy
versus lamp power for eight Luxeon K2 Cool-white 3W LEDs mounted on a
heatsink with a thermal resistance of 4.5 °C/W [39].

1.0, the second term (which is negative) becomes increasingly
significant. Consequently, the luminous flux is expected to fol-
low a parabolic curve with a peak value. Beyond the maximum
flux operating point, further increase in the LED power will
lead to luminous flux drop. This characteristic function of the
steady-state PET theory has been practically verified in [39].
Fig. 2(a) and (b) shows the measured and theoretical luminous
flux curves and luminous efficacy, respectively, of eight Lux-
eon K2 Cool-white 3-W LEDs mounted on a heatsink with a
thermal resistance of 4.5 °C/W. These results highlight the fact
that the luminous flux will drop after the maximum point has
been reached and that the luminous efficacy will decrease with
increasing LED power.

B. Dynamic PET Theory

While (1)—(7) mathematically link up the steady-state rela-
tionship of photometric, electrical, and thermal aspects of the
LED system based on the model in Fig. 1(a), they do not include
the effect of time which is a critical factor, particularly in view of
the complaint of the luminous flux decline with time in previous
LED system installations. Users of LED systems could also be
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misled by the high initial luminous flux they see without real-
izing that the luminous flux level may drop significantly as the
heatsink temperature increases gradually. Based on the dynamic
model in Fig. 1(b) which includes the thermal capacitance of
the LED package and the heatsink, the dynamic PET theory has
been developed to incorporate the effect of time. The dynamic
and time-dependent versions of (4)—(7) have been shown in [40]
to be

Tos (1) = |:_chcchthdRhs o t/C Ry

Cchjc - Ch,sRhs

Nk, PiR2,C),s
Cchjc - Chs Rhs

e*t/ch sRis

+ NRy, ki, Py +Ta:| ®)

O‘(ZNRhs
T =< — R .k P, J
! { Jerh <Cchjc - Cthhs
—NRj.R;.Cj.
Cchjc - C/LsRhs

— kP < + NR}”> et/ Cns R

+ (Rjt, +NR/L§)thd +Ta} (9)

E=FE, {1 +ke (To —T,) + kekp (Rje + NRys) Py

NRyCy R,
— k. R;. kP, sJc 1) e t/CicRje
Jerhid (Oi<¢Rj(: — Chs Ry * )e
NR? Cy,
keky, P, hs s ~t/Chs Ry 10
R dechc_Cthhse ( )

(br :NEO{[1+k€ (Ta _To)]Pd

+ kekn (Rje + NRyy) P?

NRhstc ) —t/C.. R 9

—kek,R‘c +1 e / jc jt‘R

" <CJCRJC — Chs Rps d
NR2 O,

kekL hs L5 _f’/cthh,s P2 1 1

e CjCch — Chs Ry ‘ d an

where C;. and C},; are the thermal capacitance of the LED pack-
age and the heatsink, respectively, Ry, s is the heatsink thermal
resistance, and ¢ is the time variable.

The dynamic PET theory is important in predicting the lumi-
nous flux reduction with time, which is the problem of many
commercial LED products as pointed out by the IET article. In
(8)—(11), there are two thermal time constants, i.e., 7j. = C;.R;.
for the LED package and 7,5 = Cj Ry for the heatsink. In
practice, they are of widely different orders of magnitude. Both
thermal time constants are useful to electronics designers. For
example, the small thermal time constants are useful in the pre-
diction of the dynamic junction temperature for thermal check
(as later described in this paper). The large thermal time constant
of the heatsink is useful for predicting the gradual degradation
of luminous flux in high power LED systems with relatively
large heatsinks. Fig. 3 shows the practical measurements of
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Fig. 3. Variation of the luminous flux with time for eight Luxeon 1-W LEDs

operated at rated power [40].

time-dependent luminous flux of two LED systems based on
the same number of LED devices and load power, but mounted
on two different heatsinks with different R;,,. It can be seen
that the luminous flux will reduce significantly when the cool-
ing effect is small (i.e., heatsink size is small or Ry, is large).
Therefore, this can be a serious problem for LED applications
in which space for heatsink is very limited. Examples are LED
bulbs for replacing incandescent lamps, and LED headlamps for
vehicles. The dynamic theory provides a tool for LED system
designers to estimate the luminous flux reduction over time. For
continuous operation, the steady-state luminous flux should be
checked if it has reached the required level as expected in the
technical specification of a general lighting application.

III. PHYSICAL MEANINGS AND DETERMINATION OF
COEFFICIENTS kj, AND £,

It is important that LED system designers should understand
the physical meanings of the coefficients k;, and k.. In addi-
tion, the procedures for their measurements must be simple and
practical.

A. Coefficient k.

The luminous intensity / of LEDs, which is a photometric
quantity representing the light intensity of an optical source as
perceived by human eyes, decreases with increasing junction
temperature. At and near room temperature, the emission inten-
sity follows an exponential decay function [14]

—(T; —25°C)
T,

where T is the characteristic temperature of the LED. The
relationship between the luminous flux ¢, and the luminous

intensity / is
6= [ 1-as

where 6 is the view angle. The luminous efficacy equation can
be expressed as

I=1I|y;.cexp (12)

13)

o JIed
Fy

(14)
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Within the practical range of operating temperature, the reduc-
tion of luminous efficacy with increasing junction temperature
is fairly linear. It has been mathematically proved [43] that E
can be approximated as

1
E=E, {1—T(Tj—To)]. (15)

1
Comparison of (3) and (15) shows that the coefficient k. used
in the PET theory is physically related to the ‘“characteristic
temperature” described by semiconductor scientists [14] as

1
T
The coefficient k. can, therefore, be determined from the char-

acteristic temperature of the LED device. It is also provided in
most of the LED data sheets in graphical form.

ke = (16)

B. Coefficient ky,

LEDs are not “cool” devices because a significant portion of
the LED power consumption will be dissipated as heat [44]. The
coefficient kj, in (2) represents the portion of the LED power
that is dissipated as heat. It can be measured directly using a
“hot-bath” approach in which the LED load is immersed into a
bath of silicon oil and the temperature rise is then rated against
a predetermined scale of heat loss [44]. This hot-bath approach
is very accurate, but is relatively time consuming because each
measurement point can only be obtained after the full tank of
silicon oil temperature has reached its steady state. Modern LED
measurement systems [32] offer a convenient means to obtain
thermal, electrical, and optical measurements and parameters for
LED devices. With the understanding of its physical meaning,
ky, can in fact be related to the optical power and wall-plug effi-
ciency that can be measured by combined thermal and radiomet-
ric measurement equipment [32], [53], [54]. Optical measure-
ments of LED samples can be made under thermal and electrical
steady-state conditions with the TeraLED system. Once all op-
tical measurements have been performed, the LED is switched
OFF and the cooling transient of LED package is monitored
with the use of the transient thermal tester (T3Ster). Besides the
combined thermal and optical measurements, the temperature
dependence of the LED parameters (such as the temperature
dependence of the optical power, luminous flux, chromaticity
coordinates, and wall-plug efficiency) can also be measured and
recorded [55], [56]. LED manufacturers can, therefore, mea-
sure and calculate the wall-plug efficiency and then determine
the parameter k;, for inclusion in future data sheet
o Pheat o Pd_Popt _1_@
P Py B Py
The wall-plug efficiency 7, represents the useful portion of the
electrical power for light generation and is defined as the ratio
of the optical power P, to the electrical power Py:

Popt

T = P

The optical power P, is influenced by both the junction tem-
perature T; and the electrical power P;. Consequently, 7, is a

k h

A7)

(18)
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Fig. 4. Typical measured wall-plug efficiency versus heatsink temperature of
a sharp 4.4-W LED at constant electrical power [45].

2-D parameter [15], which can be practically determined from
the two-test measurement procedures detailed in [45].

In the first test, by fixing Py at P, and allowing T to vary,
the relationship of 7, and T; at constant P; (=P,) can be
measured and plotted for a Cree LED sample (Model number:
XREWHT-L1-0000-007F5) [45]. It can be seen that this is a
linear relationship which can be expressed as

N (15, Py) = T + 3 19)

where « and (3 are the coefficients that can be determined from
typical plot using the curve-fitting technique.

Since T; cannot be monitored directly in an LED system, it is
preferable to express (19) in terms of the heatsink temperature
Ths which can be measured easily. According to (5) and (17)

T (T’j'7P0) = OéT‘]‘ +ﬁ: a[Ths +chkhpo] +6

:a[Ths—f—ch(l— P"”)Po] + 8

F,
= a[T’hs + R}c(l - nw)Po] + 6 (20)
Rearranging (20) gives
T79 'cpo
Mo (Ths, Py) = oThs + Ryelo) + 8. (21a)

1+ abP, R]'C

Then, at a constant electrical power (F), a specific form of
Nw (Ths, Po) in (21a) can be rearranged in terms of T in the
standard form as

N (Ths, Py) = 0Ths + 7. (21b)

As shown in Fig. 4, o =a/(1+aP,R;.) and 7=
(aRj. P, + B)/(1+ P, R;.) are fitted coefficients that can be
determined from «, 3, P,, and R;. that are known parameters.

In the second test, T; is kept constant at T, and Pg is al-
lowed to change. A typical measurement of this test is shown in
Fig. 5. It can be seen that this typical curve can be expressed as

N (To, Pa) = XP; + 0P+ (22)
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where x, 9, and ~ are the coefficients that can be determined
from the measured curve using the curve-fitting technique.

After the two-test procedures have been completed and typi-
cal curves in Figs. 4 and 5 obtained, these curves can be plotted
together as shown in Fig. 6. The intersection point p of these
two curves can then be determined. The general form of n,, can
then be expressed as

(0Ths +7) (XP? + 0Py + )
7
= (0'Ths + 7')(XP] + 6Py +7)

i (Thsa Pd) =
(23)

where 14 is the value of the wall-plug efficiency at the intersection
point (T,, P,), o' = o/u, and 7/ = 7/p.

With the determination of the wall-plug efficiency, according
to (17) and (18), the heat dissipation coefficient can be obtained
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Fig. 7. Measured and calculated k;, parameters versus power.

as

Popt
Py
=1—(0'Ths +7)(xP? 4+ 6Py +7). (24)

Let A =o' (xP? +6P; +v) and B = 7' (xP? + 6P +7);
then k;, becomes

kh:].— :l—ﬂw

ky =1— ATy, — B. 25)

Fig. 7 shows typical measurement and theoretical prediction of
ky, for the same LED sample. It can be seen that k;, varies with
Py.

IV. APPLICATIONS OF THE EXTENDED PET THEORY FOR LED
SYSTEM DESIGN

The choice of using the steady-state or dynamic PET the-
ory depends on the nature of the applications (i.e., whether the
operation is momentary or continuous). For LED systems that
are operated in a momentary manner, such as traffic lights or
vehicle signal lights, the dynamic (8)—(11) are appropriate. For
example, the red, amber, and green lights of a traffic light have
different turn-on times. Theoretically speaking, their optimal
heatsink designs could be different. However, since most of the
general and public lighting systems require continuous opera-
tion, the following discussion is based on the steady-state PET
theory.

A. Effect of LED Power on Luminous Flux and Choice
of Operating Point

Equation (9) follows the form ¢, = a1 Py — ay sz, which is
a parabolic curve. The maximum value of ¢,, occurs at a specific
LED power P;, which can be expressed as [39]

_ [1 + kﬂ (Ta - To)]
le kh (ch + NR}LS) ’

The parameter k. of (16) is negative. Therefore, the negative sign
of the term on the right-hand side makes the whole term positive.
In [39], eight identical white LEDs with rated power of 3 W are
tested with three different heatsinks (and three different Ry,
values). The luminous flux measurements with power variation

Py =

(26)
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are shown in Fig. 8. It is of paramount importance to note
the fact that the maximum ¢, does not necessarily occur at the
rated power. In the first curve with the largest R}, s, the maximum
¢, occurs at about 2 W, meaning that operating this particular
LED system at a lower power will generate higher luminous
flux. LED system designers with power supply experience must
understand the meaning of (26). Otherwise, powering the LED
system at the rated power will only result in power wastage
and reduction of luminous efficacy and luminous output. The
implications of the parameters in the denominator of (26) should
be carefully considered.

Several considerations should be included in the choice of the

operating point.

1) Equations (7) and (26) can be used together to plot a
range of luminous flux for a range of heatsink thermal
resistance. This allows the designer to choose the size of
the heatsink and the number of LED devices in order to
meet the steady-state luminous flux requirement within
the constraints of the given size of the heatsink.

2) The choice of P; must not exceed but needs not be the
same as the rated LED power. A choice of P} at 80% of
the rated power, for example, can lengthen the lifetime of
the LED devices and improve the luminous efficacy as the
LEDs are operated at a reduced junction temperature.

B. Effects of the Heatsink Thermal Resistance Ry, s

The results in Fig. 8 indicate that increasing the cooling effect
of the heatsink (i.e., with a lower R}, ;) can shift the maximum ¢,
operating point to the right (at a higher P;). This means that the
thermal design and the choice of the heatsink or other cooling
methods are critical in the optimization of the LED system. Good
thermal design enables the heat generated in the LED wafer to
be extracted out of the junction. A lower junction temperature
leads to a higher luminous efficacy as implied by (3). The choice
of the heatsink, however, depends on the applications [46].

Luminous flux curves of eight identical LEDs (rated at 3 W) mounted on three heatsinks with different thermal resistance Ry, s [39].

1) For applications in which the size available for heatsink is
restricted (as in the case of curve-1 in Fig. 8), operating
the LED at a power lower than the rated power may even
generate more light than at the rated power.

2) For applications in which the size available for the heatsink
is less restrictive, the theoretical Py point can be set at a
value higher than the rated power. The system should then
be operated at the rated power in order to maximize the
luminous flux output without reducing the lifetime of the
LEDs.

C. Effects of LED Package Thermal Resistance R ..

The thermal resistance of the LED is an important factor that
LED system designers should consider. A large R;. will reduce
the heat flow from the junction to the case and thus lead to a
high junction temperature, which in turn reduces the luminous
efficacy. For example, a 5-W LED with R;. of 10 °C/W will
have a temperature difference of 50 °C between the junction
and the case alone. So, LED system designers should choose
LED with R, as small as possible.

In the commercial LED market, there are single-chip and mul-
tichip structures for white LEDs. In general, multichip structures
have lower R ;. because R}, of individual wafers are paralleled.
For the same device power, it has been shown in [47] that LED
with multichip structure has alower R and higher ¢,, than LED
with a single-chip structure. A typical comparison of single-chip
(CREE X lamp XR-E series 3-W LED device) and multichip
(Sharp GWS5 C15L00 3-W LED device) LED structures is shown
in Fig. 9 [47].

D. Effects of the Number of LED Devices N

An important issue that LED system designers should con-
sider is whether one should use several LEDs of smaller rated
power or one LED with higher rated power. Based on the same
parallel principle for reducing the overall thermal resistance, it
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with the same thermal resistance 30 °C/W [47].
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with the same thermal resistance 8.5 °C/W [47].

has been demonstrated [47] that, for the same overall power
output, using more LEDs with lower rated power provides more
contact area for heat transfer than using less LEDs with higher
rated power. Fig. 10 shows typical comparison of using five
LEDs of 1 W and one LED of 5W. The use of LEDs in par-
allel can always increase the contact area and reduce the ef-
fective thermal resistance that facilitates heat removal from the
junction.

E. Effects of the Parabolic Curve of the Luminous Flux Against
LED Power

1) Use of Top Region of the Curve for Reducing Sensitivity of
Luminous Flux Variation: The parabolic curve of the luminous
flux versus LED power in Fig. 8 opens a new opportunity to de-
sign the LED system with minimum luminous flux fluctuation.
The slope of the parabolic curve at and around the peak value is
relatively small. If the LED power is controlled within the spec-
ified range as indicated in Fig. 11, the variation of the luminous
flux is minimal. This is an important and unique feature of the
LED system that differentiates LED from other general lighting

Measured and calculated luminous output of an LED system with one 5-W LED and a system with five 1-W LEDs using the same type of heatsinks

Luminous
flux dv

LED power

Pmax

Pmin

Fig. 11.  Example of reducing luminous flux variation using the top region of
the flux-power curve [48].

systems such as the high-intensity-discharge (HID) lamps that
are commonly used in road lighting systems.

The top part of the parabolic curve is a useful region for de-
signing large-scale public lighting systems as a new generation
of smart loads for future smart grid with substantial penetra-
tion of intermittent renewable energy sources. The increasing
use of dynamically changing renewable power sources will un-
avoidably introduce instability to future power grids. Properly
designed LED systems can cope with wide fluctuation in mains
voltage. An example of a smart LED system of 130 W based on
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Fig. 13.  Power profiles of a typical offline LED lighting system (a) with tightly regulated output power and (b) with power output with fluctuation.
this design principle [48], [49] is shown in Fig. 12. In this ex- C I,
ample, a variation of 40 V in the mains voltage will lead to only | AGDC T DC-DC
. .- . P, Power Power LED load
15% of luminous flux variation, as compared to 40% luminous in
.. . .. Converter T Converter
flux variation in existing HID lamp systems. AC mains —
2) Use of Top Region of the Curve for Reducing Energy
Storage and Elimination of Electrolytic Capacitors in LED  Fig. 14. General schematic of an offline passive or active LED driver with a

Drivers: The possibility of allowing LED power to change
within a certain power range implies that there is no need to
use switched mode power supply as LED driver to tightly reg-
ulate the LED power. This principle [48], [49] is illustrated in
Fig. 13. For an offline LED system fed by ac mains, the input
power of the system is pulsating. If the LED power is allowed to
fluctuate, the energy storage requirement of the LED driver can
be significantly reduced. This important feature indicates that
an electrolytic capacitor can be eliminated in LED driver design
if the LED power is allowed to vary, as explained previously.
1) For compact LED driver design, electronic LED drivers
without electrolytic capacitors have been proposed
[31-[51, [13], [50], [51]. However, the theory enables sys-
tem designers to use traditional switched mode power cir-
cuits without tight current output regulation (see Fig. 14)
to drive the LED load. A comparison of existing methods
and the proposed method is tabulated in Table I.
2) For an LED driver with less restriction on size and volume
such as road lighting system where the lamp posts provide
ample space, passive LED drivers (see Fig. 15) without ac-

current source output.

TABLE I

COMPARISON OF EXISTING AND PROPOSAL METHODS

Existing Method 1

Existing Method 2

Proposed Method

(Constant output power) (Pulsating output power) (Output current with limited
variation)
Output current Constant large power variation with Limited power variation with
zero power points continuous non-zero
minimum current
1A
o Iy
—* Iojl.
_

t

t

Energy Storage
requirement:

Large clectrolytic
capacitor is needed.

Electrolytic capacitor is not
needed.

Electrolytic capacitor is not
needed.

Flickering
effects

No
(no power variation)

Yes
(large power variation with
z€ero power points)

No

(restricted power variation
with a strong minimum
power)

tive power switches, control integrated circuits, and auxil-
iary power supply, and with low component counts, high
efficiency and reliability, and robustness against extreme
weather conditions can be used [49], [52].
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Fig. 16.  Offline LED system provided by ST Microelectronics.
TABLE II
LED SYSTEM PARAMETERS
k, E, T, T, N R | Ry | T =CiRy | 7,,=C,R,,
-0.003 | 58 | 28 | 25 18 | 85 | 4.1 0.7 380

F. Use of a Dynamic Model for Photometric and Thermal
Performance Checks

So far, explanations have been given to guide LED system
designers to choose the parameters based on the steady-state
model. Once the LED driver is chosen, it is imperative to use the
dynamic model for photometric and thermal checks. The idea is
to ensure that the LED system will provide sufficient luminous
flux to meet the required specification and that the instantaneous
junction temperature will not exceed the maximum temperature
rating stipulated in the manufacturers’ data sheets.

The output power (as a function of time) of the LED driver
can be used as the input of the model. This time-domain output
power function of the LED driver can be obtained either from
circuit simulation of the LED system or practical measurements
from a hardware prototype. The driving function for the dynamic
model shown in Fig. 1(b) is Nkj, P4(¢). The junction temperature
T; and the luminous flux ¢, can then be predicted as a function
of time.

The dynamic modeling of an offline LED system is used
as an example here. Fig. 16 shows the schematic of a typical
offline LED driver with an LED load. A ST Microelectronic
L6562A evaluation board is used to drive the LED load so that
practical measurements can be obtained for comparison with the
computed results obtained from the proposal dynamic model.
The load consists of 18 CREE 1-W LEDs. The parameters for
this setup are tabulated in Table II. The output power of the LED
driver is shown in Fig. 17, which can be used as the input (i.e.,
NP,;) for the equivalent circuit in Fig. 1(b). The parameter &, is
given in Fig. 7.
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Fig.19. Measured luminous flux of an offline LED system at different intervals

after turning on the system.

Figs. 18 and 19 show the predicted and measured luminous
flux variations, respectively, recorded at different intervals after
the system has been turned ON. The good agreement confirms
the usefulness of this design tool. The corresponding predicted
T} variation is plotted in Fig. 20. It can be seen that T; increases
with time (as the heatsink warms up). Consequently, ¢, de-
creases with time. If the peak T; value exceeds the maximum
temperature allowed, the thermal design has to be adjusted so as
to reduce the peak T'; value below its maximum allowable value.
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Determine the required ¢, for the application

Choose LED type with known N, E, k., k, and P,4eq

J

Calculate P;* and ¢, (P,;*) based on (26) and (7)

Power
check

Photometric
check

Input P* into steady-state T; eqn. (5)

Thermal
check

Is T<Tj(rated)?

Fig.21. Flowchart of the design procedure of an LED system with continuous
operation, constant power, and a heatsink with limited size.

Engineers can, therefore, use the dynamic model for the pho-
tometric and thermal checks, and fine-tuning the LED system
design.

G. Flowcharts for System Design Examples

Different LED products and systems have different design
philosophies and objectives. It is difficult to use one single de-
sign procedure to govern all LED system designs. Here, two
examples are illustrated with the use of the extended PET the-
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l
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Power check
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Input P,(#) into (11) and (9) for a few cycles at long time frame and
determine the waveforms of ¢, and T;

Photometric
check

Is @, (ave) > ¢,-spec?

Thermal
check

No

Fig. 22.  Flowchart of the design procedure of an offline LED system with
continuous operation and fluctuating power.

ory. The first design assumes continuous operation of an LED
system with load power kept constant by an LED driver and the
volume available for the heatsink is limited. Fig. 21 shows the
flowchart of the design procedure. Due to continuous operation,
the steady-state model and equations are used. For a limited
and given heatsink size, the optimal power for the maximum
luminous output may not occur at the rated power of the LEDs.
It should be highlighted that power, photometric, and thermal
checks should be carried out. These three performance checks
are essential for all LED system designs.

The same principles apply to the second example of an offline
LED system in which the load power is not kept constant. The
flowchart is shown in Fig. 22. Due to the variation of LED
power, the dynamic model and equations should be used. For
applications in which the load power can vary, it is important
to check the waveforms of power, luminous flux, and junction
temperature. [tis preferable to ensure that 1) the peak power does
not exceed the rated power; 2) the average luminous flux meets
the system specification; and 3) the peak junction temperature
does not exceed the rated junction temperature.

V. CONCLUSION

This paper provides a tutorial on LED system theory based on
the extended PET theory. Starting with the device characteristic,
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it provides the photometric, electrical, and thermal equations and
explanations necessary for LED system design. The parameters
involved in the theory are derived and their physical meanings
are explained. Practical procedures for extracting the parameters
not available from data sheets are included. The use of the the-
ory for system design and their implications are substantiated
with practical results recently reported in various references.
Finally, the implications of the PET theory for the choice of
LED devices, heatsink, and LED driver designs are explained.
The extended PET theory also highlights several unique fea-
tures of LED systems that differentiate them from switched
mode supplies. This tutorial provides the necessary materials
for electronics engineers with switched mode power supply de-
sign background for optimal LED system designs. Present LED
data sheets do not contain all the parameters described in this
theory. It is suggested that these parameters, such as &, k., and
the thermal time constant of the LED package, will be included
in future LED data sheets as useful information for LED system
designers.
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