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Chapter 16

Reliability Prediction of Integrated LED
Lamps with Electrolytic Capacitor-Less LED
Drivers

B. Sun, Xuejun Fan, Willem Dirk van Driel, and Guo Qi Zhang

Abstract This chapter investigates the reliability of the integrated LED lamps with
electrolytic capacitor-less LED drivers. Firstly, the impact of the interaction
between the degradations of the LED light source and the driver on the lumen
depreciation is studied. The electronic-thermal simulation was carried out to obtain
the history of temperatures of LED and driver, the driver’s output current, and the
luminous flux considering the variations of temperature and current throughout the
operation life. It is found that the ultimate lamp’s lifetime is significantly less than
the individual lifetimes of the preselected LED and driver. It is concluded that it is
necessary to apply the electronic-thermal simulations to predict the lifetime of LED
lamps when driver’s lifetime is comparable to the LED’s lifetime. Secondly, this
chapter focuses on predicting the catastrophic failure of an electrolytic capacitor-
free LED driver during the lumen depreciation process. Electronic-thermal simu-
lations are utilized to obtain the lamp’s dynamic history of temperature and
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electrical current for two distinct modes: constant current mode (CCM) and the
constant optical output (CLO) mode, respectively. A fault tree method is applied to
calculate the system’s MTTF, and the LED’s lifetime also is calculated. The CLO
mode increases the LED’s current exponentially to maintain the constant light
output. As a result, junction temperatures of LEDs, MOSFET, and diode rise
significantly, leading a shorter lifetime and MTTF. Compare with the current of
the MOSFET, the increased junction temperature has larger effects on the failure
rate. The MOSFET contributes more to the driver’s failure rate than the diode. For
the CCM mode, junction temperatures increase slightly and have a little shorter
lifetime and MTTF.

16.1 Introduction

Light-emitting diode (LED) has been regarded as one of the most promising
lighting solutions due to its energy efficiency, flexible controllability and long life
flight source, a driver, control gears, secondary optical parts, and heat dissipation
components. The LED light source often has a lifetime as long as 25,000—100,000 h
[1, 2], but the LED driver has a shorter life than the light source, in particular, when
electrolytic capacitors are utilized [3-5]. Many studies have focused on the degra-
dation analysis of LED only, without taking consideration of the driver degradation
[2, 6-10]. For example, an accelerated test method of luminous flux depreciation
for LED lamps or luminaires has been developed to reduce the test time within
2000 h at an elevated temperature [2]. Degradations of LEDs in the high-temper-
ature-humidity environment have been studied [6, 7]. The LED color shift caused
by optical materials has been investigated [8, 9]. For the degradation of LED
drivers, if the driver’s lifetime is much shorter than LED’s life, the degradation of
LED light source may not be significant to the driver’s lifetime. With such an
assumption, a physics-of-failure (PoF)-based reliability prediction methodology for
LED drivers has been developed to estimate the failure rate distribution of an
electrolytic capacitor of the given LED driver systems [3].

Electrolytic capacitors are often used [11-18] in commercial LED drivers. In
most of the single- and two-stage mainstream commercial LED drivers, electrolytic
capacitors are used as energy storages and buffers [11, 12], including buck [14, 15],
buck-boost [18], and fly-back drivers [13]. However, the electrolytic capacitor is
considered as the weakest component in LED drivers [3-5]. Since electrolytic
capacitor’s lifetime is much less than that of LED’s lifetime, the effect of LED’s
degradation may not be significant on its driver’s reliability [3, 19]. A physics-of-
failure (PoF)-based reliability prediction methodology for LED drivers has been
developed by the authors to estimate the failure rate distribution of an electrolytic
capacitor of the given LED driver systems [3]. In recent years, several electrolytic
capacitor-less LED drivers have been presented to improve driver’s lifetime,
including buck-boost single-ended primary inductor converter (SEPIC) [20],
valley-fill SEPIC driver [21], boost-fly-back driver [22] and SEPIC twin-bus buck
driver [23]. Moreover, electrolytic capacitor eliminating circuits have also been
installed into the mainstream LED drivers, such as power control (PC) converter
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[24], two-phase dual asymmetrical half-bridge converter [25], bidirectional buck-
boost converter [26], harmonic injection circuits [27], and LC filters [28, 29]. In
addition, with the help of new technologies, for instance, resonance-assisted filter
[14] and variable on-time control method [15], the lifetime of electrolytic capaci-
tors can also be improved. For an electrolytic capacitor-less LED driver, the LED
light source and the driver may have comparable lifetimes [30-32].

When the lifetime of the LED light source is much longer than the driver’s,
depreciation of the LED light source has little impact on the entire system during
the process of the driver’s failure. In the case that the LED light source and the
driver have similar lifetimes, the lumen depreciation and the driver’s failure coexist
in the LED lamp and may interact with each other. The question arises that what is
the interaction of two simultaneous failure modes: the LED depreciation and the
driver’s failure, during lamp operation? In this chapter, failures of the LED driver
include the catastrophic failure and the degradation which leads to failures of entire
system. Thus, there are two combinations: degradations of the LED light source and
the driver and LED’s depreciation and driver’s catastrophic failure.

If degradations of the LED light source and the driver coexist, their interactions
become significant factors in determining the lifetime of the LED lamp [33-
37]. Both degradations are strongly affected by temperature and time. The LED
light source degrades gradually over a long period, which is known as the lumen
flux depreciation. During the degradation of the LED light source, its efficacy is
reduced; thus, more heat dissipation is expected. On the other hand, when the driver
degrades, the electrical current output to the LED light source will decrease over
time. Such a process will affect the heat generations of both driver and LEDs. For
an integrated lamp, where the LED light source and driver are assembled together,
the heat generated by LEDs and the driver will determine the junction temperature
of the LED light source as well as the driver’s temperature. Such temperatures
continuously change over time since LED heat dissipation depends on time,
temperature, and current from the driver. In the meantime, the driver’s performance
also depends on time and temperature. Ultimately the LED’s lumen flux depreci-
ation is affected by the degradations of both LED drivers and LED light source.
However, there is little systematic research on LED system reliability when LED’s
degradation and driver’s failures coexist during operating conditions.

The catastrophic failure rate of an LED driver depends on its rate of the critical
components, such as the MOSFETs and power diodes [34, 38]. The total rate of
catastrophic failures determines the mean time to failure (MTTF) for the driver. At
the same time, LED experiences degradation that is dependent on driver’s output
current, LED’s junction temperature, and time. Generally, the lifetime of LED is
given in terms of the expected operating hours until light output has depreciated to
70% of initial levels. In this sense, there are two distinct concepts of lifetimes
involved in an LED system: mean time to failure (e.g., driver) and LED’s lifetime in
terms of luminous flux depreciation. When these two concepts are far different, it is
obvious that they do not interact each other. Many commonly used reliability
prediction methods consider the catastrophic failures at constant conditions without
the interaction with LED degradation. Few systematic studies have been conducted
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to predict the reliability of the LED lamp when the MTTF is comparable to the
LED’s lifetime.

Intelligent driver and control techniques have been applied to LED systems. For
instance, the constant light output (CLO) mode has been implemented in driver
design to eliminate the lumen depreciation [39]. In contrast with the constant
current mode (CCM), LED drivers in CLO mode usually have optical feedback
functions and can adjust their output current to maintain the light output. It has
claimed that such technology can eliminate the lumen depreciation during long-
term operation. However, the system’s reliability with constant light output tech-
nology has not yet been studied.

This chapter contains two major sections. In Sect. 16.2, an integrated LED lamp
with an electrolytic capacitor-free driver is considered to study the coupling effects
of both the LED light source and the driver’s degradations on light output. The
driver is assumed to have a comparable lifetime with the LED light source. The
electronic-thermal simulation was carried out to obtain the history of temperatures
of LED and driver, the driver’s output current, and the luminous flux considering
the variations of temperature and current throughout the operation life. Generally,
the useful lifetime of LED lighting products is typically given in terms of the
expected operating hours until light output has depreciated to 70% of initial levels
[2]. Section 16.3 focuses on predicting the catastrophic failure of an electrolytic
capacitor-free LED driver during the lumen depreciation process. The overall
catastrophic failure rate of the critical components in this driver is considered as
functions of temperature and current. Electronic-thermal simulations are utilized to
obtain the lamp’s dynamic history of temperature and electrical current for two
distinct modes: constant current mode (CCM) and the constant optical output
(CLO) mode, respectively. A fault tree method is applied to calculate the system’s
MTTF, and the LED’s lifetime in terms of light output can also be calculated.

This chapter is organized as follows. Section 16.2 considers the coupling effects
of degradations of the LED light source and the driver on system’s lifetime. In Sect.
16.3, prediction on the catastrophic failure of LED driver during the lumen depre-
ciation process is introduced. Section 16.4 concludes this chapter finally.

16.2 Coupling Effects of Degradations

This section studies the impact of the interaction between the degradations of the
LED light source and the driver on the lumen depreciation. As using the electrolytic
capacitor-free driver, the driver is assumed to have a comparable lifetime with the
LED light source. In this case, degradations of the LED light source and the driver
may coexist; their interactions become significant factors in determining the life-
time of the LED lamp [33-37].

The electronic-thermal simulation was carried out to obtain the history of
temperatures of LED and driver, the driver’s output current, and the luminous
flux considering the variations of temperature and current throughout the operation
life. Circuit simulations are carried out first to obtain the power distributions and
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output current and the voltage to LEDs. Thermal simulations are subsequently
performed based on power distribution to obtain the temperature distributions of
the LED lamp, in particular, LED junction temperature driver’s temperature. Since
circuit simulations require the driver’s overall temperature and the LEDs’ junction
temperature, which determine the degradation parameters of the LED light source
and the driver, the electronic and thermal simulations are coupled through both
degradation models, and therefore, an iteration process among electronic and
thermal simulation is required. As a result, the lumen flux depreciation as a function
of time can be obtained. Generally, the useful lifetime of LED lighting products is
typically given in terms of the expected operating hours until light output has
depreciated to 70% of initial levels [2].

16.2.1 Degradation Modelling
16.2.1.1 LED Light Source

The exponential model is applied to describe lumen depreciation in the constant
junction temperature 7T; and the constant driving current / as follows [2]:

Dy (1) = B(1) - e () (16.1)

where t is time, @, is the absolute luminous flux at time ¢, ®(/) is the luminous flux
before aging, and the depreciation rate f follows the Arrhenius Eq. 16.5:

_Eap

B(T)) =Ag-e (16.2)

where Ay is the pre-exponential factor and E,, g is the activation energy of LED.
®(7) in Eq. 16.1 can be described by the following function [40]:

o) = y(l) - 1-V; (16.3)

where Vs the forward voltage and (/) is the efficacy of the LED light source in
current /. Vis a function of junction temperature and current and will be introduced
in the following section. The efficacy # is affected by both temperature droop
(T-droop) and current droop (J-droop) [41, 42]. However, in high current status,
the T-droop becomes negligible in comparison with the J-droop. Thus, # can be
assumed approximately as a function of the J-droop [42]:

bn*
=1y —————— 16.4
=" an + bn® + cn? ( )

where 7 is the basic efficacy, a and c are the linear and the third-order non-radiative
recombination rates, b is the radiative recombination rate, and n is the average
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carrier density of LED, which is proportional to the current /; hence, the efficacy
can be described the following function:

B.I

S — 16.5
A, + B + C.I* (16.5)

n(l) =ny -

where 79, A,, B., and C, are dependent on the properties of materials and structure
of the LED.

Combined Egs. 16.1, 16.3, and 16.5, the luminous flux in the ever-changing
junction temperature T;(f) and current /(f) can be described by the following
function [43]:

B.I(1) - [olr] o
: iU Ve o (16.6)
Ao +BI(t) + Cl(t)”

@y (1) = g

The derivation of Eq. 16.6 is shown in the Appendix A. System conditions, /(¢),
Vs, and Ti(t), depend on structure and materials’ properties of the lamp and circuit
and can be determined by the electronic-thermal simulations. The physical charac-
teristics of the selected LED, 5, A, B,, C., Ag, and E,, g, are invariables and can be
extracted by experiments. In this section, 79, A,, B,, and C, were determined
experimentally for the selected LED, and their values are shown in Table 16.2.
Ap and E, 5 will be adjusted through a parametric study in Sect. 16.2.3.3.

16.2.1.2 LED Driver

Literature [33, 34] has shown that the on-state resistance of a MOSFET of an LED
driver increases with aging process, leading to the degradation of output current.
The study in [36] also indicates that the transistor declines during operation and
brings a decreasing output current of the driver. In the present work, the degradation
of the driver in terms of the output current is considered. The effective value of the
output current / can be represented by the following equation:

Vref
I(t) = 16.7
0 =2 (16.7)

where V. is a constant reference voltage and R, is the overall current control
resistance. Research in [44] has shown that the resistance of current control device
degrades linearly with time. Thus, a linear degradation model for the overall current
control resistance R,.; is assumed:

Rref(l) =Ry - [1 +A(TD) . l‘] (168)

where R, is the initial resistance, Tp is the average driver temperature, and the
degradation rate A follows the Arrhenius equation:
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Ea,D

A(Tp) = Ay - e * (16.9)

where Ay is the basic degradation rate and E, p is the overall activation energy of
LED driver. If the driver temperature T, changes continuously in time ¢, Eq. 16.8
can be deduced to an integration form, as follows:

Reet[t, Tp(1)] = Ry - J{l FA[Tp(x)] - x} - dx (16.10)
0

where the driver temperature Tp(f) is a system condition and can be determined by
electronic-thermal simulations. Among the physical characteristics of the selected
driver, Ry can be determined by the initial current of the LED light source, E,  and
Ay, which control the driver degradation, and will be adjusted through a parametric
study in Sect. 16.2.3.3.

16.2.2 Simulation Methodology
16.2.2.1 Electronic Simulations

In the present study, electronic simulations are carried out to analyze circuit
behaviors of an entire LED lamp. The current, voltage, and power dissipation of
each component can be calculated. The LTSPICE is selected as the electronic
simulation platform. An electrolytic capacitor-free buck-boost converter, as
shown in Fig. 16.1, is selected as LED driver. This type of LED driver is one of
the most commonly used drivers that can achieve high efficiency, wide voltage
range, and low distortion of line current in lighting applications [31]. In this section,
the driver’s switching frequency is 300 kHz, the input voltage range is 9-20 Vdc,
the rated output current is 400 mA, the duty cycle is 25%, and the rated output
power is 6.0 W. Device models in the driver, which are provided by a public
database [45], have been validated and verified.

A temperature-dependent model for the LED light source is considered in circuit
analysis. In this model, the performance of the LED light source can be described
by the following equation [40]:

Vi[I(t),Ti(t)] =N -« -Tj(r) - In [IE—I) + 1] + Ry - 1(1) (16.11)

N

where N is the ideality factor, /; is the saturation current, and R; is the equivalent
series resistance of the LED light source. Literature [46] suggests that the electronic
characteristics of LEDs after seasoning is not affected by aging time but strongly
affected by junction temperature T;. Thus, the R, I;, and N are considered as the
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Fig. 16.1 The electrolytic capacitor-free buck-boost LED driver
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functions of junction temperature T; as following, according to literature [40, 47,
48]:

R(Ti(t)] =Ry - [1 + A Ti(t)] (16.12)
LIT(0)] = Lo T2(1) - ¢ 70 (16.13)
N[Ty(0)] = (16.14)

Ay - Ti(t) + By

The power distribution of the entire circuit can be obtained by circuit simula-
tions. The thermal power of the LED light source P, is the difference between input
power and optical power of the LED light source:

PL() = 1(0) -V [1(0). T;(1)] — C - Pun(1) (16.15)

where C is the ratio of optical power and luminous flux.

The thermal power of the driver P, is the sum of heat from all components in the
driver. Thus, Pp equals to the difference between total input power and total output
power of the driver:

Po(t) = Pun(t) = 1(2) - Vy [1(6), (1) (16.16)

where Py, is the total input power.
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16.2.2.2 Thermal Simulations

This chapter selects a commercial available LED light bulb as the carrier for the
study. Figure 16.2 displays the lamp’s structure, in which the geometrical informa-
tion and material properties can refer to the literature [49-52]. In such lamps, the
LED light source and driver are assembled together; thus, the heat generated by
both the LED light source and the driver determine the junction temperature of the
LED light source as well as the driver’s temperature. As a result, system level finite
element modeling is required to obtain accurate temperatures. The entire lamp
operates at room temperature (298 K) with natural convection condition.

In the thermal finite element model, the driver and its potting materials as a
whole are considered as a volume with a thermal conductivity of the potting
material. The driver temperature, Tp, is defined as the maximum temperature of
the volume. As the input of thermal simulations, the thermal power of the LED light
source and the driver, P, and Pp, are calculated by the electronic simulations. By
performing the thermal simulations, T; and T, can be obtained which are significant
to the degradations and electronic characteristics of the entire system.

Fig. 16.2 The model of the
selected (a) LED lamp

(with potting materials)
Heat Sink

Plastic Housing

E27 Socket

0.00 35.00 70.00 (mem)

17.50 5250
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16.2.2.3 Simulation Methodology

Figure 16.3 illustrates the flowchart of the electronic-thermal simulation method-
ology in our present study. The simulation process begins with the initial guess of T;
and Tp and the LED’s initial forward voltage Vy, from which the degradation
models in Egs. 16.6 and 16.10 can be applied to obtain the luminous flux @y,, and
the current /. Then the electronic simulations are performed to update Vand obtain
the power dissipations by Eqgs. 16.11, 16.15, and 16.16. Subsequently, the thermal
simulations are performed to update 7; and Tp. Such a simulation process loop is
performed iteratively until the error between values of T in two consecutive steps is
less than 0.1 °C, as shown in Fig. 16.3. Then light output can be calculated using
Eq. 16.6. Generally, the useful lifetime for LED lighting products are typically
given in terms of the expected operating hours until light output has depreciated to
70% of initial levels [2]. If this threshold is not reached, the aging time # advances to
a small increment At. Since the temperatures update T; and T, are not known at ¢
+At, the above iteration process repeats. When time ¢t = tr, and the @y, has
depreciated to 70% of initial value, the simulation stops, and tg is considered as

Initial V;, T; & T

v

Degradation Models _1 Dp, &I /—. SPICE Simulations

F 3

A 4

/ Vi Pp& P, /

Updated / Updated / i}
Vr, Tj &Jp yf, Tj & Thermal Simulations

Lyq =ty + AL
-

F
>

Time to failure ty =t

Fig. 16.3 Flowchart of the electronic-thermal simulation methodology



16 Reliability Prediction of Integrated LED Lamps with Electrolytic Capacitor-Less. . . 465

the lifetime of the LED system. Through the simulation iteration, the LED current,
the LED junction temperature, the driver’s temperature, and the luminous flux can
be obtained as function of time.

16.2.3 Results and Discussions
16.2.3.1 Parameter Extraction of LED Models

The physical parameters of the lumen depreciation model and the electronic model
of the LED light source, C, 59, A, Be, Co, Ry, Ay, Iy, Ay, Ay, and B, need to be
determined experimentally. Hence, selected high-power LED packages were tested
in eight junction temperature levels, from 293 to 363 K. Each sample was placed on
a thermal plate inside a 50 cm integrating sphere system. Then, the transient
electronic and optical characteristics of each sample, including current, forward
voltage, luminous flux, and efficacy, are measured at different junction temperature
levels. For each junction temperature, the transient current of each sample sweeps
from 200 to 350 mA. As shown in Fig. 16.4, the measured I-V characteristics were
fitted by Eqgs. 16.11, 16.12, 16.13, and 16.14, whereas the efficacy was fitted by
Eq. 16.5 by the least square method, obtaining these physical parameters of the
LED models. Table 16.1 summarizes the averaged values of the model parameters.
The details of tests and parameter extractions can refer to the Literature [43].

350
35|
—— 293K
300 |
Z — 303K
£ i 313K
g — 323K
g 275r 333K
E L |——343K
353K
©o2s0F |36k
25|
200 ) 1 " L) I 1 " 1
2.6 2.7 2.8 2.9 3.0 3.1 3.2

Voltage (V)

Fig. 16.4 Test results of the selected LED
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Table 16.1 Physical parameters of the LED light source

Reo Ay Ly Ay
5914 x 107! 6.699 x 10~* 4786 x 10° 1.274 x 107!
Ay B, C Mo

1.240 —2.88210% 4,087 x 1073 1.456 x 10°
A, B, C.

0.999 1.406 10° 2.138 x 10°

Table 16.2 Temperature distributions

Predicted initial temperature (K) Targeted temperature (K)
T; 352 358
Tp 318 328

16.2.3.2 Lamp’s Initial Temperature Distributions

It is important to know the initial temperature distributions within the lamp under
operating conditions. The electronic-thermal simulations were carried out to obtain
the power distributions and the ensuing initial temperature distributions. Table 16.2
lists the results of initial T; and Tp, LED junction temperature and driver overall
temperature. Table 16.2 also gives the targeted temperatures of 7; and T, for the
selected lamp. It can be seen that the predicted initial temperatures are within the
design specifications. The proposed simulation method provides a useful verifica-
tion tool for LED lamp design.

Due to the degradations of the LED and driver over time, both T; and T, will
change continuously with time, which ultimately will affect the LED light output.
These results will be presented and discussed in subsection 16.2.3.4.

Based on the predicted initial temperatures, the LED light source and driver can
be preselected to meet the lifetime requirement. For example, LED may be selected
to have 25,000 h lifetime in the predicted initial LED temperature. This means that
the selected LED will have luminous flux above 70% of initial levels before
25,000 h. Similarly, the driver may also be preselected to have 25,000 h lifetime
at the predicted initial driver temperature. This implies that the output current from
the driver will not decrease to the certain level of the initial value (e.g., 10% of
output current) before 25,000 h.

The question now is what is the lamp’s ultimate lifetime in terms of luminous
flux if the LED and driver’s lifetimes are both 25,000 h? In the following, three
scenarios are defined to study the problem.

16.2.3.3 Definition of Different Scenarios

Usually, LED’s lifetime is defined at the targeted constant temperature and constant
current. In the present study, as shown above, the LED is selected to have a lifetime
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Table 16.3 Designed scenarios

Case LED Driver
Scenario 1 25,000 h lifetime at the No degradation
constant initial 7; (L25K)
Scenario 2 No degradation 25,000 h lifetime at the
constant initial 7p (D25K)
Scenario 3 25,000 h lifetime at the 25,000 h lifetime at the
constant initial 7; (L25K) constant initial 7p (D25K)

of 25,000 h at the initial temperature of operation, denoted as “L25K” throughout
the subsequent analysis. Similarly, “D25K” indicates the 25,000 h lifetime for the
selected driver at the initial temperature T of lamp operation. Table 16.3 lists the
three scenarios to be analyzed. Scenario 1 considers LED light source degradation
only with the selection of L25K LEDs. Scenario 2 considers the driver degradation
only with the selection of a D25K driver. The Scenario 3 considers both of the
degradations from LED and driver simultaneously. It should be noted that there are
different choices of LEDs to reach L25K lifetime, with a combination of the
activation energy E, z and the pre-exponential factor A in Eq. 16.2. Nonetheless,
unless specified, the values of E, ;=0.3eV and Az=2.8293 x 107" are used
throughout the Sect. 16.2.

16.2.3.4 Results and Discussions
LED Current

Figure 16.5 shows the relative LED current with respect to the initial value in each
scenario as a function of operation time. As expected, the LED current maintains at
its initial value for Scenario 1 as the driver’s degradation is not considered. Since
the selected driver is a constant current driver, the lumen depreciation has a
negligible effect on the driver’s output current. For Scenario 2 where only driver’s
degradation is considered, the LED current drops 10% at 25,000 h. When two
degradations are considered, the LED current drops a little more, about 11% at
25,000 h.

LED Junction Temperature

Figure 16.6 shows the LED junction temperature as a function of operation time in
each scenario. The LED junction temperature increases significantly in 25,000 h for
Scenario 1. This is because when LED experiences the lumen depreciation, more
heat is generated by the LED, leading to the temperature rise. However, the LED
junction temperature decreases for Scenario 2 when the driver’s degradation is
considered only. This is because that driver’s current degrades over time, as seen in
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Fig. 16.6 The LED junction temperature of each scenario
Fig. 16.5; thus, less power is consumed by LEDs. It is found that the two degrada-

tions have competing effects on the junction temperatures of the LED in a lamp. As
aresult, Fig. 16.6 shows that LED’s junction temperature does not change much for
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Fig. 16.7 The driver’s temperature of each scenario

Scenario 3. When both degradations are considered, the LED junction temperature
increases slightly initially and then decreases over time, but in a very narrow range.
Overall LED temperature maintains a relatively constant value throughout
25,000 h. It should be noted that the actual LED junction temperature is not a
simple superposition of Scenarios 1 and 2 but through the coupled electronic-
thermal simulation.

Driver’s Temperature

Figure 16.7 shows the driver’s temperature as a function of operation time in each
scenario. The driver’s temperature increases about 3.5 K in 25,000 h for Scenario
1 and decreases about 3 K in the same time period for Scenario 2. As a result, the
driver’s temperature does not change much for Scenario 3. It is noted that the
driver’s temperature change is not as much as the LED junction temperature change
for Scenarios 1 and 2.

Lumen Maintenance and Lifetime
Figure 16.8 shows the lumen maintenance of each scenario. For Scenario 1, the

lumen maintenance drops to 70% in about 21,500 h. This means that even the LED
is preselected as 25,000 h lifetime at the initial temperature, it’s actual lifetime is
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Table 16.4 Lifetime of each

- 10 Combination Lifetime
combination L25K DI5K 18,400 h
L25K D25K 19,600 h

L25K D35K 20,100 h

reduced to 86% due to junction temperature rise. For Scenario 2, the lumen
depreciation in 25,000 h is just about 7% due to the driver’s degradation. In this
case where LED assumes no degradation, the lumen depreciation occurs due to the
reduction of both current and temperature.

For Scenario 3, the lamp’s actual lifetime is about 19,600 h under the combined
effect of degradations of both the LED light source and the driver, which is about
22% reduction of the initial lifetime.

The simulation results shown above illustrate only one case where the LED’s
lifetime (in terms of lumen depreciation) is same as the driver’s lifetime (in terms of
output current degradation). However, the presented methodology can be applied to
any combinations of driver’s and LED’s lifetimes to obtain the ultimate lifetime of
the lamp. Table 16.4 shows the lamp’s actual lifetime for three different combina-
tions of driver/LED lifetime selections. The D15K, D25K, and D35K represent the
driver’s lifetime of 25,000, 35,000, 15,000 h, respectively, while LED’s lifetime
remains 25,000 h (L25K). Obviously, the lamp’s actual lifetime increases with the
driver’s lifetime but is not proportional to it. The lifetime of each combination
should be differently predicted.
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Fig. 16.9 The LED junction temperature of each combination

Figure 16.9 shows the LED junction temperature of each combination. Unlike
the L25K/D25K, the LED junction temperature of the L25K/D35K case rises and
the junction temperature of the L25K/D15K case falls throughout the operation
time. Under effects of the interaction between degradations of the LED and the
driver, these combinations have respective junction temperature curves. Thus, it is
necessary to calculate the junction temperature differently by the proposed
electronic-thermal simulations.

16.3 The Catastrophic Failure Under Lumen Depreciation

This section focuses on predicting the catastrophic failure of an electrolytic
capacitor-free LED driver during the lumen depreciation process. The overall
catastrophic failure rate of the critical components in this driver is considered as
functions of temperature and current. Similar to interactions of degradations
discussed in Sect. 16.2, electronic-thermal simulations are utilized to obtain the
lamp’s dynamic history of temperature and electrical current for two distinct
modes: constant current mode (CCM) and the constant optical output (CLO)
mode, respectively. A fault tree method is applied to calculate the system’s
MTTF, and the LED’s lifetime in terms of light output can also be calculated.
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16.3.1 General Methodology

Figure 16.10 displays the general methodology that integrates the electronic ther-
mal simulation with the fault tree method to obtain both the LED’s lifetime and
driver’s probability of failure and MTTF. For a given LED system, such as an LED
lamp and the selected driver, electronic models are applied to obtain the power
distributions of each component including LEDs. Based on the system’s structure
and materials, thermal simulations that combine both system-level thermal model-
ing and compact models are conducted. An iteration process is necessary at each
operation time point to determine the state of temperature for the given system
under operating condition. Details of the electronic thermal simulations can be
found in the literature [3, 19]. Through the electronic thermal simulation, the
junction temperature of the LED light source, current of the driver, and the lumen
output can be obtained. Based on the failure rate distribution models of the critical
components and the results of temperature and current, the fault tree model can be
applied to obtain the driver’s probability of failure and MTTF.

16.3.2 Modelling
16.3.2.1 Driver Circuit

Figure 16.11 displays the circuit of the driver. A fly-back LED driver with LC filter
is selected. The LC filter can store energy as capacitors; thus, it is considered as one
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of the most cost-effective electrolytic capacitor elimination methods [28, 29]. In
this circuit, the models of all components are well validated and verified by
manufacturers [45]. An ideal feedback sensor and a current control unit are
added, making this driver have two operation modes: the constant current mode
(CCM) and the constant light output mode (CLO). In the constant current mode, the
current from the driver to the LED light source remains unchanged. The current can
be adjusted to achieve invariant light output in CLO mode.

16.3.2.2 Model of LED Light Source

This section uses same LED models as Sect. 16.2. Since, the CLO mode may
increase the LED’s junction temperature significantly. Thus, in this section, it limits
the maximum junction temperature of LEDs. When its junction temperature
exceeds the maximum limit Tyiax, the LED is supposed to be burned and give
zero luminous flux. When the LED junction temperature within its limitation, the
luminous flux is a function of the ever-changing junction temperature 7,(f) and
current I gp(#) as discussed in Sect. 16.2. As a result, the luminous flux @, (¢)
described by Eq. 16.6 can be replaced by the following function:

oo -ax

_ Bl p(1)*
Oy, (1) = Mo - Lep (1) S Ve 0 <Tj<TMAX)
A, + Bl gp(t) + Colrep(7)
0 (Tj > Tmax)
(16.17)

In this section, Tyax = 423 K.

16.3.2.3 Thermal Model

Since there are several heat source, system level thermal simulations are required to
obtain accurate temperatures. This section uses same thermal models of the LED
lamp as Sect. 16.2. Thermal simulations in this section consist of two parts. Firstly,
the finite element thermal analysis is carried out to calculate the LEDs’ junction
temperature 71 gp and the driver’s overall temperature Tp, as Sect. 16.2. Then, the
thermal compact model of each critical component in the driver is used to find their
junction temperature:

Tji =Tp + Ru,i - Pun,i (16.18)

where T;; is the junction temperature of the component, Ry,; is the thermal
resistance from junction to surface of the component which is usually provided
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by components’ datasheets, and Py, ; is the thermal power of the component which
can be obtained by electronic simulations.

16.3.3 Fault Tree and Failure Rate Models

As a carrier of the proposed method, this section considers the catastrophic failures
of the MOSFET M1 and the diode D4 in the circuit shown in Fig. 16.11. Thus, the
catastrophic failure of the driver can be described by a fault tree shown in
Fig. 16.12.

Assuming that the failures of the MOSFET and the diode are independent to
each other, the probability density of the catastrophic failure of the LED driver can
be described by the following function:

Joriver(t) = Fu(t) +Fp(t) = fu(6) - fp(2) (16.19)

where fpiver 18 the failure probability density of the LED driver at time ¢, fy, is the
failure probability density of the MOSFET, and f}, is the failure probability density
of the diode.

The failure probability density of a MOSFET can be described by the inverse
power law [53]:

Fur(t) = Fallan(0), T (0] = Foo- [’M“’]p Sl ea)

I rated

where I),(¢) is the average current of the MOSFET at time ¢, Tj,(¢) is junction
temperature of the MOSFET at time ¢, fy,, is the failure probability density of the
MOSFET in rated current /,,.q and typical ambient temperature 74, = 298 K, p is
the current accelerated coefficient, and E,,, is the activation energy of the
MOSFET.

Similar to the MOSFET, the failure probability density of a diode can be
described by the [53]:

Fig. 16.12 The fault tree of
the LED driver @
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fo@) =fplToi(1)] =fpo - eiaT" {ﬁiﬁ} (16.21)

where fp is the failure probability density of the diode, Tp;(¢) is junction tempera-
ture of the diode at time ¢, fp is the rated failure probability density of the diode in
typical ambient temperature T4, = 298 K, and E, p, is the activation energy of the
diode.

The conditions Iy,(t), Ty(f), and Tp;(f) at each operation time point can be
obtained by the electronic-thermal simulations, and thus, the failure probability
densities fyy, fp, and fpriver at €ach time point can be calculated by Eqgs. 16.8, 16.9,
and 16.10. Then, the mean time to failure (MTTF) of the LED driver can be
calculated by the following equation:

IMAX
MTTF = tyax/ J Fariver (1) - dt (16.22)
0

where tyax is the total operation duration.

16.3.4 Case Studies and Results
16.3.4.1 Selection of LED and Driver

To estimate the actual lifetime and the MTTF of the investigated LED lamp, the
LED light source is preselected with the activation energy and pre-factor of
E, 3=03eV and Apz=0.2829, according to our previous test results
[43]. According to the electronic thermal simulation at the initial state during
operation, the LED’s junction temperature in the lamp is about 351 K. Based on
the parameters defined above, the LED’s lifetime is 25,000 h in terms of lumen
depreciation at the constant 351 K with a current of 400 mA, by Eqgs. 16.1 and 16.2.
It means that the lumen maintenance is above 70% of its initial value in 25,000 h if
the LED temperature maintains at 351 K, and it’s current of 400 mA does not
change during operation.

For LED driver, the empirical values of model parameters for the MOSFET M1
and diode D4 in the circuit are selected as from the literature [54] p of 2.0 and as E,,,
m and E, p of 0.7 eV, respectively. Without any lumen degradation, the driver’s
average temperature in the lamp is defined as the initial driver temperature 75(0),
and the junction temperatures of M1 and D4 in Tp(0) are called initial junction
temperatures of M1 and D4, T,,(0), and Tp;(0). According to simulation results, the
values of Tp(0), T34(0), and T;(0) are about 342 K, 363 K, and 350 K respectively.
To ensure the MTTF of the driver before lumen depreciation equals to the lifetime,
it supposes fy0=2.31 % 1077, fpo=1.54 x 10", As a result, the MTTF of MI in
Tw(0) is about 32,000 h; the MTTF of D4 in Tp;(0) is about 109,000 h, according to
Egs. 16.9 and 16.10. This means that the driver’s MTTF is about 25,000 h in Tp(0),
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and MOEFET’s current [, does not change during operation, according to the fault
tree model to used.

Both of the lifetime and MTTF are 25,000 h without the lumen degradation.
However, since the junction temperature in the lamp during operation will change
over time, to be shown in details later, the actual LED’s lifetime will be different
from the preselected lifetime. Since values of Tp, Ty,(0), and Tp;(0) change over
time during operation, and the failure rate of the M1 also depends on the current 7,
the actual MTTF of the driver will also different from the preselected MTTF. The
details of the results will be discussed below.

16.3.4.2 Results and Discussions
Constant Light Output (CLO) Mode

Figure 16.13 displays the LED current curve at the CLO mode. The LED’s current
increases exponentially, e.g., from the initial 400 to 730 mA in 14,000 h. Such an
increase in current mainly compensates the luminous flux degradation of the LED
to maintain the constant light output.

Figure 16.14 displays the LED junction temperature as a function of time. Due to
the increased current, the LED’s temperature increases greatly. At 14,000 h, the
junction temperature of the LED light source increases about 75 K and exceeds
423 K.

Figure 16.15 shows the history of the junction temperatures of M1 and D4 at the
CLO mode. In 14,000 h, the junction temperatures of M1 increases from 363 to
429 K, and the junction temperatures of D4 rises from 350 to 408 K.

Figure 16.16 shows the cumulative failure rate of M1 in different conditions of
the CLO mode. In the constant temperature and current of the M1, the cumulative
failure rate is about 43% at 14,000 h. If only considers increasing of M1’s junction
temperature, the failure rate accumulates to 100% around 12,000 h. If only con-
siders M 1’s current increasing, the cuamulative failure rate is about 86% at 14,000 h.
If considers both of junction temperature and current of M1 in CLO mode, the
failure rate of M1 accumulates to 100% in about 10,000 h. The failure rate of M1 is
increased greatly in the junction temperature and current of M1. Compare with the
current, the increased junction temperature has larger effects on the failure rate, due
to the high activation energy.

Figure 16.17 displays cumulative failure rate of the driver in different conditions
of CLO mode. In the ever-increasing temperature and current obtained by proposed
models, the failure rate of the driver accumulates to 100% in about 9,300 h. In the
constant temperature and current, the failure rate accumulates about 56% linearly in
14,000 h. As discussed above, failure rates of driver’s components are greatly
increased by driver’s temperature and M1’s current. Thus, the driver in CLO
mode has a shorter MTTF than in constant conditions.
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Figure 16.18 displays the LED junction temperature in CCM mode. After 25,000 h,
the junction temperature of the LED increases about 10 K. As the degradation
process of the LED light source, more thermal power is generated, leading tem-
perature increasing of the entire lamp. Although the increment is less than the CLO
mode, the increased LED junction temperature still have a significant impact on the
lamp’s lifetime.

Figure 16.19 displays the normalized luminous flux of CCM mode. The lifetime
of the LED lamp in this mode is around 21,500 h. The elevated junction temper-
ature accelerates the degradation of the LED light source. Thus, the lifetime in
CCM is about 14% shorter than in the constant temperature and current.

Figure 16.20 shows the history of the junction temperatures of M1 and D4 at the
CCM mode. The junction temperature of M1 increases from 363 to 366 K, and D4’s
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Fig. 16.18 The LED
junction temperature of the
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Table 16.5 Lists lifetimes, MTTFs, and temperatures of each mode
Case Lifetime (H) T; (K) MTTF (H) Tp (K)
Initial status 25,000 351 25,000 342
CLO 14,000 Varying 9,300 Varying
CCM 21,500 Varying 22,900 Varying

junction temperature rises from 350 to 354 K in 25,000 h. Compared with the CLO
mode, the junction temperature of M1 and D4 increases slightly.

Figure 16.21 displays cumulative failure rate of the driver in different conditions
of CCM mode. In the ever-increasing temperature and current obtained by proposed
models, the failure rate of the driver accumulates to 100% in about 22,900 h. In the
constant temperature and current, the cumulative failure rate is about 100% at
25,000 h. As discussed above, failure rates of driver’s components are slightly
increased by driver’s temperature. Thus, the driver in CCM mode has a little shorter
MTTF than in constant conditions (Table 16.5).

In CLO mode, the lifetime is about 14,000 h since the LED junction temperature
exceeds its maximum value, and the MTTF is about 9,300 h. The light output
compensation brings the increased current and temperatures and, thus, a shorter
lifetime and MTTF. Thus, the constant light output mode eliminates lumen depre-
ciation at the expense of the reliability of the LED lamp. Such technologies are not
suitable to improve the reliability of LED lamps. Due to the higher activation
energy of the driver, the MTTF is more temperature sensitive than the lifetime.
The MTTF becomes much shorter than the lifetime, and the catastrophic failure
may occur before the lumen depreciation. In reliability optimization, it should put a
priority on the catastrophic failure of the driver.

In CCM mode, the lifetime is about 21,500 h, and the MTTF is about 22,900 h.
As the discussion above, the ever-increasing LED junction temperature accelerates
the degradation process of the LED light source and brings high failure rate of the
driver. Moreover, the lifetime and the MTTF in this mode are comparable. It means
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that both of the catastrophic failure and the lumen depreciation may occur. In
reliability optimization, both of these two failure modes should be considered.

16.4 Conclusions

Section 16.2 investigates the impact of the interaction between the degradations of
the LED and driver on the lifetime of an integrated LED lamp. The electronic-
thermal simulation was carried out to obtain performance of the LED. Three
scenarios were simulated first:

» Scenario 1 considers the LED light source degradation only, with the selection of
25,000 h LED’s lifetime. In this case, LED current stays almost at its initial
value due to the non-degradation driver applied. However, the LED junction
temperature and the driver’s temperature increase over time. As a result, the
lamp’s lifetime is reduced to 21,500 h, about 86% of the targeted lifetime.

¢ Scenario 2 considers the driver’s degradation only, with a selection of 25,000 h
lifetime of driver in terms of output current. Since LED’s degradation is not take
into consideration in this case, the LED’s junction temperature and the driver’s
temperature decrease over operation time, as less electric current is applied. As a
result, the lumen output is depreciated at only 7% in about 25,000 h. It implies
that when the driver’s lifetime is comparable to the LED’s lifetime, the LED’s
degradation must be taken into considerations.

e Scenario 3 investigates the ultimate lifetime of the LED lamp when both
degradations from LED and driver simultaneously occur. It has been found
that the LED’s junction temperature and the driver’s temperature do not change
much in 25,000 h. However, the lamp’s lifetime in terms of lumen output has
been reduced to 19,600 h.

Furthermore, the different combinations of driver/LED lifetime selections were
studied, with the driver’s lifetime as 25,000, 35,000, 15,000 h, respectively, while
LED’s lifetime remains 25,000 h. It has been found that the lifetime and the LED
junction temperature of each combination need to be predicted case by case by the
electronic-thermal simulations.

Section 16.3 focuses on predicting the catastrophic failure of an electrolytic
capacitor-free LED driver during the lumen depreciation process. A commercial
LED bulb and a fly-back converter with an LC filter are used in the present study.
Electronic-thermal simulations are utilized to obtain the lamp’s dynamic history of
temperature and electrical current for two distinct modes: constant current mode
(CCM) and the constant optical output (CLO) mode, respectively. A fault tree
method is applied to calculate the system’s MTTF, and the LED’s lifetime also is
calculated.

» The CLO mode increases exponentially the LED’s current to maintain the
constant light output. As a result, junction temperatures of LEDs, MOSFET,
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and diode rise about 75 K, 50 K, and 50 K, respectively. As a result, the lifetime
decreases to 14,000 h, and the MTTF drops about 9870 h. Thus, the constant
light output mode eliminates lumen depreciation at the expense of the reliability
of the LED lamp. Such technologies are not suitable to improve the reliability of
LED lamps. Compare with current of MOSFET, the increased junction temper-
ature has larger effects on the failure rate. The MOSFET contributes more to the
driver’s failure rate than the diode. Since the MTTF is shorter than the lifetime,
the catastrophic failure of the driver may occur before the lumen depreciation. In
reliability optimization, it should put a priority on the catastrophic failure of the
driver.

» For the CCM mode, the current keeps unchanged; junction temperatures of the
LED, the MOSFET, and the diode rise about 10 K, 4 K, and 4 K respectively,
leading the lifetime drops to about 21,500 h; and the MTTF drops to about
22,600 h. Similar to the CLO mode, MOSFET also contributes more to the
driver’s failure rate than the diode. Since the lifetime and the MTTF in this mode
are comparable, both of the catastrophic failure and the lumen depreciation may
occur. In reliability optimization, both of these two failure modes should be
considered.

From abovementioned results and discussions, it is concluded that it is necessary
to apply the electronic-thermal simulations to predict the reliability of LED lamps
when driver’s lifetime is comparable to the LED’s lifetime. This chapter presents a
methodology to accurately predict the ultimate lamp’s lifetime. Such a methodol-
ogy will be very useful in designing LED product by selecting different drivers and
LED light sources.
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