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ABSTRACT LED-based lighting technology is widely adopted as it offers a range of benefits, including
energy efficiency, durability, and flexibility in design. LED luminaires’ performance during their lifetime is
always a concern as several subsystems are in play. The best-adopted strategy yet is accelerated degradation
testing with continuous hours of operation. This assumes that the LED luminaire is turned ON through
out its life and as in reality the LED luminaires are turned ON and OFF constantly after certain hours of
operation. The primary problem is that it doesn’t take into account how LED luminaire lifespan performance
is impacted by ON and OFF cycles. The work presented adopts modified testing where LED luminaires are
turned ON/OFF after the LED luminaire temperature is settled to a steady value. The LED light engine and
associated LED driver are operated continuously in three different environmental conditions. The results are
analyzed considering lumen maintenance and equivalent series resistance of the electrolytic capacitor of the
LED driver. Spectral power distribution and SEM-EDS analysis also revealed the reason for the deterioration
of LEDs. An empirical model to predict the lifetime performance for different operating conditions is
presented, and the cycle-based lifetime is estimated. Overall, the work offers a realistic performance testing,
analysis and estimation technique considering all the possible scenarios the LED luminaire might encounter
in a real-world application.

INDEX TERMS LED luminaire, performance analysis, cycles test, accelerated degradation test.

I. INTRODUCTION
LED luminaires are considered to be highly reliable and

of the LED driver is now comparable to better than the LED.
The general illumination white LEDs are typically made

durable, with a long lifespan of 50,000 to 100,000 hours
and low maintenance requirements [1]. However, the actual
lifespan of an LED luminaire is affected by various factors,
such as the quality of the LED chips, the quality of the
driver, the thermal management of the luminaire, and the
environmental conditions in which the luminaire operates
[2]. Earlier, the LED luminaire lifetime was determined by
the performance of the LED driver [3]. But, due to the
advancements in LED driver electronics [4], [5] the lifetime
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using a phosphor coating that converts the blue light emitted
by the LED chip into white light. This phosphor coating
can degrade over time due to exposure to heat and other
environmental factors, leading to a reduction in light output.
The lifetime of an LED luminaire is typically defined as the
time (L70) it takes for the light output to degrade to a certain
level, such as 70% of the initial light output [6]. An electrical-
thermal-luminous-chromatic model is developed by [7] to
predict the light performance under operating temperature.
The analysis is carried out for phosphor converted white
LED packages. The research in [8] proposes, luminous
flux degradation model to determine the optimal number
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of lamps to replace, maintenance schedules, and brightness
dimming level, subsequently considers users’ lighting needs,
maintenance budget, and energy savings. Work presented
in [9], discusses the life cycle assessment of an suspended
LED luminaire and the impact on the installation of lighting
in an office/classroom set-up.

Accelerated degradation testing of LEDs involves sub-
jecting the LEDs to harsh conditions in order to accelerate
the aging process and assess their long-term lifetime per-
formance. The work in [10] presents a review of possible
failure mechanisms of LEDs in real-world applications.
High and Mid power LEDs are studied, and electrical
overstress, assembly issues and chemical contamination are
considered as the most common reasons for the failure
of the LEDs. Another literature [11] presents a review
on various generalized accelerated life testing procedure,
different types of modelling, extrapolations, and statistical
tools for lifetime prediction based on the accelerated test.
The research in [12] adopts a spectral power density-based
modelling technique to identify the process of mid-power
white LED deterioration. According to the findings, there is
a significant decline in the packaging materials properties,
which led to LED deterioration. Deterioration of the phosphor
layer and blue LED chip are two additional elements that
contribute to the overall degradation of the LED light
output. In [13], a step-down aging test is carried out with
a stopping rule in accordance with IES-TM-28. To develop
the dependability model of LED bulbs under accelerated
temperature, a two-stage technique is used to calculate the
equivalent time from one temperature to another. The work
n [14] develops an accelerated test method at elevated
temperature to reduce the testing hours to 2000 hours.
Acceleration factor for degradation is determined based
on the exponential degradation model and the Arrhenius
model. The subsystem isolation method is employed in [15],
to perform step-stress accelerated degradation test (ADT)
on high power LEDs. The LED driver, light engine, and
mechanical fixtures are the subsystems considered, and step
stress test is conducted only on LED light engine. Higher
operating conditions resulted in faster deterioration, and step
stress life under multiple test settings is determined using
a classified extrapolation of data from a single experiment.
High-brightness LEDs from different LED manufacturers are
subjected to short-term accelerated life testing by [16]. The
exponential law and activation energy are used to illustrate
how light output degrades as a result of temperature effect.
It is also possible to witness the epoxy’s color shifting
and darkening over time. The studies with greater current
stress are also carried out, and it is discovered that they
rise junction temperature, accelerating LED deterioration.
The work in [17] performs analysis in terms of defect
growth in LED package using a systematic non-destructive
approach. The results reveal that under accelerated test
circumstances, the parasitic resistance associated with the
LEDs varies. A study on optical degradation of the LED
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package due to high-temperature aging is performed in [18].
It is found that the encapsulant and delaminations do not
affect the degradation process. The main reason is the LED
junction temperature, and chemicals from the LED lead frame
results in intense degradation. The most dominant failure
mechanism of LED packages is identified with the help of
Scanning Electron Microscope(SEM) and Energy Dispersive
Spectroscopy (EDS) analysis. Modifications in the LEDs’
optical characteristics that were discovered during the ADT
of HPLEDs are assessed in [19]. For in-situ measurements
during ADT, experimental technique is devised and the
results are confirmed by comparison to generic ADT.
Reference [20] proposes a highly accelerated degradation
(HADT) methodology based on sub-system isolation method
to determine thermal stress limit (TSL) for a LED lamp.
The obtained TSL is applied to step-stress accelerated
degradation testing(SSADT) to verify the uniform decay
mechanism at different stress levels. The TSL limit for any
LED lamp is estimated to be approximately 100C to 110C.
Step-Down stress accelerated degradation test (SDSDT)
analysis is proposed in [21]. The thermal degradation kinetics
of LED lamps as a system is studied using SDSADT
and step-up stress ADT (SUSADT) to compare the decay
mechanisms due to different thermal stress loaded in both the
experimentations. The results suggest that the LED package
and phosphor play a significant role in the degradation of the
entire LED package.

Work in [22] discusses five major mechanisms that
contribute to the degradation of LED. The percentage effect
of each in quantified and the most influential mechanism
is identified as the main reason for failure. Approximately
42% of failure is due to chemical elements deposition on
the surface of the Ag reflective layer resulting in severe
light degradation. Reference [23] performs a parametric
study on the life estimation of the LED-based lamps.
LEDs are operated under constant dc current conditions and
On-Off testing conditions to determine the effects of possible
variations on the performance of LEDs. Power cycle based
investigation on flip-chip type of LED module is presented
in [24]. The thermal resistance of the LED under investigation
is computed and the effect of temperature on the number of
cycles of operation of the LED is determined for lifetime
analysis. A supply switching test is performed in [25], where
LED is subjected to a predefined thermal profile. Based
on the analytical model developed and thermal transient
measurements carried out, performance analysis of the LED
model under cycles of test is determined.

As projected in the literature, continuous testing is carried
out under various stress levels, and the LED luminaire
performance depends on its operating hours, failing the entire
system. But, in practice, the luminaire is also continuously
switched ON and OFF, necessitating research into how the
operation cycles affect the performance of LED luminaires.
Limited study on the cycle-based operation is observed,
and those LEDs are turned ON/OFF instantaneously without
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considering settling time for temperature stability. The
temperature is the most dominating factor in determining
the performance of the LED luminaire. As a result, cycles-
based testing with regulated ON-OFF duration based on
temperature stabilization is critical. So, real-world operating
scenarios may be examined and a more realistic lifetime
is predicted. Thus, the work presented in this manuscript
addresses the above-stated concerns, determines the effect
of operating cycles on the performance of LED luminaires,
and indicates lifetime in terms of operating cycles under
accelerated and real operating scenarios. Also, the works
in literature predict the lifetime only at the accelerated
test conditions, but in practice, LEDs can have a different
operating temperature based on environmental conditions.
The effectiveness obtained from restricting the experimental
procedure to just three conditions is another noteworthy
advantage. This approach conserves time and energy by
reducing the need for extensive equipment usage, particularly
in accelerated conditions, to ascertain results for additional
conditions. By focusing resources on a streamlined pro-
cess, researchers can expedite data collection and analysis,
facilitating quicker insights and conclusions. Ultimately,
this optimization enhances the overall productivity and
effectiveness of the experimental procedure. Thus, a novel
model is presented to estimate the lifetime for any desired
conditions with a limited number of degradation tests.

il. METHODOLOGY

The LED samples chosen for the study are from leading
LED luminaire manufacturers that are widely available in
local market used for general illumination [26] and the
technical details are as shown in Fig. 1. For reference the
three models are named as LED M1, LED M2 and LED M3.
One of the objectives of the proposed solution to determine
the cycle-based lifetime is to reduce the number of experi-
ments/degradation test to as minimum as possible and thereby
provide an estimate of lifetime for other desired conditions.
The degradation test involves subjecting the LED luminaires
into three different environmental conditions. Four samples
from each make/model is chosen for the analysis for each
degradation condition. So in total 12 LED luminaires are
subjected to each degradation test. The test conditions are as
shown in Table 1. The behavior of performance indicators
of the LED luminaire are analyzed using three different
levels of degradation test conditions. The LED luminaires
are subjected to different levels of ambient temperature(7,)
conditions, and constant humidity conditions for the analysis
and are referred to as DT-A, DT-B and DT-C as shown
in Table 1. The maximum junction temperature(7;) of the
LEDs inside the LED light engine is determined and is
classified as shown in the remarks. The LED luminaire
system(light engine + driver) is placed inside the thermal
chamber for degradation analysis and measurements are
taken at regular intervals of time. The connection diagram
for the experimentation and measurement test setup is as
shown in Fig. 2. The luminaires under test are turned ON and
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LED Model 1 (LED M1)

Driver

Current  :250mA
Voltage  :42V ~ 52V
Capacitor : 220uF, 63V

= LED Light Engine

Light Engine

Type : LP-SMD LED

Mount :on PCB

Base : Fiber/Plastic

LEDs 164 d
ParallelXSeries: 4X16 o

LED Model 2 (LED M2

Driver

Current  : 300mA
Voltage  :42V ~ 54V
Capacitor : 220uF, 63V

LED Light Engine

Light Engine

Type : LP LED strip
Mount : perimeter
Base - metal

LEDs 175
ParallelXSeries: 5X15

LED Model 3 (LED M3)
Driver =5 =
Current  :250mA
Voltage  :42V ~ 52V
Capacitor : 220uF, 63V

Light Engine

Type : LP-SMD LED
Mount :on PCB |
Base : Metal+Fiber |
LEDs 164

LED Driver

ParallelXSeries: 4X16

FIGURE 1. The LED make-models and its specifications for the
degradation analysis [26].

TABLE 1. Specifications of test conditions under degradation analysis.

Test Temperature(7y,) Humidity remarks

DT-A 80°C 80% RH LED T; > 100°C
DT-B 60°C 80% RH LED T; < 100°C
DT-C = 30°C ~ 80% RH | practical conditions

OFF every 20 minutes with help of micro-controller setup
to study the effect of switching cycles on LED luminaire
performance. The duration of 20 minutes is selected such
that junction temperature is settled to a constant and thus
lumen output is stabilized. At regular intervals of time the
measurements are carried out with help of integrating sphere,
spectrometer and sensors for photometric and electrical
measurements [26] and [27], as shown in Fig. 2 and a
model to determine the cycle based lifetime is developed.
The integrating sphere and spectrometer set-up is calibrated
for every set of measurements with standard calibration
lamp and standard calibration procedures. The images of
the environmental chambers and the test setup is shown in
Fig. 3. DT-A, DT-B and DT-C test analysis are performed, and
light engine parameters - lumen maintenance and equivalent
series resistance (ESR) of driver capacitor is recorded at
regular intervals of cycles. Lumen degradation and ESR
increase with cycles of operation were observed. Thus, lumen
maintenance and ESR change based analysis are performed.
A flowchart in Fig. 4 describes the procedure adopted for
cycle-based performance prediction and estimation for any
other desired conditions. Three degradation levels of tests are
performed, and the colorimetric and electrical measurements
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FIGURE 2. The connection diagram for degradation and measurement
test setup.
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FIGURE 3. The degradation and measurement experimental test setup.

are recorded and the results projected as an average of four
samples for each case. In terms of lumen maintenance and
ESR, the cycle-based lifetime is projected for the three test
settings. Analysis of Spectral Power Distribution (SPD) and
SEM-EDS is also done to identify the reasons for failure.
A novel multiplication factor-based empirical model is
defined to estimate the lumen and ESR degradation profiles,
giving the lifetime for any desired temperature conditions.
The estimation is done for various temperature conditions and
compared with experimental results for validation.
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LED luminaires (M1, M2, M3) for cycle-
degradation test (DT-A, DT-B. DT-C) analysis

LED light engine LED driver

| photometric, thermal | | electrical, thermal |

measurements measuremenits

Lumen output,
SPD, | Capacitor ESR analysis |
SEM-EDS analysis
; v

Lifetime performance Aanlysis and lifetime
prediction under DT-A, DT-B, DT-C

MNovel empirical Estimation of Lifetime
multiplication factor life —= performance for any desired
estimation model conditions and validation

FIGURE 4. Flowchart for cycle based degradation test analysis and life
prediction.
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FIGURE 5. Lumen estimation of LED M1 under cycles degradation tests.

IIl. RESULT ANALYSIS AND DISCUSSIONS

For lumen maintenance and other photometric measures,
measurements are obtained at regular intervals for all
samples. Similarly, capacitor ESR measurements for LED
drivers and other electrical measurements are undertaken.
The Lumen maintenance threshold is chosen as L70 (70%
of initial light output) as per the lighting standards, and
the maximum value for ESR is limited to 12 for LED
luminaires [28]. Thus, based on nature of the degradation,
a suitable model is adopted to determine the lifetime of LED
luminaires in terms of cycles of operation.

A. LED LIGHT ENGINE-LUMEN MAINTENANCE ANALYSIS
The LED luminaires are subjected to three temperature level
conditions named DT-A, DT-B and DT-C. The measurements
were carried out until one of the failure criteria is met which
is the lumen maintenance based L70. The averaged lumen
maintenance as a relation with the number of switching cycles
is obtained and is shown in Fig. 5 for DT-A, DT-B and DT-C
conditions of LED MI. Similarly the cycles based lumen
performance for LED M2 and LED M3 are shown in Fig. 6
and Fig. 7 respectively. The experimentally obtained lumen
maintenance is modeled as an exponential model as a function
of cycles of operation, similar to hours of operation, as shown
in equation (1).

LM = A x exp(—B x ¢) (1)

A and B are the coefficients of the model and ¢ represents
cycles. The value of R? is greater than 0.85, such that the
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FIGURE 6. Lumen estimation of LED M2 under cycles degradation tests.
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FIGURE 7. Lumen estimation of LED M3 under cycles degradation tests.

TABLE 2. Lumen maintenance coefficients and life of LED luminaires.

DT-A
LED A B cycles
Ml | 099 -11.37x10-5 3103
M2 | 099 -11.36x10-5 3050
M3 | 099 -7.88x10-5 4346
DT-B
M1 | 099 -7.65x10-5 4621
M2 | 098  -541x10-5 6251
M3 | 099 -5.61x10-5 6108
DT-C
Ml 1.01 -3.28%x10-5 11191
M2 | 099 -3.85%x10-5 8933
M3 1 -3.28x10-5 11033

model and coefficients are accurate for life estimation. The
averaged values of coefficients and corresponding cycles for
L70 of all the luminaires under the test are shown in Table 2.
It is observed that the LED luminaires have a lifetime of
~ 3000 to 4000 cycles under DT-A, and while testing for
DT-B showed a lifetime of ~ 5000 to 6000 cycles and
lifetime under practical operating conditions are expected to
be around ~ 10000 cycles.

B. LED LIGHT ENGINE-SPECTRAL POWER DISTRIBUTION
ANALYSIS

Spectral Power Distribution is the distribution of power or
energy emitted by a light source at different wavelengths
across the visible spectrum. All the photometric and colori-
metric measurements are derived from the SPD. The SPD
for the LED luminaires under the degradation test conditions
before the start of test and after completion of the tests are
shown in Fig. 8. In every instance, it is observed that the
SPD curves after the degradation test have reduced spectral
power due to the reduction of lumen output. It is also to be
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FIGURE 8. SPD of the LED luminaires under cycles degradation tests.
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FIGURE 9. ESR estimation of LED M1 under cycles degradation tests.

observed that the peak wavelength is maintained the same
throughout the degradation tests. Thereby indicating that the
color characteristics are not changed in the cycles-based
degradation test, and the lumen maintenance is the only
degradation failure mechanism for the LED light engine
subsystem.

C. LED DRIVER ANALYSIS

The ESR of the electrolytic capacitor is considered as the
lifetime performance factor of the LED driver, as it dictates
the quality of constant current fed to the LED light engine and
is considered as the weakest link in the LED driver. During
every switching cycle the electrolytic capacitor charges and
discharges there by the degradation of the capacitor is
significant. Thus ESR is measured at regular intervals of
time and the averaged ESR as a relation with the number of
switching cycles is obtained in similar lines as that of lumen
maintenance and is shown in Fig. 9, Fig. 10 and Fig. 11
for LED M1, LED M2 and LED M3 respectively. Since the
experiments were carried out until the first failure criterion is
met in terms of lumen maintenance, the ESR values measured
during the experiments are used to estimate life of driver.
The ESR based life estimation is modeled as an exponential
function of cycles and is shown in the equation (2). A" and B’
are the coefficients and c represents cycles of operation.

ESR = A’ x exp(B’ x c) 2)

The coefficients and cycles for ESR estimation of all the
luminaires under the test for all the conditions are shown
in Table 3. From the estimation, the approximate number of
cycles to determine the life of LED luminaires under DT-A
is &~ 25,000 cycles. Similarly, the approximate cycles based
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FIGURE 10. ESR estimation of LED M2 under cycles degradation tests.

LED M3 ESR under DT-A LED M3 ESR under DT-B LED M3 ESR under DT-C

25833 cycles 42825 cycles” 102937 cycles

0.2

X LED M3 avg raw data
—LED M3 estimated ESR curve

X LED M3 avg raw data
——LED M3 estimated ESR curve.

X LED M3 avg raw data
——LED M3 estimated ESR curve

10000 20000 30000 10000 30000 50000 30000 60000 90000
Cycles ycles Cycles

FIGURE 11. ESR estimation of LED M3 under cycles degradation tests.

TABLE 3. ESR coefficients and life of LED luminaires.

DT-A
LED A’ B’ cycles
Ml 0.143  8.32x10-05 23362
M2 0.071 9.26x10-5 28548
M3 0.129 7.92x10-5 25833
DT-B
M1 0.143 3.84x10-5 50743
M2 0.051 5.7x10-5 52157
M3 0.133 4.71x10-5 42825
DT-C
Ml 0.141 1.75x10-5 111734
M2 0.05 3.02x10-5 99031
M3 0.148 1.86x10-5 102937

life of LED luminaires under DT-B and practical conditions
are found to be ~ 47,000 cycles and ~ 1,00,000 cycles
respectively.

D. LUMEN MAINTENANCE BASED PERFORMANCE
ESTIMATION FOR DESIRED CONDITIONS

To analyse the LED luminaire performance in terms of
lumen output variations at desired conditions, an accelerating
multiplication factor based model is proposed. The proposed
model uses the results of various degradation tests presented,
to determine the novel life prediction model coefficients and
then the degradation profile for different temperatures in
the operating range is determined. The lumen maintenance
model for L70 prediction based on cycles of operation as
shown in equation (1) is used and the predicted coefficients
is determined as shown in equation (3)

Ayse = Agce  Buse = Baee X MF (3)
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here, A,se = Agcc 1S not impacted by degradation variations
as it is the initial value at zero cycle operation. However, By,
is the degradation factor deciding the shape of degradation
curve, this factor is majorly dependent on temperature as
influencing the shape of the degradation profile. Therefore
Byse = Bgcec X MF, where MF is the multiplication factor
dependent on temperature which gives relative contribution
of degradation effect to the accelerated test obtained By..
One such model that is used widely is the Coffin-Manson
model applied for thermal-induced fatigue failures [29]. The
Acceleration Factor (AF) using Coffin-Manson model is
shown in equation 4 below.

ATy\b  (fi\—a Ea 1 1
Ar=(37) * () xen( =7~ 7))
ATy jo¢ K Tk  Tkn

(4)
where, AF = Acceleration Factor; ATy = AT of high
stress level temperature cycle; ATy, = AT of low stress

level temperature cycle, fi = cycles per day at the low
stress level temperature cycle; fz = cycles per day at the
high stress level temperature cycle; Tx;, = max absolute
temperature at the low stress level temperature cycle, in K;
Txky = max absolute temperature at the high stress level
temperature cycle, in K; a and b are constants. The model
is applied for determining the reliability for electronic
packaging under accelerated temperature cycle test [29],and
thus it is possible to modify and use the Coffin-Manson
model for cycle-based reliability of LED luminaire as LEDs
degradation is predominantly affected by the temperature.
For cycles of operation analysis, the temperature-induced
multiplication factor model is derived from modifying the
Coffin-Manson model applied for thermal-induced fatigue
failures, as shown in the equation (5). Since the frequency
at all the accelerated temperature conditions are same the
ratio %is one for all measurements and % is represented as
constant a.

AT e\ 1 1
MF = (—) X exp(a X [ — ]) 5)
ATuse Tuse TaCC

In the equation, MF is multiplication factor, n is power factor,
ATuee and ATy are Tyax — Tmin under accelerated and
practical use conditions respectively. Similarly a is thermal
coefficient and T, and 7,5, are maximum temperature under
accelerated and desired use conditions given in kelvins.

The LED boundary temperature under cycle operation are
the stabilized junction temperature, which is the maximum
temperature(7},,,) and the ambient temperature, which is the
minimum temperature(7;,;,). The difference of these tem-
peratures is the temperature change with cycles represented
as AT. The temperature of the LED light engine for all
three luminaires under the study is shown in Table 4 for
DT-A, DT-B and DT-C conditions. Using the equation (5), the
coefficients of the multiplication factor are computed using
DT-A - DT-B and DT-A - DT-C experiments and are shown
in Table 4.
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TABLE 4. Temperature of LEDs and MF coefficients under cycles test.

DT T(°C) | LEDMI1 | LEDM2 | LED M3
Trmin 80 80 80
DT-A Trmaz 113.02 103.66 116.69
AT 33.02 23.66 36.69
Tmin 60 60 60
DT-B Trmax 98.84 85.69 100
AT 38.84 25.69 40
Tmin 27 27 27
DT-C Trmax 79.25 64.58 85.92
AT 52.25 37.58 58.92
. a -4021.34 | 7009.95 2402.83
ME coefficients | -4.8883 | 23192 | -0.7352
: LED M1 lumen mail prediction and .
1 Ambierit Temperatire (C) |
.......... =27 'C predicted (DT-C)
RN —30°C predicted
Sool NS 5 pedond
g e N N e s ——60'C predicted
8 085 NN IS Tt ~70°C predicted
L NN L T, ——80 C predicted
A% 080 NN T, 0'C experimental (DT-A)
2 0NN\ N T, 0°C experimental (DT-8)
So7sc N ANl T |**+**'27'C experimental (DT-C)|
£
3 10793 cycles————
0.7 : <
0.65 \

1000 2000 3000 4000 5000 GOO%YC‘E%OU 8000 9000 10000 11000 12000

FIGURE 12. Lumen based performance prediction of LED M1 and
validation.

LED M2 lumen
1E Ambient Temperature ('C) —
=——27"C predicted (DT-C)
——30'C predicted
——40'C predicted

50°C predicted
——60C predicted
70°C predicted
80°C predicted
=** 80°C experimental (DT-A)
*** 60°C experimental (DT-B)
*** 27°C experimental (DT-C)

cycles prediction and

8782 hours

Lumen Maintenance (Im)

0.65 e
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000

FIGURE 13. Lumen based performance prediction of LED M2 and
validation.

The performance of the LED luminaire based on lumen
maintenance is predicted for various temperature conditions
within the range of practical temperature of 27°C and up to a
maximum of 80°C (DT-A) ambient conditions. The values of
minimum temperature (ambient) and maximum temperature
(junction) with corresponding multiplication factors are
presented in Table 4. The computed multiplication factors
along with equation (3) is used to predict the degradation
coefficient (Bpreq) considering 60°C(DT-B) as the reference.
The initial coefficients(Apq) is same as the coefficient under
DT-B condition(A,..) and the values (from Table 2) are
0.99, 0.98 and 0.99 for LED M1, LED M2 and LED M3
respectively. The lumen maintenance L70 prediction based
on cycles of operation for all the luminaires under the study
is presented in Table 5. The prediction of lumen maintenance
performance based on cycles of operation with DT-B as
reference condition is shown in Fig. 12, Fig. 13 and Fig. 14
for LED M1, LED M2 and LED M3 respectively. From
the figures, the predicted results for practical conditions
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LED M3 lumen

cycles prediction and
Ambient Temperature ('C) |
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-, ——40'C predicted
...... 50°C predicted
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@
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FIGURE 14. Lumen based performance prediction of LED M3 and
validation.

TABLE 5. Predicted coefficients of model and lumen maintenance life
cycles prediction and validation.

LED Bpred Cpred | Aexp Beap Ceap | % error
M1 3.275x10-5 10793 1.01 3.276x10-5 11191 -3.56
M2 3.850x10-5 8782 0.99 3.850x10-5 8924 -1.6
M3 | 3.277x10-5 | 10456 1 3.281x10-5 | 11033 -5.23

are comparable to those obtained experimentally under
practical conditions. However, to validate the predictions,
the lumen maintenance model coefficients (Apreq and Bpreq)
for practical operating conditions (27°C) predicted using
DT-B results and the coefficients from experiments at DT-C
conditions(A.x, and B,y,) are presented in Table 5. The cycle-
based L70-life (Cpeq) is obtained using predicted coefficients
and lumen maintenance model as in equation (1), and is
compared with experimentally obtained L70-life (Ceyp) for
practical conditions (DT-C). The prediction is validated with
the % error of less than 6% as shown in Table 5.

E. LED DRIVER ESR BASED PERFORMANCE PREDICTION
AND VALIDATION FOR CYCLES OF OPERATION
An accelerated multiplication factor based performance
prediction model is proposed for ESR based performance
estimation in terms of cycles of operation. The proposed
model for ESR based life prediction is similar to cycles based
life prediction of lumen maintenance. The multiplication
factor is the same given in equation (5). The method for
predicting the MF coefficients uses all DT analysis results
and the degradation parameter of the ESR based model,
shown in equation (2).The predicted coefficients are derived
as shown in equation (3)(using A, ;, .. and B, , ... instead of
Aysejace and Byge /qcc for ESR estimation). For the LED driver
under cycles operation, the representation of temperature
are maximum capacitor surface temperature assumed as the
maximum temperature(7},,,) and the ambient temperature
as the minimum temperature(7,,;,). The difference of these
temperature are the temperature change with cycles repre-
sented as AT. The temperature of LED driver capacitor are
shown in Table 6 for DT-A, DT-B and DT-C conditions. The
coefficients of the multiplication factor are computed using
DT-A - DT-B and DT-A - DT-C experiments and are shown
in Table 6.

The performance of the LED driver based on ESR is
predicted for various temperature conditions within the range
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TABLE 6. Temperature (°C ) of LED driver capacitor and MF coefficients
under cycles of operation.

DT T(°C) | LEDMI1 | LEDM2 | LED M3
DT-A Tmaz 85 88 85
AT 5 8 5
Tmin 60 60 60
DT-B Tmaz 67.5 70.2 66.2
AT 7.5 10.2 6.2
Trmin 27 27 27
DT-C Trmax 37.2 40.9 36.2
AT 10.2 13.9 9.2
. a 1108.92 | -1375.31 | 10150.95
ME coefficients | | 15147 | 3066 | 97175
LED M1 ESR prediction and validation
A vd ~

111137 cycles
Ambient Temperature ('C)

}—30 C predicted
‘740 ‘C predicted
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FIGURE 15. ESR based performance prediction of LED M1 and validation.

LED M2 ESR prediction and validation

o
o

Ambient Temperature ('C)
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——30°C predicted
——40°C predicted
50°C predicted
——60C predicted
——70°C predicted
80°C predicted
*** 27°C experimental (DT) |
*** 60°C experimental (ADT)
*** 80°C experimental (HADT)
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ESR ()

20000 40000 Cycles 60000 80000 100000 120000

FIGURE 16. ESR based performance prediction of LED M2 and validation.

of practical temperature of 27°C and up to a maximum
of 80°C ambient conditions. The values of minimum
temperature (ambient) and maximum temperature (capacitor)
with corresponding multiplication factors are presented in
Table 6. The computed multiplication factors along with
equation (3) is used to predict the degradation coefficient
(,BI’M, ;) considering 60°C(DT-B) as the reference. The initial
coefficient(A;,re ) is same as that of DT-B conditions (A},,..),
and the values are 0.143, 0.051 and 0.133 for LED M1,
LED M2 and LED M3 respectively. The prediction of
ESR performance based on cycles of operation with ADT
as reference condition is shown in Fig. 15, Fig. 16 and
Fig. 17 for LED M1, LED M2 and LED M3 respectively.
The predicted ESR based life cycles results for practical
conditions are compared to those obtained experimentally
under practical conditions for validation as seen in the figures.
The ESR model coefficients (Al’m 4 and B;)r »q) for practical

operating conditions (27°C) predicted using DT-B results
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FIGURE 17. ESR based performance prediction of LED M3 and validation.

TABLE 7. Predicted coefficients of model and ESR life cycles prediction
and validation.

LED B/ red C}’)'r-cd Aélp Be/,Lp C(i;,p % error
Ml 1.752x10-5 | 111137 | 0.141  1.75x10-5 | 111734 -0.5
M2 | 3.209x10-5 | 92673 0.05  3.02x10-5 | 99031 -6.4
M3 1.858x10-5 | 108700 | 0.148  1.86x10-5 | 102937 5.6
LED M1 LED M2 LED M3

=t s e
An LED sample in LED luminaire before degradation test

LED M1 __ LED M2 LED M3

An LED sample in LED luminaire after degradation test

FIGURE 18. The visual of LEDs afresh before and discoloration after the
DTs.

and the coefficients from experiments at DT-C conditions
(A, and B,,,) are presented in Table 7. The cycle-based
ESR-life (C I/,re ;) 1s obtained using predicted coefficients and
is compared with experimentally obtained ESR-life (Céxp) for
% error computation as shown in Table 7. The life-cycles are
predicted and validated with an % error of less than 7%. Thus,
the proposed model with help of three experiments, is used to
predict the ESR based performance of the LED luminaire for
different operating conditions.

F. LED PACKAGE ANALYSIS

The LEDs inside the LED luminaires are exposed and
observed to identify the reason for the light output degra-
dation. The discoloration is observed after the degradation
testing as shown in Fig. 18. To determine the chemical
composition and examine the discoloration, the LEDs are
cautiously dismantled to expose the Silver(Ag)-mirror, and it
is noticed that because of the build-up of additional elements
on the Ag mirror, a layer of brown/black patina is observed
at the perimeter and around the LED chip of the LEDs. The
SEM-EDS analysis is performed to identify the elements, and
the results of a new LED and a degraded LED of LED M1
after the experimentation DT-A is completed are shown in
Fig. 19 and similar observations were found in other LED
samples at the degradation tests. Similar results are also

87951



IEEE Access

A. N. Padmasali et al.: Design of Test Method for Analysis and Estimation

Element | Weight%  Atomick
+=
Spectrum 1 AgL 10000 10000

Totals 100.00

0 2
Full Scale 1000 cts

Element | Welghtd%  Atomico
cx 29.43 as.1a
ok 23.80 29.23
Ak s.a7 3.8

sik 20.56 1a.38
sk 113 0.69

AgL 19.61 3.57

Full Scale 1530 cts C[_™"_ |'®

EHT = 10.00 kV.
WD =105 mm

Mag= 2.00KX

FIGURE 19. SEM-EDS results of fresh and degraded LEDs under DT.

observed in literature under continuous hours of degradation
test as one of the reason for LED failure [26]. The EDS
analysis also revealed the presence of Sulphur (S), which is
highly reactive at higher temperatures with silver, to form
silver sulfide (Ag2S) [30], as shown in the equation (6)

4Ag + 2HaS + 05 = 2AgyS + 2H,0 (6)

The resultant of this oxidation leads to the generation of
brown-colored deposition, drastically reducing the LED light
output. Chemical residues left over from the production
process on the lead frame are another potential cause of
contamination in LED packages. The use of materials or
equipment containing chlorine or sulphur as well as the
handling or transportation of lead frames prior to silicone
dispensing are other potential reasons. High response rates
are caused by higher temperatures and light photons, which
shorten the lifetime of LED packages by hastening tarnish
and seriously impairing LED lumen output. As a result,
improving the performance of LED packages and, therefore,
the lifespan of the overall LED luminaire system, necessitates
a sturdy design of LED packages.

IV. CONCLUSION

The LED luminaire lifetime performance depends on the
combination of the LED light engine performance and the
LED driver performance. Accelerated degradation testing
should represent the real-world application; therefore, the
following selections were made for the degradation analysis
of the LED luminaires. Three different models of LED
luminaires readily available in the market manufactured by
leading companies are chosen for the study. Three degrada-
tion test conditions were selected to consider practical room
operation conditions to worst-case temperature conditions.
Most importantly, LED luminaires (light engine with driver)
are subjected to ON/OFF cycles with a delay to stabilize
the LED luminaire temperature. The degradation analysis
revealed that lumen degradation is primarily the reason for
failure, followed by the filter capacitor in the LED driver.
SPD analysis also conveys the lumen degradation effect, and
SEM-EDS analysis revealed the tarnishing of the Ag-mirror.
An empirical multiplication factor-based model is presented
to estimate the lifetime for any desired operating temperature
conditions with restricted number degradation testing. Thus,
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the work forms a reference guide for manufacturers and
researchers to determine the lifetime of LED luminaires
effectively considering real operating scenarios and therefore
give a realistic projection of LED lifetime for any operating
conditions.
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