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Abstract: The failure mechanism of two commercial light-emitting diode (LED)-based spotlights with

GU10 form factor is analyzed. Through component testing and comparison to nominal values as well

as to simulations, it is found that the cause of both device failures is related to damaged components

within the drive circuits rather than the LEDs themselves. Both LED heads work as normal when

connected to an external direct current (DC) source. The results show that the lack of light output of

one spotlight is related to the open circuit caused by damaged resistors and inductors in its drive

circuit, while the flickering of the other is related to the malfunction of the integrated circuit providing

constant current output. Therefore, improving the quality of the LED drive circuits is considered the

most effective way for manufacturers to reduce catastrophic failures of LED spotlights.

Keywords: drive circuit; light-emitting diode (LED); spotlight; LED head; failure analysis; lifetime

1. Introduction

The light-emitting diodes (LEDs) enable solid state lighting that is more energy-
efficient than incandescent and fluorescent lamps [1,2]. With the awareness for the necessity
to reduce electrical energy consumption, LED-based solid state lighting is increasingly
being used in people’s homes, gradually replacing traditional incandescent and fluorescent
lamps. Spotlights based on the GU10 form factor, as shown in Figure 1, are very compact
luminaires and can be integrated in many lamp geometries.
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Figure 1. Two failed LED spotlights with GU10 socket. Sample A (a) does no longer emit any light,

Sample B (b) flickers.

LEDs went through a long period of development before they entered the lighting
market. In 1907, Round observed the photoluminescence phenomenon for the first time,
and people began research on various luminous devices [3]. In 1962, Holonyak invented

Electronics 2022, 11, 48. https://doi.org/10.3390/electronics11010048 https://www.mdpi.com/journal/electronics



Electronics 2022, 11, 48 2 of 16

the first visible light LED, after which LED manufacture moved from the laboratory to the
application field [4]. In 1993, high-brightness blue LEDs were manufactured by Nakamura
at Nichia, so that LEDs were able to enter the commercial display industry [5]. After 2000,
the technology of producing white light by combining blue LEDs with yellow phosphor
coatings began to appear [6]. Since then, commercial LED lighting has entered the con-
sumer market. Nowadays, white LED based lamps are an important part of the lighting
industry, promising long life and energy-savings for a wide range of applications, both
of which justify a premium resale price. Manufacturers advertise lifetimes up to 15,000 h;
however, scientific estimates cover a wide range from only 5000 h [7] over 25,000 h [8] up
to 100,000 h [9]. It is clear that overall system reliability will depend on the lifetime of
the weakest link in the conversion chain from electricity to light. Several different modes
of thermo-mechanical failure in solid state lighting systems have been identified that can
lead to either gradual reduction of light output (mainly due to ageing of the encapsulating
phosphor) or to sudden failure in the form of cracking (of encapsulation or of solder joints)
or bond delamination (between die/encapsulation, die/adhesive or support/thermal in-
terface materials) [10]. We have examined several failed commercial LED spotlights and
here report results from two such samples that showed two different common signs of
catastrophic system failures. These luminaires with GU10 form factor are more compact
than those with E27 screw caps for which infrared thermography identified the metal
vias within the LEDs and the soldered interconnects to the drive electronics boards as the
thermally most stressed, and hence possibly weakest, parts [11].

The principle of LEDs relies on spontaneous emission, generated by recombination of
electrons and holes in the pn-junction of a semiconductor [12]. In the diode, free electrons
are transported into the depletion region under forward bias where the electrons recombine
with holes and spontaneous emission of photons occurs. Therefore, a direct constant (DC)
current source is necessary for an LED [13].

This study analyzes the causes of failures of two commercial GU10 LED lights by
testing all their electric components and simulating the behaviour of the electric drive
units whose internal integrity cannot be checked directly. The two devices studied in
detail are shown in Figure 1. One of them (Sample A) does not produce any light output
anymore while the other one (Sample B) reveals a strong visible flicker. Both types of
catastrophic failure modes occurred within 2 years of installation (<2000 h of operation)
and are commonly found in solid-state lighting, along with more gradual degradation in
the form of a decrease of emission intensity or chromatic shifts with time both of which
can be studied by accelerated ageing at high temperatures either in quality control type
experiments [14–16] or by corresponding lifetime prediction modelling [17–19].

The basic product information of both LED spotlights, in the following called samples
A and B, is shown in Table 1. For testing, the two devices have been disassembled in the
laboratory. Multimeters, oscilloscopes and LCR meters have been used to identify specific
electrical components that had failed.

Table 1. Product information in the two LED spotlights investigated.

Criterion Sample A Sample B

Manufacturer unknown Diall
Failure type no light output flickering

Input voltage 220–240 V AC 220–240 V AC
Rated working current 35 mA 44 mA

Power consumption 4 W 4.5 W
Nominal brightness 230 lm 230 lm

Frequency 50 Hz 50 Hz

The LED spotlights studied in this project belong to energy-saving low-power lighting
fixtures that can be used in various indoor environments. Their future market development
prospects are stronger than for incandescent or fluorescent lamps [20] so LED lighting may
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gradually become the mainstream of the lighting market. Therefore, failure testing of LED
lighting will also become more important for manufacturers to guarantee quality control.

2. Methodology

In order to analyze the cause of LED spotlight failures, the devices needed to be
disassembled. The structure of GU10 LED spotlights can be divided into five parts that
can be separated: optics, LED head, heat sink, drive circuit, and socket. The functional
description of each part is shown in Table 2. The optics, the heat sink, and the socket
base do not involve any electrical components and their integrity can be easily confirmed
by visual inspection. Most drive circuits are designed to operate at 220–240 V AC. All
simulations are performed for 240 V, while experiments refer to the 230 V 50 Hz grid used
in the UK or to the actual voltages applied.

Table 2. Functions of each part of the LED spotlights.

Part Name Function

Optics Guide light from LED head to yield even illumination

LED head
Light-emitting part of the device, usually composed of

multiple sets of single LEDs
Heat sink Dissipates heat from LED head and drive circuits

Drive circuit
Converts 220–240 V AC to several volts DC, at 10s of

milliamps of constant current DC to drive LEDs
Socket base Provides electrical contact to lamp holder

The LED head and drive circuit are the key parts for electrical testing. When testing
these two parts, the isolated LED head is tested first. If it works and is not faulty, then
the LED drive circuit must be at fault and is tested. The following will introduce the test
methods of these two parts and the theory that has been used.

3. Component Analysis

3.1. LED Heads

Photos of both LED heads are shown in Figure 2. There are three pairs of LEDs on each
lamp panel, and two LEDs in each pair. Therefore, there are six individual LEDs for each
base panel. Besides, two resistors are connected in parallel on the panel of Sample B. These
resistors are designed to keep the voltage stable without load. Sample A also has a resistor
in parallel with the LED head at the output but this is located on the drive circuit board.
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Figure 2. Photographs of LED heads of the spotlights from Samples A (a) and B (b).

LEDs are unidirectional conductive devices. Therefore, in order to test the two LED
heads, it is necessary to supply DC voltage to them. The test circuit used consists of a
power supply, an ammeter and the LED head to be tested. During the test, the DC voltage
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is increased from 0 to its rated value. When the current, I, reaches the rated value, the
voltage should he held and its value, V, is recorded. Which LEDs light up is noted. After
the measurement is completed, the forward resistance of the entire LED head circuit can be
calculated from Ohm’s law.

If the LED head is not illuminating, due to the series connection of all the LEDs, it can
be concluded that at least one LED or the resistors in parallel must be damaged. Then each
LED pair should be unsoldered from the LED heads and be tested individually to identify
the damaged LEDs.

3.2. LED Drive Circuits

The LED drive circuit is another important part of the LED lamp structure. For
protection, the packaging of the drive circuit is often sealed by the manufacturer, and some
products are additionally internally encapsulated by silicone for further protection (such as
Sample B); it is thus not easy to take out the circuits from the packaged products. In order
to isolate the drive circuits shown in Figure 3, the packaging (casing, silicone, socket) had
to be carefully removed by mechanical means.

                   
 

 

 
                                   

                                       
     

 
                       

Figure 3. The two sides of both drive circuits after disassembly. Circuit boards of sample A on the left

(a) and sample B on the right (b); top row: sides with tracks and ICs, bottom row: sides with discrete

electrical components.
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As can be seen in Figure 3, the printed circuit board of the drive unit of Sample B
cracked during disassembly. For safety reasons, we did not directly apply 230 V AC to
test the drive circuits. In the UK, Guidance Note GS38 by the Health and Safety Executive
states that all electrical testing and fault finding must not be conducted on live systems if it
can be conducted otherwise and that voltages below 50 V AC reduce the risk of electric
shock to a low level. Therefore, instead of directly applying 230 V AC mains voltage to any
point, both circuits were disassembled into their components to be tested separately. These
two drive circuits are very similar. Their working principle is to convert 220–240 V AC into
a stable small direct current (not real DC, but a high-frequency uni-polar triangular wave).
Both circuits are composed of a bridge rectifier, a filter circuit, and a DC current control
circuit, sketched in Figure 4. The test methods differ for different parts.

                   
 

 

 
                                   

                                       
     

 
                       Figure 4. Schematic of the working principle of the LED drive circuit.

3.2.1. Bridge Rectifier

A bridge rectifier is a four-port device that typically consists of four diodes, as shown
in Figure 5. The bridge rectifier is an important part of any LED drive circuit, which is
used for converting AC to DC voltage by inverting the current flow during the negative
half-wave to the forward direction [21]. Due to the uni-directional conductivity of a diode,
diodes D1 and D3 allow the forward current to pass, while diodes D2 and D4 allow the
reverse current to pass, and the final current is the sum of both. The way to test the
rectifier bridge is to measure the conduction state of each of the four diodes separately
by a multimeter. If one of the diodes is broken, the rectifier bridge is faulty and does not
work [22].
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Figure 5. Principle of the bridge rectifier in an LED drive circuit. Numbers 1–4 denote diodes D1–D4.

3.2.2. Filter Circuit

The rectified voltage signal will then pass through a filter line consisting of a simple
low-pass LCR circuit to obtain a stable DC signal. Shown in Figure 6 is the filter circuit for
Sample A. The inductor is used to block the high frequency components of the rectified
signal, which the decoupling capacitors pass to ground. Since the inductor generates an
induced current when switching, a protective resistor is needed to provide a bleed path
for the induced current of the inductor to protect other circuit components. Therefore, the
resistor R1 in parallel to inductor L1 in Figure 6 acts as a protection in the circuit [23].
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Figure 6. Filter circuit in the LED drive circuit (Sample A).

In order to verify whether resistors, inductors, and capacitors are intact in the filter
circuit, a multimeter and an RLC meter are necessary. The whole rectifier and filter circuit
cannot be tested with 230 V AC voltage in the laboratory. Therefore, it is necessary to use
computer software to establish a simulation model for the rectifier and filter circuits, and
to compare the component parameters for the nominal and the experimentally measured
values in the model to observe whether the output result changes. If there is no significant
change, it means that the deviation of the component parameters from the nominal values
does not have a significant impact on the circuit.

3.2.3. Control Circuit

The constant current control circuit is the core part of the LED drive circuit, as shown
in Figure 7 (taking Sample A as an example). The control circuit is a buck circuit controlled
by a constant current integrated chip (IC). This IC, BP2831A, has eight pins. GND is the
ground pin, ROV is the overvoltage protection pin, and the NC pin has no connection other
than a link to GND. VCC is the power supply pin that is used to control a MOSFET inside.
DRA is the drain signal. The two DRA pins are connected internally. CS is the sensing pin.
The sensing resistors (R6 and R7) need to be connected between the sensing pin and ground,
and the voltage drop across the resistors will be detected by the CS terminal. D1, L2, C3, R8,
and LED head form a buck circuit within the control circuit, whose switching states are
controlled by the IC. Some specification parameters of the IC are shown in Table 3 [24].
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Figure 7. Current control circuit in the LED drive circuit (Sample A).
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Table 3. Specifications of IC BP2831A.

Parameter Value

Turn-on voltage of VCC 13.8 V
Clamp voltage of VCC 16.8 V

Input voltage range of circuit 176 to 265 V
Minimum LED loading voltage 15 V
Internal reference voltage for CS 400 mV

In the normal working state, the IC is controlled by two internal gates. One is con-
nected to the MOSFET, which is itself controlled by the voltage of VCC. The other is a
sensing circuit that is controlled by the voltage drop induced at the CS pin. For the circuit
to work, the VCC terminal must be supplied with a voltage that causes the MOSFET to
turn on and the CS pin must sense a voltage drop that matches the internal sensing circuit
settings. The nominal turn-on voltage of VCC in the circuit of Sample A is 13.8 V. The
sensing circuit of the LED driver is set such that the induced voltage drop is less than 0.4 V
and the gate of the sensing circuit is turned on. When the circuit is working, since the
filtered voltage is DC, the voltage of VCC can be stabilized between the turn-on voltage and
the clamp voltage by a series of resistors. When the MOSFET is switched on, the induced
voltage drop of the CS terminal is lower than 0.4 V. At this time, the two gates in the IC are
turned on, and the entire circuit constitutes a loop. The buck circuit is thus switched on.
Then, due to the charging of the inductor L2, the CS voltage drop gradually increases from
0 to 0.4 V. Above 0.4 V, the IC is switched off. Then, the inductor begins to discharge and
the diode D1 conducts. The buck circuit works in the switching off mode. Subsequently,
the voltage drop of CS pin will decrease below 0.4 V, and the IC will turn on again. The
buck circuit formed by the IC will, in the above manner, cause the current through the
inductor to fluctuate periodically with a small amplitude and at high frequency, thereby
providing a nearly constant low current output for the LED circuit [25].

The peak current of the inductor can be calculated from Equation (1), where Ipeak is
the peak current of the inductor and RCS is the resistance of the CS pin. Since the current
waveform through the inductor is an approximate triangular wave, the current through the
LEDs can be calculated by Equation (2), where 〈ILED〉 is the time-averaged current through
the LED head

Ipeak =
400 mV

RCS
(1)

〈ILED〉 =
Ipeak

2
(2)

The frequency of the inductor current is related to the turn-on and turn-off times of the
buck circuit. According to the characteristics of the inductor, the turn-on time and turn-off
time can be calculated from Equation (3) where ton is turn-on time, to f f is turn-off time, L is
the inductance value and Vin is the DC voltage after the filter circuit.

ton =
L × Ipeak

Vin − VLED
, to f f =

L × Ipeak

VLED
(3)

From Equation (3), the relationship between the frequency and inductance can be
derived, as shown in Equation (4), where f is the frequency of the current through the
inductor [24].

L =
VLED × (Vin − VLED)

f × Ipeak × Vin
(4)

In order to test whether the IC is working properly, it is necessary to supply a voltage
to observe the waveform on an oscilloscope. However, our simulation software library
lacks detailed information on the ICs so that they can only be compared qualitatively. The
measurement consists of two parts. The first part will measure the VCC of the IC directly
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and observe whether the turn-on voltage and clamp voltage are following suit as described
in the manual. The test circuit diagram for VCC is shown in Figure 8. The test circuit cuts
off the external circuits from the VCC pin and the drain pin, and the other pin connections
are identical to the original circuit. The VCC pin is directly connected to a positive DC
voltage. The waveform at the drain pin will be observed as VCC increases.
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Figure 8. Test circuit of the MOSFET controlled by VCC (Sample A).

The second part is to test the modified control circuit, as shown in Figure 9. The
modification method is to disconnect R2, R3, and R4 respectively and supply power to the
bus and VCC. In addition, it is necessary to replace the LED with a small resistor (as the
LED forward resistance is too large to operate at an input voltage less than 40 V in the
laboratory). The oscilloscope’s dual channels are connected across the resistors to measure
the input voltage and the voltage across the resistor. An ammeter is also added to the
circuit. The ammeter coefficient, the waveform of the input voltage (Vin), and the voltage
waveform across the resistor (VR) will be observed, where Vin equals VCH1 and VR equals
VCH1 − VCH2. The average voltage across the resistor can be calculated by Equation (5),
where Vpp is the peak-to-peak voltage of VR.

〈Vaverage〉 =
Vpp

2
(5)
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Figure 9. Test circuit of the modified control circuit (Sample A).

If an identical IC can be purchased, the IC can be replaced with a new one and tested.
By comparison, whether the original IC works normally or not, can be decided. The drive
circuits for Sample A and Sample B are very similar. Although data of the IC in Sample B
(1411HS) are not available, the general test method can be transferred.
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4. Results and Evaluation

4.1. Analysis of Sample A Which Emits No Light

The LED head circuit of spotlight A starts to emit light at a DC bias of 15 V, which
corresponds to the minimum voltage across the LEDs in the IC manual. When the voltage
increases, the current increases. When the current reaches its rated value of 35 mA, the
illuminating state is as shown in Figure 10a. The voltage value at this time is 16.5 V and all
LED pairs are illuminating similarly brightly at 35 mA. Therefore, it can be concluded that
there is no problem with the LED head itself.
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Figure 10. LED head of Sample A under current of 35 mA (a) and 200 mA (b).

Before testing the drive circuit, it is first necessary to draw a circuit schematic according
to the actual drive circuit board and note the labeled values of the components in the circuit.
The circuit diagram and labeled values of the drive circuit of sample A are shown in
Figure 11. Test results of all the components are shown in Table 4.
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Figure 11. Diagram of the LED drive circuit with nominal values of component parameters (Sam-

ple A).

From Table 4 it is obvious that the measured test results of R1 and L1 are very different
from the nominal values. R2, R8, and C3 also have small differences. R2–R4 are used in
series to reduce the voltage for use at the VCC pin. Since the total resistance of the resistors
used for obtaining adequate VCC voltage is higher than 1 MΩ the small deviation of R2

does not greatly affect the circuit. R8 is a protective resistor at the output, and its resistance
is much larger than the forward resistance of the LED head. Some errors in R8 will not cause
too much change in the output current. C3 is an output filter stabilizing the output voltage.
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Again, a small decrease in the capacitance will not cause the LEDs to not work. In order to
observe the influence of L1 and R1 faults on the circuit under 220–240 V AC, the rectification
and filtering part of the circuit has been simulated in MATLAB (MathWorks Inc., Natick,
MA, USA). If the nominal values are substituted into L1 and R1 of the simulation circuit,
then the simulation results depicted in Figure 12 show that before the inductor and capacitor
were damaged, the rectification and filter circuit would convert 240 V AC input to a stable
251 V DC voltage for the control circuit.

Table 4. Comparison of nominal and measured values of each component (Sample A).

Component Nominal Value Measured Value

R1 5.1 kΩ 5.3 MΩ

R2 470 kΩ 430.5 kΩ

R3 470 kΩ 471.2 kΩ

R4 470 kΩ 461.6 kΩ

R5 100 kΩ 99.5 kΩ

R6 2 Ω 2.1 Ω

R7 2 Ω 2 Ω

R8 470 kΩ 451.1 kΩ

R9 1 MΩ 1.1 MΩ

C1 0.1 µF 0.1 µF
C2 2.2 µF 2.1 µF
C3 2.2 µF 1.79 µF
C4 0.1 µF 0.1 µF
C5 0.1 µF 0.1 µF
L1 2.2 µH open
L2 2 mH 2 mH

BD1, D1, F1 normal
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Figure 12. Simulated waveforms of the output of rectifier and filter circuit under 240 V AC for

nominal L1 and R1 values (Sample A).

If a maximum input voltage of 265 V is substituted into the original circuit simulation,
the simulated output voltage reaches 276 V. When L1 and R1 are replaced with the actually
measured values, the output of the filter circuit will generate a DC signal of up to approxi-
mately 800 V in a few seconds, as shown in Figure 13. Therefore, the damaged components
cause the output voltage of the filter circuit to be much higher than the maximum allowed
value for the circuit, resulting in the circuit not working. With a too large voltage supplied
by the filter circuit, the voltage at the VCC pin of the IC will be higher than the clamp value,
and the IC cannot turn on.
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Figure 13. Simulated waveforms of the output of rectifier and filter circuit under 240 V AC for

measured L1 and R1 values (Sample B).

Although it has been determined here that the damage of the filter circuit causes the
LEDs not to be damaged, it is also necessary to determine whether the IC itself has been
damaged. According to the IC’s manual, the turn-on voltage and the clamp voltage of VCC
are 13.8 V and 16.8 V, respectively. Therefore, if the VCC voltage is between 13.8 V and
16.8 V, the MOSFET inside the IC will be turned on. In the experiment, the VCC voltage
supplied is gradually increased from 0 to 20 V DC. On the drain side, the signal of the
sensing circuit does appear when the VCC voltage is varied between 13.8 V and 16.8 V. The
measured output waveforms for three specific values of VCC (less than 13.8 V, between
13.8 V and 16.8 V or greater than 16.8 V, respectively) are plotted together in Figure 14.
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Figure 14. Measured waveforms at the drain pin under different VCC voltages (Sample A).

It can be seen from this figure that when VCC is less than the ‘on’-value or greater
than the clamp value, the output signal of the drain is VCC itself. Only in the intermediate
working range, the signal of the sensing circuit is a modulated step function. Therefore, it
can be determined that the MOSFET inside the IC does still work normally.

To test whether the whole sensing circuit inside the original IC still works, it is
necessary to compare the original IC with the new IC in the test circuit. In the test circuit,
the LEDs have been replaced with a 10 Ω resistor, VCC is set to 15 V, and Vin also is 15 V.
The test results are shown in Figure 15. It can be seen from the figure that the output
waveforms of the two test circuits are similar. The peak-to-peak voltage of VCH2-VCH1

measured by the two sets of tests are both 3.2 V, which means that the two ICs, old and
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new, can provide the same voltage for the 10 Ω resistor under the same conditions. We also
checked in Figure 15c that for input voltages between 15 V and 25 V and load resistors of
5 Ω, 10 Ω, and 15 Ω, both original and new IC behaved identically, from which we infer
that the IC-controlled circuit can still maintain a constant output current if the input voltage
and the output resistance are reasonably matched.

                   
 

 

 
          𝑉௜௡ 𝑉஼ுଵ     െ 𝑉஼ுଶ‐𝑉஼ுଵ                  

   Ω                           
   

                               
                             

    𝐿ଵ    𝑅ଵ                𝐿ଵ     
                           

                         
                𝐿ଵ           

                               
  𝐿ଵ                             
                     

                          ‐
                                   

                    ‐        
                                   

Figure 15. Measured waveforms of Vin(VCH1) and −(VCH2 − VCH1) of original (a) and new IC (b)

with a 10 Ω reference resistor (Sample A) and comparison of their output voltage for different

reference resistors (c).

In summary, the performance of the IC from the failed spotlight is identical to that
of the newly purchased IC. Therefore, the sole cause of the device failure is the damaged
individual components L1 and R1 in the filter circuit. The open circuit L1 prevents the
voltage across the rectifier from being converted into a reasonable DC voltage that could be
used by the control circuit, thus causing spotlight failure for Sample A.

There are two possible reasons why the inductor L1 could have been damaged. First,
a high voltage surge of an external circuit may have caused the transient voltage near the
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inductor L1 to be too large, disrupting it. Second, since the inductor is an energy storage
component, the inductor was alternatingly charging and discharging when it was switched.
The higher the switching frequency, the greater the voltage induced in the inductor. If the
quality of an inductor is poor, it will be damaged after a certain period of use. As most of
the circuits are nowadays equipped with anti-surge measures, the damage to the inductor
is more likely to be due to the second reason. After the inductor has broken down, all the
current in the circuit will have had to pass through R1, leading to a high temperature of R1,
which will have caused R1 to fail.

4.2. Analysis of Sample B That Showed Strong Flicker

The LEDs of sample B are also illuminating when biased at 15 V. The rated current of
44 mA is reached for 16.85 V.

The drive circuit of Sample B is similar to that of Sample A. According to the actual
circuit board, the schematic diagram of the LED drive circuit of Sample B is drawn in
Figure 16. The test results of the components are listed in Table 5. Plots simulated of the
voltage outputs of the rectifying and filter circuits for nominal and measured component
values (not shown) differed by 12%, which is unlikely to have caused the flicker.
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Figure 16. Schematic of LED drive circuit (Sample B).

There is no detailed information on IC 1411HS, which can no longer be purchased.
When a voltage is applied to its presumed VCC pin 3, the drain signals expected at pins
7 and 8 remain 0 regardless of VCC, however, the identification of unlabeled input and
output pins is ambiguous so that this IC cannot be tested in the same way as IC BP2381A.

From Table 5, there are problems with C4 and in particular C5. C4 is a filter capacitor
between the IC and ground. C5 is connected to the output and ground. The function of
these two capacitors is to eliminate electromagnetic interference, strengthen the interference
rejection of the circuit, and keep the signal of the circuit stable. A failure of C4 may cause
the IC to not work properly and eventually cause flicker. A problem with C5 may cause
external electromagnetic wave signals to interfere with the output signal of the circuit,
causing flicker. Capacitor failure in this LED drive circuit is likely to be temperature related
as C4 and C5 are ceramic capacitors that are very susceptible to thermal changes. This LED
drive circuit was packaged with silicone that may have reduced heat dissipation, which in
turn could have affected discrete components.
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Table 5. Comparison of nominal and measured values of each component (Sample B).

Component Nominal Value Measured Value

R1 5.1 kΩ 5.1 kΩ

R2 240 kΩ 240.4 kΩ

R3 240 kΩ 239.2 kΩ

R4 1 kΩ 1 kΩ

R5 2 Ω 2.07 Ω

R6 2 Ω 2.1 Ω

R7 330 kΩ 327.5 kΩ

CX1 0.1 µF 0.1 µF
C1 2.2 µF 2.04 µF
C2 2.2 µF 2.06 µF
C3 0.1 µF 0.1 µF
C4 2.2 µF 2.69 µF
C5 0.1 µF Open
L1 4.7 µH 4.72 µH
L2 1.25 mH 1.24 mH

BD1, D1, F1 normal

5. Discussion

In this study, the internal components of two failed spotlight LED luminaires with
GU10 form factor have been tested, and the failure mechanisms analyzed. Test circuits
have been designed and tested separately for each part of the circuit. Combined with the
simulation results, the circuits could be qualitatively analyzed for failed components. Due
to a lack of a data sheet, the IC of Sample B was difficult to assess. According to the result,
the causes of damage of the two LED spotlights are all related to electrical components
within the LED drive circuits. Some aspects of the measurement processes are worth further
discussion.

We could only identify one industrial study that, however, reported contradictory
results [26]. On the one hand it predicted LED device failures were mostly due to defective
solder interconnects (44%), LEDs (30%) and drive circuits (28%), with half the devices
reaching lifetimes of about 45,000 h, but interestingly the conclusion reported on the other
hand that ‘the reliability of this system is clearly driver limited’ without clear support
data [26]. An experimental test of ten isolated drive circuits under increased temperature
(85 ◦C) and relative humidity (85%) conditions until failure [14] showed the most common
drive circuit failure modes were related to polyester thin film capacitor leakage (40%)
and transistor short-circuits (30%), and all drivers investigated failed within 3700 h. Both
studies seem to support our conclusion about the importance of premature catastrophic
drive circuit failures.

5.1. Output Current of Sample A

Sample A is described in the instruction manual. It is rated at 35 mA. However,
according to Equations (1) and (2), the resistances of R5 and R6 can be obtained, and the
output current of the IC drive circuit should be 200 mA. After testing, it was found that
a drive current up to 200 mA does not damage the LED head, and its illumination under
this much higher current is shown in Figure 10b. Although C5 is connected between the
output and the sensing end, the main function of C5 is to filter the high-frequency signal at
the output and maintain the stability of the output current. Therefore, it can be inferred
that the output current of the IC does not match the rated current. In order for the output
current of the drive circuit to match the LED head index value, the resistances of R5 and R6

would have to be increased correspondingly.

5.2. Influence on the Circuit of Sample B If IC Is Damaged

Since the drive circuit of Sample B is similar to the drive circuit of sample A, it can
be inferred that the IC of Sample B has a function similar to that of the MOSFET and the
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sensing circuit in Sample A. If the filter circuit is normal, it can be inferred that the LED
flicker is not caused by the VCC pin or the MOSFET. If VCC did not control the MOSFET
properly, the LEDs would not flicker but instead would not emit any light at all. From our
method for MOSFET testing, the reason why no waveform is seen at the output even if
the MOSFET is turned on is because the applied VCC voltage (15 V to 40 V) may not have
reached the turn-on value. This would imply that the output voltage of the filter circuit in
Sample B may be larger than for Sample A, and the step-down resistor is smaller in Sample
B than in Sample A. A damaged sensing circuit may cause flicker. If the IC’s sensing circuit
is damaged, it will affect the Ipeak of the inductor. As can be seen from Equation (4), the Ipeak

value is inversely proportional to the frequency, at fixed voltages and inductances. If Ipeak is
too large, the output frequency will drop, causing the LEDs to visibly flicker.

6. Conclusions and Outlook

Although the use of LED lighting has become popular, there is still some lack of under-
standing of its lifetime. According to this study, a failure of the discrete components within
the LED drive circuits is more likely than a damage of the LEDs themselves. Therefore,
improving the quality of the LED drive circuit will be important to extend the lifetime of
LED lighting.

In fact, the lifetime of LEDs may be very long [9], but if they cannot be matched with
good quality drive circuits, the advantages of LEDs will not be fully utilized, and the
higher prices of LED lighting compared to fluorescent or incandescent lighting are more
difficult to justify. LED lamp manufacturers should thus focus on electrical components
with improved reliability and temperature stability for their LED drive circuits.

While limited stability of the electric drive circuitry rather than the degradation of the
LEDs themselves has already been identified as a potential problem several years ago [27]
and efforts to improve these by avoiding semiconductor switches and electrolytic capacitors
all together have been reported [28], we are not aware of experimental studies as detailed
as this in investigating LED light failures of individual complete commercial devices.

Our findings are based on five GU10 luminaires investigated in total, two of which
have been described here in detail, and in all cases the primary failures did not occur in
the LEDs themselves although one LED pair (out of a total of 13 within those luminaires)
had also subsequently failed, possibly as a result of a primary drive circuit issue. Two
identical 3.7 W luminaires by alpha innovations had failed, one due to blown inductors in
the rectifier, the other was flickering due to a mal-functioning LinkSwich LNK605 drive
circuit. Another 4 W Philips lamp had failed because its NXP SSL2101 drive circuit did not
produce any output any more.

There are two main limitations to this work. First, for safety reasons, it has not been
possible to apply 230 V AC to the primary side of the opened drive circuits that would
have enabled us to directly test the illumination of the connected LEDs. Our study had
thus to rely on circuit simulation and testing of individual components unsoldered from
their boards, which itself includes the risk of damaging them. A meta-study of reports on
failed components such as this may in the future improve statistics and enable a correlation
with modelling of the ageing of such LED drive circuits under thermal stress. Another
point has been the lack of technical data on the ICs of the drive circuits, such as here
for Sample B. The library files for the two ICs are not available in design and simulation
software packages, such as MATLAB, Multisim (NI, Austin, TX, USA), Proteus Design
Suite (Labcenter Electronics Ltd., Grassington, North Yorkshire, UK), or Altium Designer
(Altium Ltd., Chatswood, NSW, Australia). Hence, more comprehensive tests of LED lights
may need the manufacturers to disclose technical information on parts.
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